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a b s t r a c t

Historically, the hippocampus has been viewed as a temporary memory structure. Consistent with the
central premise of standard consolidation theory (SCT), a memory is initially hippocampus-dependent
but, over time, it undergoes a consolidation process and eventually becoming represented in a distributed
cortical network independent of the hippocampus. In this paper, we review evidence that is incompatible
with each of the following essential features of SCT that are derived from its central premise: (1) Hip-
pocampal damage reliably produces temporally graded retrograde amnesia, (2) all declarative explicit
memories are equivalent with respect to consolidation, (3) consolidation entails a process of duplication
in which a particular cortically based memory is identical to the hippocampus-dependent memory from
which it derived, (4) consolidated memories are permanent and immutable. We propose an alternative
hypothesis that assumes a transformation process and changes in the memory over time. Building on
multiple trace theory (Nadel & Moscovitch, 1997), the transformation hypothesis contains three key ele-
ments that differentiate it from SCT: (1) An initially formed memory, which is assumed to be episodic

and context-bound, remains dependent on the hippocampus for as long as it is available, (2) with time
and experience, a hippocampal memory supports the development, in neocortex, of a less integrated,
schematic version, which retains the gist of the original memory, but few of its contextual details, (3)
there is a dynamic interplay between the two types of memory such that one or another may be domi-
nant, depending on the circumstances at retrieval. Evidence is provided in support of the transformation
hypothesis, which is advanced as a framework for unifying the seemingly disparate results of studies of

de m
anterograde and retrogra

Since the classic work of Brenda Milner and her colleagues
Penfield & Milner, 1958; Scoville & Milner, 1957), we have known
hat bilateral lesions to the medial temporal lobes (MTL), that
nclude the hippocampus, produce a profound anterograde amne-

ia that is characterized by impaired long-term memory in the
ace of preserved intelligence, perception and short-term memory.
n addition, such patients exhibit a temporally graded retrograde
mnesia (RA) in which information acquired shortly before surgery
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is lost whereas older memories are retained. Historically, this pat-
tern of lost and spared memory has been interpreted in terms of
standard consolidation theory (SCT) originally formulated in the
19th century (Burnham, 1904; Muller & Pilzecker, 1900; Ribot,
1882). The central feature of SCT is the idea that the formation
of durable long-term memories, from transient short-term memo-
ries, is a time-dependent process (Hebb, 1949). Initially, retention
and retrieval of long-term memories rely on the hippocampus,
but eventually become independent of it as the memories become

consolidated in extra-hippocampal (presumably neocortical) struc-
tures. Evidence consistent with SCT has also been reported in
studies of animals subjected to hippocampal ablation and other
amnestic treatments (Agranoff & Davis, 1967; Duncan, 1949;
Winocur, 1985). Although not always explicitly stated, it is impor-

http://www.sciencedirect.com/science/journal/00283932
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dx.doi.org/10.1016/j.neuropsychologia.2010.04.016


2 ycholo

t
t
h

t
w
c
i
a
t
a
t
d
t
r
s
f
l
d
o
i

h
a
t
t
c
p
t
m
a
p
T
c
t
m
c

t
fl
s
(
2
&
2
M
2
i
t
p
p
c
i

1

i
g
w
h
t
m
p
a

340 G. Winocur et al. / Neurops

ant to emphasize that, by this view, consolidated memories retain
he same features as when they were represented initially in the
ippocampus.

SCT, which views the consolidation process as a unitary process
hat proceeds linearly to final completion, was formulated at a time
hen memory itself was conceived by most people as a unitary

onstruct. Over the years, the theory has undergone modifications
n light of new developments in memory research. For example,
s new findings pointed to the existence of multiple memory sys-
ems, evidence from numerous sources indicated that the MTL,
nd the hippocampus in particular, is implicated only in a specific
ype of memory. There is much debate as to how hippocampus-
ependent memory is best characterized but there is consensus
hat the hippocampus is necessary for acquisition, retention and
etrieval of (explicit or declarative) memories that deal with con-
cious recollection of facts and episodes. Other non-declarative
orms of memory, such as those related to motor and perceptual
earning, priming, and the acquisition of habits, skills and rules,
o not require the hippocampus and are unaffected by lesions or
ther forms of disruption. Taking this into account, the scope of SCT
s now restricted to explicit or declarative memory.

At the outset, it should be noted that neurobiological research
as distinguished between two general types of consolidation: (1)
rapid initial process that entails cellular and synaptic reorganiza-

ion that is believed to occur over short periods of time following
raining (seconds to hours, depending on the task) and to impli-
ate all types of memory in all organisms, and (2) a second, more
rolonged process related to changes in distributed neural systems
hat can extend over periods of time ranging from several days to

any months, even years. Because changes in the representation of
long-term memory trace occur across different brain regions, this
rocess is referred to as systems-level consolidation (Dudai, 2004).
he great variation in the presumed time-course of systems-level
onsolidation undoubtedly depends on several factors, most impor-
antly species and task. At our current level of understanding, we

ake the simplifying assumption that essential consolidation pro-
esses are comparable across these time courses.

In recent years, experimental findings have appeared in both
he human and animal literatures that appear to be in con-
ict with SCT. This is especially the case with respect to the
everity and extent of RA following MTL damage or inactivation
Clark, Broadbent, & Squire, 2005a; Clark, Broadbent, & Squire,
005b; Rudy & Sutherland, 2008; Winocur, Moscovitch, Caruana,
Binns, 2005; Winocur, Moscovitch, Fogel, Rosenbaum, & Sekeres,

005), and the role of the hippocampus in remote memory (Fuji,
oscovitch, & Nadel, 2000; Viskontas, McAndrews, & Moscovitch,

000). Reinforced by evidence from neuroimaging studies, these
nconsistencies led investigators to question some of SCT’s essen-
ial features, and to formulate different views of the consolidation
rocess as well as the nature of hippocampal involvement in that
rocess. In this paper, we show how animal models inform and
omplement research on humans to help resolve some of these
nconsistencies.

. A critique of SCT and a new approach

We focus on areas of research that have yielded results that are
ncompatible with four essential features of SCT: (1) temporally
raded RA; (2) the equivalence of episodic and semantic memory
ith respect to consolidation processes; (3) the duplication of the

ippocampus-dependent memory in neocortex during consolida-
ion and (4) the immutability (permanence) of the consolidated

emory. We deal with each of these issues in turn, and, in the
rocess, show how they are inter-related. Based on this critique,
nd the evidence we report, we advance a new framework that
gia 48 (2010) 2339–2356

resolves apparent contradictions in the literature and captures the
relationships between the hippocampus and other structures that
are involved in memory formation and representation.

In contrast to SCT which assumes linearity between the initially
formed memory and the consolidated version, we assume a trans-
formation process which entails a change in the characteristics of
the memory with time. We take issue with the idea that systems-
level consolidation entails merely the establishment of a duplicate,
but now permanent, version of the hippocampus-dependent mem-
ory. Following other theoretical positions, such as multiple trace
theory (MTT—see below), our framework has three key elements:
(1) The initially formed memory, which we assume to be episodic
and contextually bound, remains dependent on the hippocampus
for as long as it retains episodic features. (2) Over time and expe-
rience, this memory supports the development in neocortex of a
schematic version of the original memory which retains some of
its essential features and meaning, but few of its contextual details.
(3) There is a dynamic interplay between the two types of mem-
ory such that one or the other may be dominant depending on
their relative strength and the circumstances that elicit them at
retrieval. As a result, retention and retrieval are continually evolv-
ing processes in which the memories can interact and influence
each other.

The first two points are derived from Nadel and Moscov-
itch’s formulation of MTT (Nadel & Moscovitch, 1997; Nadel &
Moscovitch, 1998). Briefly, according to MTT, when an event is
experienced and represented as an episodic memory, the trace
consists of an ensemble of bound hippocampal and neocortical
neurons. Each time a memory is retrieved, it is re-encoded auto-
matically by the hippocampus along with the context in which
the retrieval occurred. The older the episodic memory, the more
traces there are of that memory, and the more opportunity there
is for its retrieval. Based on statistical regularity across memo-
ries, neocortical structures extract what is common across the
various contexts and derive the gist of the event independent of
context. Similar processes mediated by neocortex are involved in
abstracting semantic information from episodic memory. Thus,
the hippocampus is always necessary for representing detailed,
episodic memories of an event. As well, it plays a facilitatory role
in forming, in neocortical structures, a schematic version of that
memory that embodies the gist of the event as well as related
semantic information (see McClelland, McNaughton, & O’Reilly,
1994 for a computational model on the interaction of hippocam-
pus and neocortex in incorporating information from episodic to
semantic memory). The third point develops implications inher-
ent in the first two points and together with them constitutes the
foundation of the transformation hypothesis which informs this
paper.

1.1. Retrograde amnesia is not always temporally graded

It was evident from the outset that temporally graded RA is a
characteristic feature of the amnesic syndrome in patients of vari-
ous etiologies. With respect to MTL amnesia, this pattern was first
observed in the classic bitemporal patient, HM, by Milner and her
collaborators, and formally investigated by Marslen-Wilson and
Teuber (1975). In the latter study, HM, a group of head-injured
patients with primarily frontal-lobe damage, and healthy controls
were required to recognize faces of people who became famous at
different times over a 50-year period (see Fig. 1). Healthy controls
and head-injured patients showed the standard forgetting curve in

which recently formed memories were remembered better than
older memories. In contrast, HM showed very poor memory for
people who became famous after his injury, or for several years pre-
ceding it, but normal memory for people who were famous before
then.
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advantage hippocampally damaged individuals.
ig. 1. Temporally graded retrograde amnesia in the medial temporal lobe patient,
M.
rom Marslen-Wilson and Teuber (1975).

According to SCT, recent memories are vulnerable to effects of
ippocampal damage because the consolidation process is not yet
omplete. Since the memory is still represented in the hippocam-
us, damage to the hippocampus would eliminate the memory.
t longer delays, after consolidation has run its course, the mem-
ry becomes established in neocortical structures and, therefore,
ould be unaffected by hippocampal lesions.

Although the conclusions drawn from this study were meant
o apply to all declarative or explicit memories, it must be noted

hat identifying well known personalities, such as Franklin Roo-
evelt, is primarily a test of semantic memory, that is memory for
nowledge and general information. In this sense, semantic mem-
ry must be distinguished from episodic memory of an event that is

Table 1
Retrograde amnesia in humans with hippocampal damage.

Temporal gradient

Scoville and Milner (1957)
Marslen-Wilson and Teuber (1975)
Cermak and O’Connor (1983)
Corkin (1984)
Barr, Goldberg, Wasserstein, and Novelly (1990)
O’Connor, Butters, Miliotis, Eslinger, and Cermak, 1992
Rempel-Clower et al. (1996)
Reed and Squire (1998)
Kapur and Brooks (1999)
Kopelman, Stanhope, and Kingsley (1999)
Bayley, Hopkins, and Squire (2003)
Bayley, Hopkins, and Squire (2006)
Wais et al. (2006)
Kirwan et al. (2008)
gia 48 (2010) 2339–2356 2341

tied to the temporal–spatial context associated with its acquisition.
This distinction between semantic and episodic memory, forcefully
articulated by Tulving (1972), is crucial to the point of view we are
advancing, as will become increasingly apparent throughout the
paper.

The episodic-semantic distinction becomes important in the
RA literature when one appreciates that temporally graded RA is
not consistently observed in patients with MTL amnesia. A sur-
vey of studies of remote memory in patients with MTL amnesia
since HM shows that there are at least as many reports of memory
loss with no temporal gradient as there are with a gradient (see
Table 1). Indeed, in some cases, not only was there no gradient, but
severe memory loss was observed virtually across the entire life-
span. Even when a gradient was reported, the extent of RA often
spanned decades, leaving only the very earliest memories intact
(see Moscovitch, Nadel, Winocur, Gilboa, & Rosenbaum, 2006).
Interestingly, in several of the studies, the very same patients with
MTL amnesia exhibited both patterns, amnesia with and without
a temporal gradient. A review of the studies listed in Table 1 sug-
gests that, for the most part, ungraded memory loss in MTL patients
is associated with tests of episodic memory that assess, for exam-
ple, recall of personalized autobiographical experiences, whereas
graded effects were observed primarily when semantic memory
was assessed. A notable exception to this pattern is found in studies
of episodic memory by Squire and his colleagues who consistently
report temporally graded RA in patients with hippocampal dam-
age (Kirwan, Bayley, Galvan, & Squire, 2008; Reed & Squire, 1998;
Rempel-Clower, Zola-Morgan, Squire, & Amaral, 1996), although
other investigators, working with comparable patients and the
same tests did not find this effect (e.g., Rosenbaum et al., 2008).
It is also noteworthy, with respect to semantic memory, that sev-
eral studies reported non-graded amnesia in similar patients on
tests of famous faces and public events (e.g., Cipolotti et al., 2001;
Sanders & Warrington, 1971 [updated in Warrington & Duchen,
1992]; Warrington & McCarthy, 1988), which might be viewed as
measures of factual or semantic memory. In fact, the particular tests
used in these studies assess memory for personalities who, for the
most part, were famous for a brief time and then disappeared from
the public stage (Warrington’s Famous Faces Test), or ask very spe-
cific questions about events that may require precise knowledge
related to one’s personal experience (Public Events Questionnaire).
To the extent that these tests tap into episodic memory, they dis-
Before 1990, animal studies of RA in relation to consolidation
processes typically involved non-specific treatments such as elec-
troconvulsive shock or systemic protein-synthesis inhibitors, and
relatively short retention intervals of seconds to hours. Such pro-

No gradient

Sanders and Warrington (1971)
Cermak and O’Connor (1983)
Damasio, Eslinger, Damasio, Van Hoesen, and Cornell (1985)
Tulving, Schacter, McLachlan, and Moscovitch (1988)
Warrington and McCarthy (1988)
Barr et al. (1990)
Victor (1990)
O’Connor et al. (1992)
Kartsounis, Rudge, and Stevens (1995)
Hirano and Noguchi (1998)
Kopelman et al. (1999)
Viskontas et al. (2000)
Cipolotti et al. (2001)
Steinvorth et al. (2005)
Bright et al., 2006
Chan, Henley, Rossor, and Warrington (2007)
Noulhiane et al. (2007)



2342 G. Winocur et al. / Neuropsychologia 48 (2010) 2339–2356

Table 2
Retrograde amnesia in animals with hippocampal damage.

Temporal gradient No gradient

Winocur (1990) Salmon, Zola-Morgan, and Squire (1985)
Zola-Morgan and Squire (1990) Gaffan (1993)
Kim and Fanselow (1992) Bolhuis, Stewart, and Forrest (1994)
Vnek and Rothblat (1993) Broadbent et al. (2006)
Kim, Clark, and Thompson (1995) Cho, Kesner, and Brodale (1995)
Maren, Aharonov, and Fanselow (1997) Anagnostaras, Gale, and Fanselow (2001)
Anagnostaras et al. (1999) Koerner, Thomas, Weisend, & Sutherland (1996)
Winocur, McDonald, and Moscovitch (2001) Weisend, Astur, and Sutherland (1996)
Clark, Broadbent, Zola, and Squire (2002) Mumby, Astur, Weisend, and Sutherland (1999)
Takehara, Kawahara, and Kirino (2003) Sutherland et al. (2001)
Ross and Eichenbaum (2006) Gaskin, Tremblay, and Mumby (2003)
Tse et al. (2007) Clark et al. (2005a,b)
Gaskin, Tardif, and Mumby (2009) Driscoll, Howard, Prusky, Rudy, and Sutherland (2005)
Ramos (2009) Martin, de Hoz, and Morris (2005)
Quinn, Ma, Tinsley, Koch, and Fanselow (2008) Winocur et al. (2005a, 2005b)

Wiltgen, Sanders, Anagnostaras, Sage, and Fanselow (2006)
Broadbent et al. (2006)
Lehmann et al. (2007)
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esses likely implicated synaptic-level consolidation. After 1990,
ith the advent of sensitive behavioural tests, investigators began

o study systems-level consolidation by examining the effects of
ippocampal lesions at much longer intervals, spanning days to
onths. In one of the first such studies, Winocur (1990) adapted
alef’s (Galef & Wigmore, 1983) socially acquired food preference

est to track the time it takes memory to become independent of
he hippocampus. In this test, a subject-rat (S) is paired with a
emonstrator-rat (D) that has just sampled a food with a distinctive
dour. At a later time, when tested in the same context, and given a
hoice between that food and an unfamiliar one, S shows a distinct
reference for the food associated with the familiar odour. Rats with
ippocampal lesions were found to acquire the food preference as
ell as normal rats but they forgot it at an accelerated rate, indicat-

ng anterograde amnesia. In tests of remote memory, hippocampal
esions eliminated memory for the acquired preference when the
elay between acquisition and surgery was short, on the order of
day or two, but not at longer delays. This finding of temporally

raded RA paralleled the results of human studies with HM and
ther MTL amnesics, and was interpreted as consistent with SCT.
he same pattern was observed in other studies involving different
asks and different species (Kim & Fanselow, 1992; Zola-Morgan &
quire, 1990).

As researchers continued to investigate the effects of hippocam-
al lesions on remote memory in animals, contradictory findings
merged. For example, Sutherland et al. (2001) trained rats pre-
peratively to find a hidden platform in the Morris water maze,
nd lesioned the hippocampus 2 weeks or 14 weeks after acqui-
ition. The results showed extensive RA at both delays with no
vidence of a gradient. Other studies demonstrated ungraded RA
n rats with hippocampal lesions over longer acquisition-surgery
elays (e.g., Clark et al., 2005a, 2005b), even extending as far back
s 9 months (Winocur, Moscovitch, Caruana, et al., 2005). A review
f animal studies of RA following hippocampal lesions conducted
o date reveals, as in human studies, that ungraded RA is reported
t least as often as graded RA (see Table 2).

While there are some unexplained inconsistencies in Table 2,
uch as the same type of task yielding different effects (e.g., con-

extual fear conditioning, discrimination learning) which we will
iscuss later, the important finding, as in human studies, is that
here is not an invariable pattern of temporally graded RA following
ippocampal lesions. On some tests, damage to the hippocampus

eads to a severe and temporally extensive RA without a gra-
Epp et al. (2008)
Haijima and Ichitani (2008)
Sutherland, O’Brien, and Lehmann (2008)

dient. These findings are all the more compelling since, unlike
human studies, the location and extent of lesion are relatively well-
controlled.

1.1.1. Summary
There is converging evidence in the animal and human lit-

eratures that temporally graded RA is not an invariant result
of hippocampal lesions. For some memories there is extensive,
ungraded RA, whereas for others there is a graded pattern.
Extra-hippocampal damage cannot account for this pattern which
undermines one of the crucial tenets of SCT. Instead, the type of
memory that is tested seems to be a crucial factor.

1.2. Are all remote declarative, explicit memories affected equally
by hippocampal lesions?

A review of inconsistencies in the human and animal litera-
tures suggests that the different gradients in RA are dependent
on the type of memory that is tested, as well as on affected
structures. In humans, following on Kinsbourne and Woods’ ini-
tial observation that amnesia affects episodic, but not semantic
memory (Kinsbourne & Wood, 1975), we note above that when
lesions affect the MTL, and the hippocampus in particular, tempo-
ral gradients are observed primarily on semantic memory tasks,
such as identifying or recognizing public events or figures, or
words that entered the language at different points in one’s life-
time, whereas non-graded or very extensive amnesia is associated
with tests of episodic memory, such as describing autobiograph-
ical episodes. It is important to note, however, that some tests
have both episodic and semantic components, such as recounting a
vacation in Paris where one can draw on general knowledge about
the city and also report events that are unique to the individual’s
vacation. As we discuss below, techniques have been devised to
tease apart the semantic and episodic components of an event,
and when they are applied, only the latter shows an extensive
RA without a gradient following MTL damage. However, as the
lesion extends beyond the MTL, the semantic component also
shows an extensive RA (Fujii et al., 2000; Manns, Hopkins, & Squire,

2003; Poreh et al., 2006; Squire & Bayley, 2007; Viskontas et al.,
2000).

Neuroimaging studies have provided important evidence that
the hippocampus is implicated in remote memory for autobio-
graphical episodes no matter when they occurred. Using a variety of
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echniques from verification of sentences describing events related
y the participants themselves to relating event-details based on
amily photographs supplied by confederates, investigators noted
hat the hippocampus is activated equally regardless of the age of
he retrieved memories (Piolino, Desgranges, & Eustache, 2009). A
rucial determinant in this work was the vividness of the recalled
vent, which is an index of its episodic quality. Because recent
emories are likely to be recalled in more detail than remote ones,

ippocampal activation may sometimes show a temporal gradient
f vividness, and other indices of the episodic aspect of the mem-
ry, are not taken into account. When the effect of vividness is
ontrolled either experimentally or statistically, variation of hip-
ocampal activation with age is eliminated.

By comparison, studies examining remote memory for seman-
ic material, such as faces or names of famous people, or public
vents, have yielded more variable results. Some investigators have
eported a temporal gradient with greater hippocampal activation
or recent than remote events (Moscovitch, 2008; Moscovitch et
l., 2006; Nadel, Winocur, Ryan, & Moscovitch, 2007), whereas oth-
rs find a pattern that resembles episodic memory, with equivalent
ippocampal activation across the lifespan (Piolino et al., 2004). The
eason for the discrepancy is not apparent, but one possibility, as
ndicated earlier, is that some public events and personalities also
voke an episodic memory, and insofar as they do, then hippocam-
al activation will also be found for remote events. Recent studies
hat support this interpretation will be discussed in the section that
onsiders the co-existence of episodic and semantic information.

Clearly, the episodic-semantic distinction, which incorporates
utobiographical memory and language, is not applicable in all
espects to the study of memory in animals, but important parallels
an be drawn. In a previous paper, we suggested that contextu-
lly dependent memories in animals were analogous to episodic
emory in humans (Rosenbaum, Winocur, & Moscovitch, 2001).

he argument is that both entail representations that incorporate
he rich spatial–temporal context in which they were acquired,
nd both are equally dependent on the hippocampus. Typically,
n animals, contextually dependent memories refer to learning
elationships among co-occurring elements in a particular environ-
ent, as in contextual fear conditioning, or in conventional tests

f spatial learning and memory (e.g., Morris water maze). We also
roposed that, in animals, non-contextual memories are analogous
o semantic or non-declarative memory in humans. Thus, memory
or particular objects, responses, or stimulus-response associations,
an be recovered without reference to the context in which they
ad been experienced, but depend, instead, on isolated features
hich elicit particular responses (see also Eichenbaum, Yonelinas,
Ranganath, 2007 on the distinction between relational and non-

elational memory).
How best to characterize contextual and non-contextual mem-

ries has been hotly debated in the literature without a resolution
eing reached, Indeed, some authors have argued cogently that the
rucial distinction in memory is as much between different kinds
f context, as between contextual and non-contextual memories
Nadel & Wilner, 1980; Rudy, 2009). Although there is no univer-
al agreement about what qualifies as a hippocampus-dependent
ontext and what does not, the following is a first-order approxi-
ation that captures a consistent theme in the animal literature.

ontextual memories are those that are configural, detailed and
ell-integrated, thereby affording flexibility in manipulating the
emory representation and in guiding responses, while retaining

reat specificity. By contrast, the other type of memory, which we

ill call schematic, is a less detailed collection of cues and fea-

ures which are not integrated with one another, and consequently
annot be manipulated flexibly. In our conceptualization, contex-
ual and schematic memories correspond generally to episodic and
emantic memories, respectively, in humans.
gia 48 (2010) 2339–2356 2343

The distinction between contextual and non-contextual mem-
ories is reflected as well in tests of RA in animal models, paralleling
those in humans on episodic and semantic memory (see above).
There is extensive RA without a temporal gradient for tests that are
context-dependent. Many of these are conventional tests of spa-
tial memory (Clark et al., 2005a, 2005b; Sutherland et al., 2001;
Winocur, Moscovitch, Caruana, et al., 2005), the presumption being
that on those tests a specific location must be remembered in
relation to a specific context defined by the configuration of envi-
ronmental cues. By comparison, a temporal gradient is observed
on most tests of memory that are not context-specific suggesting
that the hippocampus contributes initially to their formation but
ultimately relinquishes its involvement once consolidation is com-
plete (Tse et al., 2007; Winocur, 1990; Zola-Morgan & Squire, 1990).
In addition, there are tests, such as contextual fear conditioning,
which appear to be context-specific, yet show a temporal gradient.
Our research, which we describe below, shows that in such cases,
the gradient reflects changes in the nature of the representation of
the memory from a context-dependent to a context-independent
memory consistent with the transformation framework.

1.2.1. Summary
The evidence suggests that memories mediated by the hip-

pocampus are fundamentally different from those which are medi-
ated by extra-hippocampal structures. An important implication of
these observations is that the hippocampus is concerned primar-
ily with episodic memory, the conscious recollection of detailed,
autobiographical events in humans or the storage and recovery of
contextually specific memories in animals. When the hippocampus
is damaged, such memories are impaired regardless of their age.
The hippocampus also contributes to the formation of semantic or
non-contextual, schematic memories which are then represented
in neocortical structures, independently of the hippocampus. Dam-
age to the hippocampus shortly after an event will produce amnesia
for that event if the semantic or schematic version of the memory
has not yet formed. However, if the semantic/schematic memory is
available, it can be used in many cases, thereby accounting for the
temporal gradient associated with MTL lesions.

1.3. Is the memory that becomes represented in neocortex the
same as the initial memory in the hippocampus?

A central premise of SCT is that the memory that becomes estab-
lished with time in neocortex is the same memory that was initially
represented in the hippocampus. How then does SCT account for
the different gradients observed in animals and patients with hip-
pocampal lesions on tests of remote memory? There appear to be
two answers: (1) The presence or absence of a gradient, particularly
in humans, depends on lesion size and location. That is, lesions con-
fined to the hippocampus always are accompanied by a temporal
gradient, and its absence is the result of the lesion extending to
extra-hippocampal structures. (2) If successful performance of the
memory task requires on-line hippocampal processing, in addition
to retrieval of the remote memory, then no temporal gradient is
expected.

The latter argument must be considered speculative as there
have been no studies to our knowledge that have directly tested
this hypothesis. The evidence in favour of the first argument is off-
set by a substantial literature that runs counter to it. For example,
as noted earlier, the observation that sometimes, the very same
amnesic patients show both types of memory loss argues strongly

against a structural interpretation of the discrepancy (see Table 1).
The human literature highlights the importance of distinguishing
between episodic and semantic memory, and using tests that are
differentially sensitive to each type. When these conditions are met,
numerous examples can be found of patients with lesions to the
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is abstracted, to include only those aspects which are common
across episodes. In this way, the notion of ‘dog’ becomes conceptu-
alized and takes on meaning that is independent of any particular
context.

1 It should also be emphasized that, while context-specific memories may be sus-
ceptible to decay over time, the formation of non-hippocampal, context-general or
schematic memories is not necessarily dependent on that process, though in some
cases there may be a relationship between them (Wiltgen & Silva, 2007). It is possi-
ble to extend the context-specific effect, for example, by increasing exposure to the
344 G. Winocur et al. / Neurops

ippocampal system who have extensive RA for episodic mem-
ry regardless of the extent of extra-hippocampal damage. In some
ases, the lesions are extremely localized, e.g. to the fornix, and
et the patients still show a RA for episodic memory that extends
ver the entire lifetime. With respect to semantic memory, how-
ver, the very same patients have preserved memory, or at worst
n amnesia that is restricted to the decade preceding the injury
for reviews favouring both sides of the debate, see Moscovitch et
l., 2005; Rosenbaum et al., 2008; Shrager, Kirwan, & Squire, 2008;
quire & Bayley, 2007). There is a similar duality in the animal lit-
rature. As already noted, some tests, particularly those involving
patial memory, yield RA without a gradient, whereas other tests,
uch as socially acquired food preference and contextual fear con-
itioning, yield a temporally graded RA (but see Epp et al., 2008;
ehmann, Lacanilao, & Sutherland, 2007; Sutherland et al., 2001;
utherland, O’Brien, & Lehmann, 2008).

Our alternative view is that memories that are ‘consolidated’
n neocortex are fundamentally different from those that were
nitially dependent on the hippocampus. We propose that in the
ntact brain, memory is transformed from one that is initially
ontext-dependent and represented in the hippocampus to one
hat is context-independent and represented in neocortical struc-
ures outside the hippocampus. This does not imply, however, that
he context-independent memory always replaces the context-
ependent, hippocampal memory. Although some hippocampal
emories may be lost over time, in other cases, as we shall see

n human and animal studies, both memories may continue to be
vailable. We review the evidence that supports these proposals
elow.

We focus first on the animal literature because here one can
ollow the development of a memory over long periods of time rel-
tive to the lifespan of the animal, whereas such prospective studies
re impractical in humans (but see study by Hirshhorn below).
s indicated above, two commonly used tasks in the study of RA

n rats are socially acquired food preference and contextual fear
onditioning, both of which yield temporally graded memory loss.
nterpreting these results in the framework of SCT, the assump-
ion is that the memory is the same at both ends of the spectrum.
his critical assumption, however, has never been tested. Accord-
ng to the transformation hypothesis, the memory that is retrieved
hortly after acquisition and is dependent on the hippocampus has
ifferent characteristics from the one that is retrieved later and

s no longer hippocampus-dependent. In other words, the former
hould be context-dependent whereas the latter should be less
o.

We tested these alternative interpretations in both the food-
reference and contextual fear conditioning tasks (Winocur,
oscovitch, & Sekeres, 2007). We chose these tasks not only

ecause they are commonly used in studying remote memory,
ut also because we wanted to establish some general principles
cross tests that differ in the type of information processed, in
esponse characteristics, the nature of reinforcement, and in the
ime course to establish a permanent memory. In this study, nor-

al rats and rats with hippocampal lesions were trained on the
ood-preference or contextual fear conditioning task following our
tandard procedures. Their memories were then tested, at short or
ong delays, in either the same training environment (CXT-A) or
novel environment (CXT-B). The results were the same for both

he food-preference (Fig. 2A) and contextual fear conditioning tasks
Fig. 2B). At short delays, normal rats’ memory was context-specific
n that they exhibited the learned responses to a much greater

egree in CXT-A than in CXT-B. At long delays the normal rats no

onger discriminated between the original and novel environments
nd, indeed, there was no difference in the strength of the recalled
esponses in the two environments. The hippocampal groups were
nresponsive to differences in the test environments and, in the
gia 48 (2010) 2339–2356

respective tasks, exhibited the same patterns of performance when
tested in CXT-A or CXT-B.

The context-specificity of a recently acquired contextual fear
memory was confirmed recently in normal mice by Wiltgen and
Silva (2007), who also systematically examined changes in context
specificity with the passage of time. These authors showed that, on
this task, normal mice discriminated equally well between training
and novel environments for up to 14 days following fear condition-
ing. At longer delays, in line with the transformation hypothesis,
discrimination began to break down and, by 36 days, the mice
were freezing equally in both environments (see also Wang et
al., 2007). These observations are consistent with the interpreta-
tion of an expanded generalization gradient over time, caused by
forgetting-induced degradation of the initial memory (Riccio, Ackil,
& Burch-Vernon, 1992). By our view, it is important to distinguish
between a continuum of degradation across all attributes of a mem-
ory from those that define only the contextual features of a memory
whose loss reflects the declining role of the hippocampus.1

From these studies we conclude that when memories are ini-
tially formed they are closely linked to a specific context and, as
such, can be considered episodic in nature. With time, a transfor-
mation process occurs in which a schematic memory forms that
is less rigidly tied to the specific context in which it was acquired.
If the hippocampus is removed or rendered dysfunctional before
the transformation process is complete, then memory loss ensues
because the only memory that is viable is the context-specific mem-
ory represented in the hippocampus. Hence, the poor memory
exhibited by MTL amnesics and animals with hippocampal lesions
for events experienced shortly before the damage in tests of remote
memory. If hippocampal function is disrupted after the transforma-
tion process is complete, the context-specific memory is lost but the
semantic or schematic memory can be used to retrieve the learned
response. This explains the sparing of memories in instances of
temporally graded RA in animals and humans with hippocampal
damage.

As we noted earlier, the initial context-specific memory may
have decayed or may continue to be available in the intact brain,
along with the schematic memory, even after transformation has
occurred. As we will show in the next section, an appropriate
reminder can reinstate some context-specific memories. In the
remainder of this section, we review evidence from different types
of human studies that semantic memories derive from episodic
memories, and that the two types of memory can co-exist in ways
that are consistent with the transformation hypotheses.

Nelson (1974) and Markman (1989) report evidence that, when
children acquire words and the concepts they denote, they do so
in relation to specific experiences. Thus, for example, the word
‘dog’ initially is linked to the episode or context in which it was
first uttered. It is only with multiple repetitions and experiences
with dogs across different contexts that the word’s full meaning
conditioning environment before training (Biedenkapp & Rudy, 2007), or by provid-
ing a reminder experience after training (Winocur et al., 2009). However, both of
these manipulations could be interpreted either as having prevented or reversed the
decay of the context-specific memory or, as we have argued, increased the domi-
nance of that memory, relative to the context-general memory (see pp. 26–28 below
and Winocur et al., 2009).
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ig. 2. Effects of context manipulation on performance in the food preference test
pecificity at short, but not long, delays. Hippocampal groups did not respond to c
he same context; CXT-D denotes that rats were trained and tested in different env
rom Winocur et al. (2007).

In an excellent review paper on episodic and semantic aspects of
utobiographical memory, Conway (2009) notes that similar pro-
esses can operate in adulthood. In the vast majority of cases, the
erceptual details that characterize episodic memories and allow
ccurate re-experiencing of the past, are lost within days of the
vent. What remains are schematic memories that retain the gist
f what occurred. Eventually even the gist component may pass
eaving only a semantic residue which is incorporated into a more
eneral autobiographical schema or a semantic memory system.
uch a ‘forgetting’ process may complement the process of abstrac-
ion of word meaning from the different contexts in which they
ere encountered.
In some cases, memories can retain their episodic aspects, co-
xist with semantic memories, and even interact with the gist
hat was gleaned from the semantic memories. This was shown
y Westmacott and Moscovitch (2003) who had participants rate
ames of famous people along semantic dimensions such as famil-
nd contextual fear conditioning (B). On both tasks, control rats exhibited context-
manipulations in either task. (CXT-S denotes that rats were trained and tested in

ents).

iarity, frequency, and general facts known about each person, as
well as along episodic dimensions, such as how personally signifi-
cant the names were to them and whether they conjure an episode
(recollection) associated with that name. They found that names
that were rated highly on recollection were recalled and recognized
better, led to faster fame judgement, and were even read more
quickly than names that were low on recollection, even though
both types were equated in terms of semantic information (see also
Westmacott, Black, Freedman, & Moscovitch, 2004).

As has been noted frequently (e.g., Conway, 2009; Levine,
Svoboda, Hay, & Winocur, 2002; Moscovitch, 2008; Piolino et al.,
2009), autobiographical memories often consist of episodic and

semantic information. To disentangle one type of information from
the other, recently developed tests allow for the separation of
episodic and semantic memories in autobiographic memory. Levine
et al. (2002) devised a test with a scoring system that credits
the number of details contained in a narrative about a particular
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pisode. The details are classified as internal if they are peculiar to
he episode, and can be construed as reflecting episodic memories;
nd external if they are generic or tangential to the episode, and can
e construed more as semantic [See Piolino, Desgranges, Benali,
nd Eustache (2002) for another test that combines elements of
he approaches taken by Levine et al. (2002), and Westmacott and

oscovitch (2003).].
The various instruments have been used in several behavioural

nd functional neuroimaging studies involving different popula-
ions, including patients with focal lesions, those in early stages of
ementia, and normal old adults. With few exceptions, the results
f these studies are consistent with evidence from the animal liter-
ture, and favour the transformation hypothesis over SCT. Damage
o the MTL, particularly to the hippocampus and related structures
n the extended hippocampal system, was associated with loss of
pisodic components of memory for events and personalities. By
omparison, there was little effect on the semantic components of
emories for the same events and people. Instead, loss of seman-

ic aspects of memory was associated with the extent of damage
o neocortical structures such as the anterior and lateral temporal
obes, particularly on the left side.

The effect of the memory’s age on loss of the episodic component
n patients with hippocampal damage has also been investigated.
nce again, in line with the transformation hypothesis, the majority
f studies found that loss of the episodic component was unrelated
o age of the memory, with losses dating back to early childhood,
nd with no evidence of a temporal gradient. Thus, for exam-
le, Westmacott, Freedman, Black, Stokes, and Moscovitch (2004)
ound that the processing advantage conferred by high recollection
ames, relative to low recollection famous names, is lost in peo-
le with MTL lesions no matter how long ago the names became
amous, though processing of the semantic component was unaf-
ected. Likewise, Steinvorth, Levine, and Corkin (2005) reported

loss of internal details for memories covering the entire lifes-
an both in patients with focal MTL lesions, including HM, and in
atients with MTL degeneration. By comparison, there was con-
iderable sparing of external details. See Piolino et al. (2009) for
imilar findings. Evidence that this selective loss of the episodic
omponent is not the result of brain damage in general comes
rom studies of patients in the early stages of semantic dementia
hose damage affects primarily neocortical structures concerned
ith semantics, such as the anterior and lateral temporal cortex,

ut not medial temporal structures. Such patients show relative
paring of the episodic component with loss of semantics (Maguire,
umaran, Hassabis, & Kopelam, 2010; Moss, Kopelman, Cappalletti,
e Mornay Davies, & Jaldow, 2003).

Further, studies of patients with Alzheimer’s disease provide
mportant evidence against the argument that the absence of a tem-
oral gradient in episodic memory is associated only with lesions
xtending beyond the hippocampus to include lateral temporal cor-
ex. For example, Gilboa et al. (2005) showed that the extent of
xtra-hippocampal damage was not a contributing factor to the
oss of episodic memory. Instead, as noted above, damage to ante-
ior and lateral temporal neocortex led to selective loss of semantic
emory. As dementia of the Alzheimer’s type progresses, semantic
emory loss is more temporally extensive, as gauged by patients’

nability to recognize names as famous and to identify the meaning
f words which entered the public lexicon over the last 50 years
Westmacott, Freedman, et al., 2004). These findings suggest that
he degree of neocortical degeneration which marks the progres-
ion of the disease after its initial stages, determines the extent of

emporally graded RA for semantic memory.

The same pattern of hippocampal and neocortical contribu-
ion to episodic and semantic components of autobiographical

emories are found in functional neuroimaging studies of healthy
ontrols. The extent of hippocampal activation is determined by
gia 48 (2010) 2339–2356

the episodic aspects of the memory of the event and not by its
age. To be sure, some studies have shown a temporal gradient of
hippocampal activation with age, but that is only because older
memories typically have less of an episodic component than recent
memories (Niki & Luo, 2002; Piefke, Weiss, Zilles, Markowitsch, &
Fink, 2003). When episodic qualities such as vividness, personal
significance, and recollection are controlled, the effect of age on
hippocampal activation is eliminated (Addis, Moscovitch, Crawley,
& McAndrews, 2004; Gilboa et al., 2006; Piolino et al., 2009). The
effects of episodic component on neocortical activation are more
variable, but in general, neocortical activation is associated with
semantic components.

All models of memory consolidation, including the transfor-
mation hypothesis, posit that the hippocampus helps support the
development of the representation of semantic memory in neocor-
tex. Consistent with these models, individuals with MTL lesions
often exhibit a temporally graded RA for semantic information
related to vocabulary, public events and personalities, as well as
personal knowledge (see reviews by Fujii et al., 2000; Moscovitch
et al., 2005; Squire & Bayley, 2007). The RA in these cases is on
the order of a decade, suggesting that during that interval some
of the information is still linked to an episodic component and
derived from it. Results from studies using functional neuroimag-
ing, though variable, generally support this conclusion. Activation
of the hippocampus and related MTL structures is diminished with
time while neocortical activation increases or remains the same
(see review by Piolino et al. (2009), as well as Viskontas, Carr, Engel,
and Knowlton (2009), Wais, Wixted, Hopkins, and Squire (2006), for
similar results).

Although the hippocampus contributes to and facilitates the
acquisition of semantic memory and its neocortical representa-
tion in normal individuals, studies have shown that adult amnesic
patients with hippocampal damage can acquire semantic mem-
ories, though the process is laboriously slow and the knowledge
gained in terms of amount and depth is low (Manns et al., 2003;
O’Kane, Kensinger, & Corkin, 2004; Verfaellie, Koseff, & Alexander,
2000; Westmacott & Moscovitch, 2001). Studies of people who
sustained hippocampal damage in childhood, however, show that
by adulthood, they have good semantic knowledge, suggesting
that perhaps regions of neocortex implicated in semantic memory
representation are more plastic in childhood than adulthood, or
perhaps that different strategies were used to acquire this knowl-
edge (Squire & Zola, 1998; Vargha-Khadem et al., 1997) which may
not be hippocampally dependent (Bauer, 2008; Bloom & Markson,
1998; Carey & Bartlett, 1978).

1.3.1. Summary
Contrary to the notion that the ‘consolidated’ neocortical mem-

ory is a duplicate of the pre-consolidated hippocampal memory,
we provide evidence that the two memories have different char-
acteristics. We propose a transformation process that converts the
initial, context-specific hippocampal memory to a non-contextual
schematic memory that is represented extra-hippocampally.
Whereas the former type of memory is lost following hippocampal
damage, the latter is preserved, thereby accounting for the tem-
poral gradients observed in retrograde amnesia. We also note that
both types of memory can be available concurrently and, consis-
tent with the transformation hypothesis, one or the other memory
is impaired disproportionately, depending on whether the hip-
pocampus or neocortex is damaged.
1.4. Are long-term (consolidated) memories immutable?

According to SCT, when memories are consolidated in extra-
hippocampal structures, they are fixed and highly resistant to
disruption. The considerable evidence from animal and human
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The results of studies involving the reactivation or reconsolida-
tion paradigm question the assumption of SCT that consolidated
memories are immutable. Consistent with the transformation
hypothesis, we show that reminders operate by reactivating

2 Interestingly, the lesion also eliminated expression of the context-general
memory under these conditions. While this outcome was not necessarily
predicted by the transformation hypothesis, a possible explanation is that,
over the 24-h period between the reminder and surgery during which the
context-specific, hippocampus-dependent memory became dominant once again,
neocortically mediated context-general memories were inhibited or ‘overshad-
owed’ (Anagnostaras, Maren, & Fanselow, 1999; Eisenberg & Dudai, 2004; Frankland,
Cestari, Filipkowski, McDonald, & Silva, 1998). This inhibitory process may be con-
sidered analogous to the supremacy of hippocampal memories vis-à-vis memories
mediated by other neural systems (e.g., Packard & McGaugh, 1992; Sutherland,
Lehmann, Spanswick, Sparks, & Melvin, 2006). In considering the mechanism of
G. Winocur et al. / Neurops

tudies showing that long-term memories are unaffected by a vari-
ty of amnestic agents (e.g., ECS, lesions, hypoxia) is consistent
ith this view. However, a serious challenge to this essential fea-

ure of SCT emerged from studies in the 1960s, which utilized a
reminder’ paradigm. The typical procedure was to train animals
n various tasks (e.g., avoidance conditioning, maze learning) and,
fter a period of time that presumably was long enough for the
onsolidation process to be complete, re-expose them to the learn-
ng environment without reinforcement. When an amnestic agent

as administered shortly after the reminder experience, the effect
as to eliminate memory of the learned response. In his review

f this literature, Lewis (1979) noted that this treatment-induced
emory loss is contrary to the predictions of consolidation theory.

nterestingly, as an alternative, he argued that short- and long-term
emories exist in different ‘states’, each with its own unique char-

cteristics. According to Lewis (1979), memories in the short-term
tate are vulnerable to disruption, while memories in the long-term
tate are not.

In recent years, the work of Sara (1973), Nader, Schafe, and
e Doux (2000), and others (e.g., Debiec, LeDoux, & Nader, 2002;
isenberg & Dudai, 2004; Milekic & Alberini, 2002), using different
asks and more exacting methods, replicated the early findings and
parked renewed interest in reactivated memories, particularly as
hey relate to consolidation processes. One influential view is that
he effect of a reminder on stable, long-term memories is to restore
hem to a labile state during which they once again become depen-
ent on the hippocampus and related structures, as in the early
tages of consolidation. The reactivated memories then undergo a
rocess of reconsolidation until they are re-established in neocor-
ical structures. Until that process is complete they are once again
usceptible to the types of treatment that interfere with hippocam-
al function (Nader & Hardt, 2009).

There has been considerable debate as to whether consolida-
ion and reconsolidation processes are identical because, while
here are similarities in terms of molecular mechanisms and impli-
ated brain regions, there are also important differences (Dudai,
006; Nader & Hardt, 2009). As well, investigators have offered
ifferent explanations of the nature and formation of reminder-

nduced memories (Alberini, 2005). Notwithstanding differences
n interpreting reactivated memories and uncertainties over their
unctional significance, the reminder effect has been demonstrated
eliably and clearly runs counter to the immutability principle of
CT. To account for reconsolidation, SCT would have to assume the
ransfer or relocation of the consolidated memory from neocortex
ack to hippocampus.

The transformation hypothesis offers a different perspective on
eminder-induced reactivated memories. According to this view,
rior to the reminder, the schematic or context-general version
f the target memory likely prevails. The effect of reminding
he animal in the training environment is to restore the domi-
ance of the context-specific memory. Thus, when tested shortly
fter the reminder experience, normal rats should once again
iscriminate between the original environment and a novel envi-
onment. Hippocampal lesions, produced between the reminder
nd the test, would be expected to eliminate the context-specific
emory. It also follows that, if rats were reminded in a novel

nvironment that shared at least some cues with the original envi-
onment, the schematic memory would be evoked. Following such
reminder, normal and hippocampus-lesioned rats should exhibit
emory for the learned response when tested in either environ-
ent.

These predictions were confirmed in a recent study in which

ormal rats acquired a contextual fear response in a particular
nvironment (CXT A) and, after a 28-day delay, were reminded
n the same or a different (CXT B) environment before under-
oing hippocampal surgery (Winocur, Frankland, Sekeres, Fogel,
gia 48 (2010) 2339–2356 2347

& Moscovitch, 2009). As can be seen in Fig. 3, the memory
that was re-activated by CXT-A was context-specific and elim-
inated by hippocampal lesions.2 This finding parallels that of
Debiec et al. (2002) who reported that memory for a reacti-
vated hippocampus-based contextual fear response was disrupted
similarly by intra-hippocampal infusions of the protein synthesis
inhibitor, anisomycin. In contrast, the memory reactivated by CXT-
B was schematic and unaffected by hippocampal lesions (see also
Wiltgen & Silva, 2007). These results, which relate to the loss of
reactivated memory following hippocampal disruption to changes
in memory representation, further underscore the dynamic inter-
play between the two memories. Just as a memory undergoes
qualitative changes from context-specific to schematic as the mem-
ory becomes represented in extra-hippocampal structures during
the consolidation/transformation process, these results show that
a reverse-like process occurs during reconsolidation. That is, fol-
lowing a reminder in the original training environment, the
dominance of a context-general memory can be over-ridden by
the re-emergence of the context-specific memory. In an interesting
complement to these observations, Biedenkapp and Rudy (2007)
showed that exposure to the learning context (CXT A) prior to
training can also maintain the context specificity of the acquired
memory at long delays. It remains to be seen whether a context-
specific memory protected in this way is as susceptible to amnestic
agents as one reactivated by a reminder.

There is little research involving humans on reconsolidation.
In one interesting study (Sackeim et al., 2000), patients scheduled
for electroconvulsive treatment learned a list of paired-words and,
later, were reminded of the learning experience prior to receiving
treatment. When tested after treatment, memory loss for previ-
ously studied words was greater in those patients that received the
reminder than those that did not. In a different approach, Brunet
et al. (2008) used pharmacological interventions that were sim-
ilar to those that were effective in preventing reconsolidation of
fear-based learning in rats. Working with people diagnosed with
post-traumatic stress disorder, these investigators showed that
a reminder of a traumatic event, followed by administration of
the �-adrenergic blocker, propranolol, led to diminished emo-
tional responsiveness to the traumatic memory if treatment was
delivered soon after the reactivation experience (see Forcato et al.
(2007), and Hupbach, Gomez, Hardt, and Nadel (2007), for demon-
strations of the reactivation effect in humans in purely behavioural
studies).

1.4.1. Summary
such an inhibitory effect, one possibility is that the specific reminder of the hip-
pocampal memory (i.e., re-exposure to CXT-A) initiates a retrieval process which,
once enacted, blocks access to the general memory for a period of time, even if the
specific memory is no longer available. Although the inhibitory or retrieval effects
outlast the removal of the hippocampus, it is entirely possible that they are not
permanent, and that the context-general memory may recover with time.
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ig. 3. Following the reconsolidation paradigm, in a test of contextual fear condit
he hippocampus-based, context-specific memory and rendered it vulnerable to th
CXT-B), the context-general or schematic memory was reactivated and hippocamp
rom Winocur et al. (2009).

ontext-specific or schematic memories. Insofar as the memories
re context-specific, they continue to be dependent on the hip-
ocampus and once again can be disrupted by damage to that
tructure. When schematic memories are elicited, they are repre-
ented in neocortex, and are unaffected by hippocampal damage.
y this view, the ends of the continuum that define systems-

evel consolidation and reconsolidation, are not memories that
re labile or permanent, but rather memories that exist in two
ifferent forms, context-specific and schematic, and are repre-
ented in different structures. The two types of memory can
o-exist and assume dominance depending, in part, on retrieval
ues (reminders).

.5. The special case of spatial memory

Since the publication of O’Keefe and Nadel’s (1978) classic
olume, “The Hippocampus as a Cognitive Map”, considerable
ttention has focused on the role of the hippocampus in spatial
emory. O’Keefe and Nadel distinguished between allocentric spa-

ial memory which depends on forming relationships among distal
nvironmental cues, and other forms, such as memory for partic-
lar landmarks, routes, and egocentrically based representations,
hich do not depend on configural relationships. Evidence from

tudies using a diverse range of methodologies has consistently
mplicated the hippocampus in learning and remembering spatial
ocations based on allocentric, configural cues, but not on other
ypes of spatial memory. For ease of presentation, we will refer
o allocentric spatial memory simply as spatial memory, unless
pecified otherwise.

Despite the great interest in spatial memory, there has been very
ittle research into the representation of remote spatial memories.
xtrapolating from the tenets of cognitive map theory, there is no
istinction at the neural level between spatial memories acquired
ecently or long ago. The hippocampus is necessary for representing
llocentric spatial memories whenever they were formed.
This position stands in marked contrast to SCT which does not
istinguish between spatial and non-spatial memories as far as rep-
esentation in the brain is concerned. According to SCT, for both
ypes of memory, the hippocampus plays a time-limited role in
he early stages of memory formation after which they are rep-
, reminding the rat in the original conditioning environment (CXT-A) reactivated
ts of hippocampal lesions. When the rat was reminded in a different environment

ions had no effect.

resented in neocortical structures. It follows then that premorbid
spatial memories should be affected in the same way by hippocam-
pal damage—that is, they should be lost if acquired shortly before
the lesion but spared if they are old enough to have become con-
solidated. Moreover, as with other types of memories, consolidated
and pre-consolidated spatial memories differ only with respect to
their permanence and locus of representation, and not with the
nature of the information that is represented.

The transformation hypothesis combines elements of SCT and
cognitive map theory, yet is distinct from both. Like cognitive
map theory, the transformation hypothesis maintains that the
hippocampus is implicated as long as the spatial memory is
dependent on contextual cues, and that damage to the structure
would disrupt the memory regardless of when it was formed. The
term ‘contextual’ encompasses the allocentric spatial representa-
tions of cognitive map theory, but also includes environmental
details such as aspects of landmarks and sensory features that are
integrated with allocentric cues, and in combination with them,
distinguish one environment from another. Like SCT, the trans-
formation hypothesis posits that spatial memory can change its
neural representation over time and with experience, so that a
memory that once was dependent on the hippocampus can now
be represented by extra-hippocampal structures alone. Unlike SCT,
however, the transformation hypothesis predicts that extensive
and varied interaction with the environment leads to the forma-
tion of a spatial memory that is fundamentally different from the
initial memory. The detailed, contextual spatial memory is trans-
formed to a schematic map outside the hippocampus. In this regard,
spatial memories, in principle, are similar to representations of
non-spatial remote memories that typically are spared following
hippocampal damage. This type of memory retains allocentric spa-
tial information that could support reasonably accurate spatial
navigation following hippocampal lesions in rats, as in humans,
but with differences that are commensurate with differences in the
respective memories.
Although there has been little, systematic investigation of
remote spatial memory, the available evidence from studies of
humans and rodents favours the transformation hypothesis. We
briefly review the evidence from studies in humans before turning
to rodents.
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Contrary to cognitive map theory, but in line with SCT and
he transformation hypothesis, the available evidence indicates
onsiderable sparing of remote spatial memories in humans with
ippocampal damage. Early, mainly anecdotal observations of spa-
ial memory in HM and other MTL amnesics, indicated that such
atients could navigate normally in environments with which
hey had considerable pre-morbid experience (Beatty, Bierley, &
oyd, 1985; Milner, Corkin, & Teuber, 1968; Zola-Morgan, Squire,
Amaral, 1986). More recently, systematic investigations were

onducted on two well documented amnesic patients with large
ilateral hippocampal lesions (Rosenbaum et al., 2000; Teng &
quire, 1999). Despite being incapable of new spatial learning, they
xhibited excellent spatial memory of old neighbourhoods in which
hey had lived for some time before their injury. For example,
osenbaum et al.’s patient, KC, exhibited normal spatial memory
f his neighbourhood on a variety of tests including, placing loca-
ions in the proper sequence along a route, distance estimation,
roximity judgments, finding the shortest route to a location when
he main route is blocked, and vector mapping which consists of
rawing a vector in the correct direction and of appropriate length
rom a depicted location to another, unseen location. The results of
he latter two tests are considered prototypical, cognitive map tests
ecause they indicate that the individual has an integrated repre-
entation of locations and the relations among them. It appears
hat the amnesic patients’ prior experience with their neighbour-
oods, while undoubtedly resulting in hippocampally dependent
ognitive maps of the environment, also allowed for the abstraction
f general features of that map and the formation of an extra-
ippocampal representation that could support navigation within
he environment.

It is significant, however, that KC’s preserved spatial memory
as deficient in some respects, suggesting, contrary to SCT, that

t was represented differently from pre-consolidated memory. He
as impaired at recognizing perceptual details of landmarks, such

s very familiar houses, as evidenced by his inability to distin-
uish photos of these houses from similar ones that belonged in
nother, unfamiliar neighbourhood. As well, when facing a par-
icular landmark, he was unable to imagine what was directly
ehind him. Such a pattern of preserved and impaired aspects of
patial memory is consistent with the transformation hypothesis
n that extra-hippocampal representations are seen as schematic,
etaining sufficient skeletal information about locations and their
elations to enable navigation, but lacking in perceptual detail
nd a full appreciation of the relation of non-salient landmarks
o each other. In other words, the role the hippocampus in spa-
ial navigation appears to be comparable to its role in memory for
utobiographical episodes and semantic information.

It is instructive in this regard to consider the case of a highly
xperienced London taxi driver who sustained hippocampal lesions
fter an attack of herpes simplex virus. Maguire and her colleagues
ested his navigational abilities on a display of London through
hich he could navigate a virtual taxi (Maguire, Nannery, & Spiers,

006). He was slightly impaired at identifying landmarks, but
onetheless could navigate normally on London’s main thorough-

ares (A-routes). On the other hand, he was markedly impaired in
avigating through London’s side streets (B-routes) which require
much higher level of fine discrimination and greater attention to
etail than do the main thoroughfares. It is this representation of
etail, evident as much in spatial memory as in non-spatial autobi-
graphical memory, that requires the hippocampus no matter how
ong ago the memory was acquired.
Studies of other patients suggest that the components of the
chematic spatial representation are distributed across a net-
ork of extra-hippocampal structures. Those structures include the
arahippocampal cortex, the posterior cingulate and retrosplenial
ortex, and the parietal cortex. Damage to these structures is likely
gia 48 (2010) 2339–2356 2349

to cause much more severe deficits in navigation than damage to
the hippocampus, the type of deficits being related to the function
of the structure that was damaged (Aguirre, Zarahn, & D’Esposito,
1998; Epstein, Higgins, Jablonski, & Feiler, 2007; Rosenbaum, Gao,
Richards, Black, & Moscovitch, 2005).

These conclusions are supported by functional neuroimaging
studies of remote spatial memory. Using fMRI and the mental
navigation tasks that were administered to their brain-damaged
patients, Rosenbaum, Winocur, Grady, Ziegler, and Moscovitch
(2007) found that the pattern of brain activation in normal adults
in a highly familiar environment was consistent with predictions
derived from the patient studies. That is, there was no hippocampal
activation on any of the navigation tasks, though significant activa-
tion was observed in the network of extra-hippocampal structures
that lesion studies from other laboratories had identified as cru-
cial. Maguire, Woollett, and Spiers (2006) reported comparable
results in their neuroimaging studies of healthy taxi drivers during
mental navigation through London on virtual displays. Sometimes,
the hippocampus was activated when the instructions were to get
from one place to another, as if the hippocampus were involved in
planning the route, but on other occasions navigation proceeded
normally without hippocampal activation.

In a recently completed study that tracked the development
of spatial memory for a large scale environment, Hirshhorn et al.
(in preparation) administered, in a scanner, Rosenbaum, et al.’s
(2005) spatial tasks to healthy young adults at two time points:
first, within 6 months of their arrival to Toronto when they were
just becoming familiar with the city, and then a year later when they
were much more familiar with it. As predicted by the transforma-
tion hypothesis (and SCT), initially the hippocampus was activated
during performance of those tasks that were considered allocen-
tric. A year later, hippocampal activation was lost, and replaced
by activation in the same extra-hippocampal regions reported by
Rosenbaum et al. (2005) in people who had lived in Toronto for
many years.

Studies of remote spatial memory in rodents have yielded
results remarkably similar to those in humans if the animal is given
sufficient time to acquaint itself with the environment prior to
hippocampal lesions, but not when exposure to the complex envi-
ronment is relatively brief. Most commonly used tests of spatial
memory in rats (e.g., Morris water maze, cross-maze) are of the
latter type. That is, animals are trained to learn a fixed location
following a limited number of trials administered from a limited
perspective. For purposes of processing spatial information, this
may be inadequate to enable the formation of a schematic corti-
cal map that could accurately guide place finding in the absence of
the hippocampus. In such cases, hippocampal lesions consistently
produce an ungraded amnesia that extends over the length of the
test period and for as long as 9 months before surgery (Clark et
al., 2005a, 2005b; Sutherland et al., 2001; Winocur, Moscovitch,
Caruana, et al., 2005; see Ramos, 1998, for one of the few exceptions
to this common finding).

Winocur, Moscovitch, Fogel, et al. (2005) noted the critical dif-
ference in the way human and animal studies of spatial memory
are conducted and asked if rats with hippocampal lesions, like com-
parably damaged humans, would show preserved spatial memory
if they were given the opportunity to become familiar with the
environment before surgery. To answer this question, groups of
rats were reared socially in a specially designed complex environ-
ment (‘village’) with different rewards (e.g., food, water) always
available in fixed locations. After 3 months, hippocampal or sham

surgery was performed and, after recovery, the rats’ memory for
specific reward locations was tested in the same environment. As in
studies with humans, the results showed clearly that there was no
difference in the ability of hippocampal and control groups to find
the reward compartments. By comparison, rats with hippocampal
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esions that had no prior experience in the village were severely
mpaired in learning the locations of the rewards.

A series of probe trials showed that the village-reared hip-
ocampal groups, like the control groups, used allocentric spatial
trategies to navigate the village, rather than egocentric strategies,
r stimulus-response strategies based on local or sensory cues.
hen familiar cues could be used to guide behaviour accurately,

ats with hippocampal lesions performed as well as controls and,
nterestingly, this was also the case when only a few of the original
ues were present. The latter results suggest that they relied on a
onfiguration of cues, so that only a subset of them was required
or correct performance. However, when it was necessary to find
he goal compartment on the basis of a new set of spatial rela-
ionships, as when the village was moved to a different room, or
otated in relation to the external environment in the same room,
ippocampally lesioned rats were severely impaired.

Further evidence about the nature of the extra-hippocampal
emory, and how it differs from hippocampal memories, comes

rom recent follow-up work on rats that had become familiar with
he village environment before the lesion (Winocur, Moscovitch,
osenbaum, & Sekeres, 2010). In that study, rats were tested post-
peratively in the same environment but, on half the trials, barriers
ere placed along preferred routes to the goal compartments. As

n our previous work, rats with hippocampal lesions continued to
se a spatial strategy, but as a result of encountering barriers, they
ook longer than controls to regroup and find the compartment.
hese results show that hippocampally lesioned animals are not as
exible in their use of spatial cues even when the relation between
ll distal cues and locations within the village are held constant.3

These findings reinforce the human studies in showing that,
ith sufficient exposure to the environment, spatial memories

an survive hippocampal damage. However, as indicated by the
orse performance of hippocampally lesioned rats on some of

he probe tests, these memories, represented as they are in extra-
ippocampal structures, are not the same as those mediated by the
ippocampus in the intact brain. Interestingly, a similar conclusion
as reached by Wang, Teixeira, Wheeler, and Frankland (2009)
ho found that mice with hippocampal lesions retained a pre-

peratively learned, context-dependent, discrimination response,
hen the lesion was made at a long delay following training.
owever, although their spared memory contained contextual
ssociations, further testing revealed that this memory was more
ragile and vulnerable to extinction than that expressed by con-
rols. Like the village studies, their experiment suggests that, under
ertain conditions, some context specificity can be supported by
xtra-hippocampal structures but that the representation of a
emote memory in a hippocampally lesioned brain is not equivalent
o that in an intact brain.

The rats’ behaviour in our spatial-navigation tasks provide clues
bout the nature of the schematic representations, and how they
iffer from spatial representations in the intact brain. To account
or aspects of allocentric spatial memory that are preserved, we
rgue that these extra-hippocampal, schematic representations are

omprised of a distribution of neural ensembles that represent
iscrete elements of the distal environment which can provide
patial references for guiding navigation. These neural elements,
owever, are not integrated with each other. By contrast, represen-

3 The hippocampal group’s impairment on the blocked-route task appears incon-
istent with Rosenbaum et al.’s (2000) report of excellent performance by patient
C when required to find a secondary route to a location after encountering a barrier
long the preferred route. However, there are many differences between the tasks,
he circumstances under which they were acquired, and the cognitive capabilities
f humans and rats that may have accounted for some inter-species differences in
he surviving memories. These differences need to be investigated before it can be
oncluded that animal and human findings are in conflict.
gia 48 (2010) 2339–2356

tations of spatial memory that involve the hippocampus consist of
a rich network of linkages among the elements that permit effi-
cient learning and flexible responses to spatial challenges, such
as performing efficiently on the blocked routes. With respect to
humans, such integration may be necessary for retaining many
non-essential, perceptual details and for preserving knowledge
about minor routes and their relation to each other and to major
ones (see Rudy, 2009, for a similar characterization related to con-
textual fear conditioning).

Our village studies provide evidence that, in terms of mem-
ory formation and long-term representation, spatial memories
undergo a process that is similar to that of non-spatial memories.
That process represents a transformation from a context-specific
memory that is part of a detailed and coherent cognitive map that
requires the hippocampus, to a schematic memory that is less tied
to context and based on a less integrated neural representation in
extra-hippocampal structures. Though less integrated, the amount
of detail in this representation can vary with a number of fac-
tors including, for example, amount and type of training, and the
complexity of the environment. Of course, the finding that spa-
tial memories can survive hippocampal damage is also consistent
with the predictions of SCT. However, to account for all of the vil-
lage data, SCT would have to be modified to explain the important
differences between the pre-operatively formed spatial memories
involving the hippocampus and the post-operative memories that
guided behaviour in the absence of the hippocampus. Moreover, the
similarities in the pattern of performance of rats that were exposed
to the environment before or after hippocampal lesions, suggest
that the extra-hippocampal representations is the same regardless
of whether they were acquired incidentally after extensive experi-
ence prior to hippocampal lesions or laboriously after hippocampal
lesions.

The time it takes to form these schematic memories likely dif-
fers depending on their complexity and the species involved. In
humans, it takes between 6 months to a year to form a working
representation of a complex, large scale environment. In rats, daily
exposure for a few weeks may suffice. Studies of contextual, spatial
memories not used for navigation, but which act as associative cues
for other stimuli, suggest that to develop a schematic memory, it
is sufficient to have a single exposure, followed by a period of 1–4
weeks without experiencing that environment.

How quickly memories of events occurring in specific locations
become independent of the hippocampus also seem to be deter-
mined by the availability of a well-formed spatial schema. Tse et al.
(2007) showed that the memory of flavour-place associations could
be acquired in one trial and become independent of the hippocam-
pus within 48 h, if a well-developed spatial schema was already in
place, but it took much longer, or could not be retained at all no
matter when the hippocampal lesion was made, if the schema was
not available. Although Tse et al. (2007) interpret these findings as
supporting a rapid, systems-level consolidation account, the trans-
formation hypothesis can explain these results just as easily. To
distinguish between the different interpretations, it would be nec-
essary to show that the rapidly assimilated memory has features in
common with the schematic, spatial memories we have described
rather than with the more detailed, integrated hippocampal mem-
ories on which they were initially dependent, and from which the
schematic memories were derived.

1.5.1. Summary
Taken together the results of spatial memory studies refute SCT
on two grounds: (1) hippocampal and extra-hippocampal spatial
memories are fundamentally different from one another, and (2)
this difference is evident whether the memories were acquired
before or after the hippocampal lesions were made. The results
support cognitive map theory insofar as showing that only the
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lements of hippocampus-based, allocentric spatial representa-
ions are fully integrated with one another; the extra-hippocampal
chematic representations are not, though they may be sufficient to
upport navigation guided by allocentric cues under many condi-
ions. The transformation hypothesis is also supported by evidence
howing that memories of one type are transformed into the other
y extensive experience.

.6. The neural bases of transformed/consolidated memories

Although SCT and the transformation hypothesis take differ-
nt positions regarding the reorganization of hippocampus-based
emories, they agree on the point that cortical plasticity is funda-
ental to the long-term representation of such memories. Without

ecessarily specifying the nature of long-term memories under
tudy, several experimenters, using a variety of behavioural tasks
nd imaging techniques, have investigated possible neural sites
hat are implicated in long-term and remote memories, and a num-
er of candidate structures have emerged.

In one of the first studies to address this issue, Bontempi,
aurent-Demir, Destrade, and Jaffard, 1999 trained mice on a spa-
ial discrimination task and tested their memory 5 or 25 days
ollowing acquisition. They also measured (14C) 2-deoxyglucose
ptake to map regional metabolic activity that corresponded to
erformance during recent and remote memory testing. The results
howed an increase in hippocampal activity following acquisition
nd the 5-day test, but a subsequent decline at the 25-day test.
onversely, the opposite pattern was detected in frontal and tem-
oral cortices, as well as the anterior cingulate cortex (ACC). In
ollow-up work, Maviel, Durkin, Menzaghi, and Bontempi (2004)
onfirmed these findings using a similar spatial memory task and
ctivity-dependent gene expression of Zif268 induced by memory
rocessing, and added the retrosplenial cortex to the list of cor-
ical structures potentially implicated in long-term memory (see
ig. 4). As part of that series of studies, the authors infused the anes-
hetic, lidocaine, into specific brain areas during memory testing to

ssess the effects of regional inactivation on memory performance.
s predicted by the gene expression results, inactivating the hip-
ocampus and related structures disrupted performance at short,
ut not long, delays. The opposite pattern was observed following

nactivation of the prefrontal cortex or ACC.

ig. 4. Gene expression reflecting activity in medial temporal lobe (MTL) and cortical str
TL structures were higher at short, than long, delays whereas the opposite pattern was

rom Maviel et al. (2004).
gia 48 (2010) 2339–2356 2351

Frankland and his colleagues (Frankland, Bontempi, Talton,
Kaczmarek, & Silva, 2004; Frankland, O’Brien, Ohno, Kirkwood, &
Silva, 2001) have taken a similar approach with respect to con-
textual fear conditioning. These authors tracked the expression
of genes (Zif268 and c-fos) in hippocampus and cortical struc-
tures during recall of the contextual fear response at short and
long delays. In line with Bontempi’s results, at short delays they
found increased hippocampal activity relative to that seen in the
ACC and prefrontal cortex, and the opposite pattern at long delays.
The importance of the ACC in long-term contextual fear memory
was reinforced in this research by the inclusion of �-CaMKII+/−

mutant mice that typically show normal learning on hippocampal-
dependent tasks. These mice proved to be normal in all respects
following the short-delay test of contextual fear memory, but
exhibited less contextual fear and a significant reduction in gene
activity in the ACC at long delays.

Takehara, Kawahara, and Kirino (2003) investigated this issue in
trace eye-blink conditioning, a hippocampal dependent-task that
yields temporally graded RA following lesions to the hippocam-
pus. In their study, different groups of rats received lesions to the
hippocampus, cerebellum, or medial prefrontal cortex, at different
delays after training. At short delays only hippocampal and cere-
bellar lesions produced a reduction in the conditioned response.
As the interval between training and surgery increased, the effects
of the hippocampal lesion decreased, while frontal lobe lesions
increasingly disrupted memory for the learned response. Cere-
bellar lesions impaired performance regardless of the length of
the training-surgery interval. The results point to a time-limited
role for the hippocampus in memory for yet another behavioural
response, while providing further evidence of selective involve-
ment of the prefrontal cortex in long-term memory representation.
In line with these results, the same group provided evidence that
long-term memory of the conditioned response requires activation
of the prefrontal cortex to ensure successful establishment of the
remotely acquired memory in this cortical region (Takehara, Nakao,
Kawahara, Matsuki, & Kirino, 2006).
It follows that increases in cortical activity that correspond to
the expression of remote memory would be accompanied by mor-
phological changes in the same regions. Research in this area is in its
early stages but evidence to date suggests that this is the case. In a
recent study, Restivo, Vetere, Bontempi, & Ammassari-Teule (2009)

uctures during tests o f spatial memory at short and long delays. Activity levels in
observed in cortical structures.
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easured dendritic spine growth in the hippocampus and ACC of
ats 24 h or 36 days after contextual fear conditioning. Rats exhib-
ted strong conditioned fear at both delays, but over time there

ere clear differences in the pattern of synaptic growth in the two
tructures. At short delays, there was a significant increase in spine
ensity in sampled hippocampal (CA1) neurons that was not seen
ollowing a long delay, whereas the opposite effect was observed
n ACC. The investigators also found that hippocampal lesions, pro-
uced immediately after training, eliminated the contextual fear
esponse and prevented spinal growth in ACC, whereas no such
ffect was observed if the lesion was made 24 days after training.
n addition to demonstrating structural changes that correspond
o the formation of early and late memories, this study points to a
ynamic interaction between hippocampal and cortical networks

n which the hippocampus plays a crucial, but time-limited role in
riving structural plasticity in the ACC.

We have begun to explore the long-term cortical sites of pre-
erved spatial memory in our village environment. Following the
ead of the above studies, as a first test we decided to investi-
ate the possible involvement of the ACC. Our preliminary results
ndicate that lesions to the ACC, like the hippocampus, have little
r no effect on spatial memory acquired during extensive pre-
perative rearing in the village. However, combined lesions to the
CC and hippocampus that prevented either structure from sup-
orting recall did eliminate memory for learned reward locations.
his research, which focuses on well-established pre-morbid mem-
ries and differs in many respects from the other studies reviewed
n this section, provides further evidence that the ACC plays a
ritical node in a distributed cortical network involved in the reor-
anization of brain circuitry during the formation of long-term
emories.
As already indicated, a central feature of both SCT and the trans-

ormation hypothesis is that neocortical structures are involved in
he long-term representation of memories that initially form in the
ippocampus, although the two approaches offer different inter-
retations of these representations. SCT holds that neocortically
ased memories are identical to those originally expressed in the
ippocampus, whereas the transformation hypothesis argues that
hey are schematic versions of the original memories with differ-
nt characteristics. The investigations of time-dependent structural
nd functional changes over the course of memory stabilization
ffer an exciting approach to informing this issue. Because none
f the above studies applied tests that could determine whether
he hippocampal or cortical memories were context-specific or
chematic, further research is needed, particularly into the nature
f the memories at short and long delays, before interpreting such
vidence in terms of one theoretical position or another.

There is one consistent finding from this line of research that,
n the surface at least, appears to support SCT. That is, as functional
ctivity and structural growth begin to increase in cortical regions
s long-term memories form, the same activities seen earlier in
ippocampus show a decrease. This could be interpreted as a phas-

ng out of hippocampal involvement in memory expression at long
elays. However, there are unresolved issues that preclude such
n interpretation at this time. For example, what is the long-term
tatus of the structural and functional changes that took place in
he hippocampus? If the hippocampus continues to be active post-
onditioning, as some have shown (Hoffman & McNaughton, 2002;

alker, Brakefield, Hobson, & Stickgold, 2003), it follows that the
ippocampus, in certain circumstances, might indeed have a role to
lay in long-term retrieval. Reduced activity and structural growth

ay signify partial forgetting of contextual details, but against a

ackground of increased hippocampal activity relative to baseline,
hrough effective cuing it may be possible to recreate conditions
or rapid hippocampal engagement and the recall of hippocam-
ally based memories. The reinstatement of memories, as seen in
gia 48 (2010) 2339–2356

tests involving the reconsolidation paradigm (see above) may be
an instance of this effect.

Another possibility is that reduced activity in the hippocampus
may be the result of an inhibitory influence exerted by the corti-
cal, schematic memory. (The inverse effect was suggested above
with respect to reactivation of the hippocampus-based memory in
our reactivation study). Admittedly, this is a speculative idea, but it
receives support from unpublished preliminary work by Bontempi
and his colleagues. These investigators found that, at long delays,
the hippocampus is no longer engaged in remembering locations
in a 5-arm spatial maze. However, when the prefrontal cortex, one
of the structures implicated in long-term spatial memory (Maviel
et al., 2004), is inactivated during remote memory testing, there
was a marked reactivation of the hippocampus which appeared to
support performance. Ongoing research is assessing the generality
of this effect with respect to other structures and other tasks.

Another question relates to task demands. If, at long delays, the
dominant memory for a particular task is schematic or context-
general, and the cues at retrieval signal that type of memory, it
follows that neocortical structures are more likely to be engaged
than the hippocampus. Under such conditions, more activity in
neocortical networks, as has been reported, would be expected.
However, if the task were framed in such a way as to target the
context-dependent, episodic version of that memory, one might
expect hippocampal engagement and increased activity in that
structure. That appears to be the case in functional neuroimag-
ing studies of long-term and remote memories in humans (e.g.,
Trinkler, King, Doeller, Rugg, & Burgess, 2009). This question has
not been investigated systematically in animals, but evidence from
Bontempi’s lab offers support for this scenario. In this study (Alaux
et al., 2007), mice were pre-operatively trained on one of two spa-
tial discriminations, both of which are hippocampally dependent
during original learning, but vary in terms of complexity. Following
training to an established criterion, hippocampal lesions or phar-
macological inactivation at the time of remote memory retrieval
disrupted memory for the complex task, which presumably con-
tinued to be context-dependent, but not for the less complex task,
which may have developed into a schematic version that was
less dependent on the training context. Significantly, when gene
expression was monitored in normal mice, at long delays perfor-
mance of the complex spatial task was accompanied by high levels
of hippocampal activity, relative to neocortical structures, whereas
the opposite pattern was observed for the less complex task.

Although this pattern of results is consistent with predictions
based on the transformation hypothesis, there are different ways
of explaining the permanent involvement of the hippocampus in
long-term memory storage. One is that the hippocampus might
remain necessary for successful performance during spatial dis-
crimination (i.e., constant updating of the animal’s spatial position
as it explores the maze), or expression of an otherwise intact mem-
ory trace most likely stored in cortical areas (Broadbent, Squire,
& Clark, 2006). Another possibility is that the engagement of the
hippocampus at the time of remote memory retrieval is a function
of the status of pre-existing knowledge in the cortex, a parame-
ter which seems to modulate actively the rate of cortical transfer
during systems consolidation (Takashima et al., 2009; Tse et al.,
2007).

1.6.1. Summary
Research aimed at identifying the cortical structures that are

implicated in the representation of long-term memories is in its

early stages. However, available evidence, involving gene expres-
sion and imaging techniques, as well as a variety of behavioural
tasks, suggests that the prefrontal cortex, anterior cingulate, and
retrosplenial cortices, are amongst those that are likely involved.
At this point, research in this area can be found in support of both
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CT and the transformation hypothesis and a conclusive statement
ust await further research.

.7. Conclusions and implications

We identified four essential premises that form the basis of SCT
n systems-level memory consolidation. (1) The central premise
f SCT is that the hippocampus plays a time-limited role in the
ormation of long-term declarative memories by strengthening
onnections in neocortex where the memories are ultimately rep-
esented. The finding of temporally graded RA provided strong
upport for this position. (2) The same consolidation processes
pply to all declarative memories, whether episodic/contextual or
emantic/schematic. (3) Memories which are consolidated in neo-
ortex are identical to preconsolidated memories which, initially,
ere dependent on the hippocampus. (4) Once consolidated, long-

erm memories are permanent in the sense that they can no longer
e affected by lesions, or other amnestic agents that disrupt hip-
ocampal function.

In evaluating these claims, we found a remarkable correspon-
ence between the human and animal literatures if we make
llowances for considering context-specific and context-general
r schematic memories in animals to be the animal homologue
f episodic and semantic memory, respectively, in humans. Our
eview of the animal and human literatures challenged each of the
our premises above as follows: (1) There are as many reports of
ngraded RA as there are of temporally graded RA. (2) Whereas
oth episodic and semantic memories may initially rely on the hip-
ocampus, there is considerable evidence that episodic memories
ontinue to do so for as long as they exist. In contrast, semantic
emories derive from episodic memories and become represented

utside the hippocampus. Semantic memories may also form inde-
endently of the hippocampus and in its absence. (3) Memories

nitially dependent on the hippocampus are fundamentally differ-
nt from those represented ultimately outside the hippocampus.
hus, even on tasks in which a temporally graded RA is observed fol-
owing hippocampal lesions, we showed that initially the memories

ere context-specific and mediated by the hippocampus, whereas
ater, the memories were less tied to context and mediated by
xtra-hippocampal structures. The type of memory mediated by
xtra-hippocampal structures is the same regardless of whether it
as formed with the help of the hippocampus or without it. For

ach of the above instances, the functional neuroimaging literature
n humans is consistent with data from lesion studies. (4) Consol-
dation is not permanent. Even after memories are believed to be
epresented in neocortex, a reminder can once again make these
emories vulnerable to disruption or loss. We showed that this

ffect can be attributed to the reinstatement of a context-specific,
ippocampus-dependent memory, but not to the activation of a
ontext-general, neocortical memory.

These findings undermine the core of SCT that memory forma-
ion and storage is a unitary, linear process in which an engram
s merely reinforced and strengthened by the hippocampus, so
hat, ultimately, hippocampal connections can be replaced by
eocortical ones. The engram is invariant throughout this pro-
ess and can be likened to moving a bit of information from
ne storage compartment to another. As an alternative, we have
roposed a transformation model that takes into account the
ynamic changes that a memory undergoes with time and expe-
ience. Contrary to SCT, this model dispenses with the notion of
n invariant engram and proposes, instead, that initially formed

ontext-specific memories can give rise to related memories that
ave different characteristics. In particular, in this review we

ocused on the transformation of episodic memories to less inte-
rated and detailed schematic memories that capture the gist of
he original. Another crucial feature of this model is that the nature
gia 48 (2010) 2339–2356 2353

of the respective memories is determined by the structures that
mediate them. Thus a hippocampus-based memory is necessarily
episodic and context-specific, whereas neocortex-based memories
are schematic or semantic, and context-independent.

While we recognize that contextual details that comprise
episodic memories are vulnerable to forgetting, leaving only the
gist of the memory intact, the model allows for the possibil-
ity that some episodic memories can survive and co-exist with
schematic memories. In short, contrary to SCT, the formation of
hippocampus-independent memory does not necessarily entail the
loss of hippocampal memories.

Yet another fundamental difference between SCT and the trans-
formation hypothesis is that SCT places most of the burden of
memory processing on encoding and storage, with retrieval rel-
egated to the relatively minor role of providing cues to recover
the engram. By comparison, the transformation hypothesis con-
siders retrieval processes to be dynamically implicated in memory
recovery and expression. In other words, memory is not simply the
elicitation of an engram by cues, but rather the type of memory
that is expressed emerges from the synergistic interaction of cues
with stored information (see Tulving, 1983). In this sense, memory
is not simply reproduced, but is reconstructed from the informa-
tion that is stored on the basis of available cues, task demands, and
at least in the case of humans, current motives and biases (Bartlett,
1932). In situations where two or more memories can potentially
be reconstructed, the memory that is expressed is determined by
the availability of the stored information, the cues that are present,
and the demands of the particular task. It is only thorough the inter-
action of these various factors that a memory takes its particular
form. This view, consistent with the transformation hypothesis,
not only accounts for the reminder effect in the reconsolidation
paradigm, but also for the myriad examples of memory distortion
that are a common occurrence in everyday life, as well as other
well-documented instances (e.g., Loftus, 2003).

Although this paper has emphasized studies of retrograde mem-
ory, it is important to note that the transformation hypothesis
is consistent with a growing literature on anterograde mem-
ory on the distinction between episodic/context memory and
semantic/schematic memory and their neural correlates. Recent
reviews by Eichenbaum et al. (2007), and by Diana, Yonelinas,
and Ranganath (2007) show that episodic memories in humans
mediated by recollective processes are associated with hippocam-
pal activation and affected by hippocampal damage, whereas
semantic-like memories, mediated by familiarity processes, are
associated with activation of perirhinal and other neocortical struc-
tures and affected by damage to them. Similar evidence is presented
regarding context-dependent and schematic memories in rodents
and other non-human animals.

There is currently vigorous debate about the nature of antero-
grade and retrograde memory, consolidation, and the neural
processes that mediate them, from the molecular to the systems
level. The introduction of new theories to challenge the standard
models has stimulated intense research which will advance the
field no matter which theory prevails. What is encouraging about
our approach is that it allows for a unified theory of anterograde
and retrograde, episodic and semantic memory, in humans and
animals.

Acknowledgments
The preparation of this paper was supported by the Canadian
Institutes for Health Research (GW, MM), the Natural Sciences and
Engineering Research Council (GW, MM), Centre National de la
Recherche Scientifique Unité Mixte de Recherche (BT), and Féder-
ation pour la Recherche sur le Cerveau (BT). The authors gratefully



2 ycholo

a
N

R

A

A

A

A

A

A

A

B

B

B

B

B

B

B

B

B

B

B

B

B

B

C

C

C

C

C

C

C

C

C

354 G. Winocur et al. / Neurops

cknowledge the technical support provided by Lucy McGarry and
ick Hoang.

eferences

ddis, D. R., Moscovitch, M., Crawley, A. P., & McAndrews, M. P. (2004). Recollective
qualities modulate hippocampal activation during autobiographical memory
retrieval. Hippocampus, 18, 752–762.

granoff, B. W., & Davis, R. E. (1967). Further studies on memory formation in the
goldfish. Science, 158, 523.

guirre, G. K., Zarahn, E., & D’Esposito, M. (1998). Neural components of topographi-
cal representation. Proceedings of the National Academy of Sciences of United States
of America, 95, 839–846.

laux, S., Menard, C., Lesburgueres, E., Durkin, T. P., Massicotte, G., & Bontempi,
B. (2007). Differential implication of AMPA and NMDA glutamergic receptors in
consolidation of long-term spatial memory in mice. Paper presented at the Society
for Neuroscience Meeting, San Diego, CA.

lberini, C. M. (2005). Mechanisms of memory stabilization: Are consolidation and
reconsolidation similar or distinct processes? Trends in Neuroscience, 28, 51–56.

nagnostaras, S. G., Gale, G. D., & Fanselow, M. S. (2001). Hippocampus and con-
textual fear conditioning: Recent controversies and advances. Hippocampus, 11,
8–17.

nagnostaras, S. G., Maren, S., & Fanselow, M. S. (1999). Temporally graded
retrograde amnesia of contextual fear after hippocampal damage in rats:
Within-subjects examination. Journal of Neuroscience, 19, 1106–1114.

arr, W. B., Goldberg, E., Wasserstein, J., & Novelly, R. A. (1990). Retrograde amnesia
following unilateral temporal lobectomy. Neuropsychologia, 28, 243–255.

artlett, F. C. (1932). Remembering: A study in experimental and social psychology.
Cambridge, England: Cambridge University Press.

auer, P. J. (2008). Toward a neuro-developmental account of the development of
declarative memory. Developmental Psychobiology, 50, 19–31.

ayley, P. J., Hopkins, R. O., & Squire, L. R. (2003). Successful recollection of remote
autobiographical memories by amnesic patients with medial temporal lobe
lesions. Neuron, 38, 135–144.

ayley, P. J., Hopkins, R. O., & Squire, L. R. (2006). The fate of old memories after
medial temporal lobe damage. Journal of Neuroscience, 26, 13311–13317.

eatty, W. W., Bierley, R. A., & Boyd, J. G. (1985). Preservation of accurate spatial
memory in aged rats. Neurobiology of Aging, 6, 219–225.

iedenkapp, J. M., & Rudy, J. W. (2007). Context preexposure prevents forgetting of
a contextual fear memory: Implication for regional changes in brain activation
patterns associated with recent and remote memories. Learning and Memory,
14, 200–203.

loom, P., & Markson, L. (1998). Capacities underlying word learning. Trends in
Cognitive Sciences, 2, 67–73.

olhuis, J., Stewart, C. A., & Forrest, E. M. (1994). Retrograde amnesia and memory
reactivation in rats with ibotenate lesions to the hippocampus or subiculum.
Quarterly Journal of Experimental Psychology (B), 47, 195–203.

ontempi, B., Laurent-Demir, C., Destrade, C., & Jaffard, R. (1999). Time-dependent
reorganization of brain circuitry underlying long-term memory storage. Nature,
400, 671–675.

right, P., Buckman, J., Fradera, A., Yoshimasu, H., Colchester, A. C., & Kopelman, M.
D. (2006). Retrograde amnesia in patients with hippocampal, medial temporal,
temporal lobe, or frontal pathology. Learning and Memory, 13, 545–557.

roadbent, N. J., Squire, L. R., & Clark, R. E. (2006). Reversible hippocampal lesions
disrupt water maze performance during both recent and remote memory tests.
Learning and Memory, 13, 187–191.

runet, A., Orr, S. P., Tremblay, J., Robertson, K., Nader, K., & Pitman, R. K. (2008). Effect
of post-retrieval propranolol on psychophysiologic responding during subse-
quent script-driven traumatic imagery in post-traumatic stress disorder. Journal
of Psychiatric Research, 42, 503–506.

urnham, W. H. (1904). Retroactive amnesia: Illustrative cases and a tentative expla-
nation. American Journal of Psychology, 14, 382–396.

arey, S., & Bartlett, E. (1978). Acquiring a single new word. Child Language Develop-
ment, 15, 17–29.

ermak, L. S., & O’Connor, M. (1983). The anterograde and retrograde retrieval ability
of a patient with amnesia due to encephalitis. Neuropsychologia, 21, 213–234.

han, D., Henley, S. M., Rossor, M. N., & Warrington, E. K. (2007). Extensive and tem-
porally ungraded retrograde amnesia in encephalitis associated with antibodies
to voltage-gated potassium channels. Archives of Neurology, 64, 404–410.

ho, Y. H., Kesner, B. P., & Brodale, S. (1995). Retrograde and anterograde amnesia
for spatial discrimination in rats: Role of hippocampus, entorhinal cortex, and
parietal cortex. Psychobiology, 23, 185–194.

ipolotti, L., Shallice, T., Chan, D., Fox, N., Scahill, R., Harrison, G., et al. (2001).
Long-term retrograde amnesia: The crucial role of the hippocampus. Neuropsy-
chologia, 39, 151–172.

lark, R. E., Broadbent, N. J., & Squire, L. R. (2005). Hippocampus and remote spatial
memory in rats. Hippocampus, 15, 260–272.

lark, R., Broadbent, N. J., & Squire, L. R. (2005). Impaired remote spatial mem-
ory after hippocampal lesions despite extensive training beginning early in life.

Hippocampus, 15, 340–346.

lark, R. E., Broadbent, N. J., Zola, S. M., & Squire, L. R. (2002). Anterograde amne-
sia and temporally graded retrograde amnesia for a nonspatial memory task
after lesions of hippocampus and subiculum. Journal of Neuroscience, 22, 4663–
4669.

onway, M. A. (2009). Episodic memories. Neuropsychologia, 47, 2305–2313.
gia 48 (2010) 2339–2356

Corkin, S. (1984). Lasting consequences of bilateral medial temporal lobectomy:
Clinical course and experimental findings in H.M. Neurology, 4, 249–259.

Damasio, A. R., Eslinger, P. J., Damasio, H., Van Hoesen, G. W., & Cornell, S. (1985).
Multimodal amnesic syndrome following bilateral temporal and basal forebrain
damage. Archives of Neurololy, 42, 252–259.

Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in
the hippocampus. Neuron, 36, 527–538.

Diana, R. A., Yonelinas, A. P., & Ranganath, C. (2007). Imaging recollection and famil-
iarity in the medial temporal lobe: A three-component model. Trends in Cognitive
Science, 11, 379–386.

Driscoll, I., Howard, S. R., Prusky, G. T., Rudy, J. W., & Sutherland, R. J. (2005). Seahorse
wins all races: Hippocampus participates in both linear and non-linear visual
discrimination learning. Behavioural Brain Research, 164, 29–35.

Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram?
Annual Review of Psychology, 55, 51–86.

Dudai, Y. (2006). Reconsolidation: The advantage of being refocused. Current Opinion
in Neurobiology, 16, 174–178.

Duncan, C. P. (1949). The retroactive effect of electroshock on learning. Journal of
Comparative and Physiological Psychology, 42, 32–44.

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The medial temporal lobe
and recognition memory. Annual Review of Neuroscience, 30, 123–152.

Eisenberg, M., & Dudai, Y. (2004). Reconsolidation of fresh, remote, and extinguished
fear memory in Medaka: Old fears don’t die. European Journal of Neuroscience,
20, 3397–3403.

Epp, J., Keith, J. R., Spanswick, S. C., Stone, J. C., Prusky, G. T., & Sutherland, R. J.
(2008). Retrograde amnesia for visual memories after hippocampal damage in
rats. Learning and Memory, 15, 214–221.

Epstein, R. A., Higgins, J. S., Jablonski, K., & Feiler, A. M. (2007). Visual scene pro-
cessing in familiar and unfamiliar environments. Journal of Neurophysiology, 97,
3670–3683.

Forcato, C., Burgos, V. L., Argibay, P. F., Molina, V. A., Pedreira, M. E., & Maldonado, H.
(2007). Reconsolidation of declarative memory in humans. Learning and Memory,
14, 295–303.

Frankland, P. W., Bontempi, B., Talton, L. E., Kaczmarek, L., & Silva, A. J. (2004). The
involvement of the anterior cingulate cortex in remote contextual fear memory.
Science, 304, 881–883.

Frankland, P. W., Cestari, V., Filipkowski, R. K., McDonald, R. J., & Silva, A. J. (1998). The
dorsal hippocampus is essential for context discrimination but not for contextual
conditioning. Behavioral Neuroscience, 112, 863–874.

Frankland, P. W., O’Brien, C., Ohno, M., Kirkwood, A., & Silva, A. J. (2001). Alpha-
CaMKII-dependent plasticity in the cortex is required for permanent memory.
Nature, 411, 309–313.

Fujii, T., Moscovitch, M., & Nadel, L. (2000). Consolidation, retrograde amnesia, and
the temporal lobe. In F. Boller & J. Grafman (Eds.), The handbook of neuropsychol-
ogy: Vol. 2 (2nd ed.). Amsterdam: Elsevier.

Gaffan, D. (1993). Additive effects of forgetting and fornix transfection in the tem-
poral gradient of retrograde amnesia. Neuropsychologia, 31, 1055–1066.

Galef, J. B. G., & Wigmore, S. W. (1983). Transfer of information concerning distant
foods: A laboratory investigation of the ‘information-centre’ hypothesis. Animal
Behaviour, 31, 748–758.

Gaskin, S., Tardif, M., & Mumby, D. G. (2009). Patterns of retrograde amnesia
for recent and remote incidental spatial learning in rats. Hippocampus, 19,
1212–1221.

Gaskin, S., Tremblay, A., & Mumby, D. G. (2003). Retrograde and antero-
grade object recognition in rats with hippocampal lesions. Hippocampus, 13,
962–969.

Gilboa, A., Ramirez, J., Kohler, S., Westmacott, R., Black, S. E., & Moscovitch, M.
(2005). Retrieval of autobiographical memory in Alzheimer’s disease: Relation
to volumes of medial temporal lobe and other structures. Hippocampus, 15, 535–
550.

Gilboa, A., Winocur, G., Rosenbaum, R. S., Poreh, A., Gao, F., Black, S. E., Westmacott,
R., & Moscovitch, M. (2006). Hippocampal contributions to recollection in ret-
rograde and anterograde memory: evidence from a person with bilateral fornix
and septal lesions. Hippocampus, 16, 966–980.

Haijima, A., & Ichitani, Y. (2008). Anterograde and retrograde amnesia of place dis-
crimination in retrosplenial cortex and hippocampal lesioned rats. Learning and
Memory, 15, 477–482.

Hebb, D. O. (1949). The organization of behaviour. New York, NY: Wiley-Interscience.
Hirano, M., & Noguchi, K. (1998). Dissociation between specific personal episodes

and other aspects of remote memory in a patient with hippocampal amnesia.
Perceptual and Motor Skills, 87, 99–107.

Hoffman, K. L., & McNaughton, B. L. (2002). Coordinated reactivation of distributed
memory traces in primate neocortex. Science, 297, 2070–2073.

Hupbach, A., Gomez, R., Hardt, O., & Nadel, L. (2007). Reconsolidation of episodic
memories: A subtle reminder triggers integration of new information. Learning
and Memory, 14, 47–53.

Kapur, N., & Brooks, D. J. (1999). Temporally specific retrograde amnesia in two cases
of discrete bilateral hippocampal pathology. Hippocampus, 9, 247–254.

Kartsounis, L. R., Rudge, P., & Stevens, J. M. (1995). Bilateral lesion of CA1–CA2 fields of
the hippocampus are sufficient to cause a severe amnesic syndrome in humans.

Journal of Neurology, Neurosurgery, and Psychiatry, 59, 95–98.

Kim, J. J., Clark, R. E., & Thompson, R. F. (1995). Hippocampectomy impairs the mem-
ory of recently, but not remotely, acquired trace eyeblink conditioned responses.
Behavioral Neuroscience, 109, 195–203.

Kim, J. J., & Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear.
Science, 256, 675–677.



ycholo

K

K

K

K

L

L

L

L

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

N

N

N

N

N

N

N

G. Winocur et al. / Neurops

insbourne, M., & Wood, F. (1975). Short-term memory processes and the amnesic
syndrome. In D. Deutsch, & J. A. Deutsch (Eds.), Short-term memory (pp. 258–291).
New York, NY: Academic Press.

irwan, C. B., Bayley, P. J., Galvan, V. V., & Squire, L. R. (2008). Detailed recollection
of remote autobiographical memory after damage to the medial temporal lobe.
Proceedings of the National Academy of Sciences of United States of America, 105,
2676–2680.

oerner, A., Thomas, M. J., Weisend, M. P., & Sutherland, R. J. (1996). Hippocampal-
dependent memory consolidation: An evaluation of three hypotheses. Society
for Neuroscience Abstracts, 22, 1118.

opelman, M. D., Stanhope, N., & Kingsley, D. (1999). Retrograde amnesia in
patients with diencephalic, temporal lobe or frontal lesions. Neuropsychologia,
37, 939–958.

ehmann, H., Lacanilao, S., & Sutherland, R. J. (2007). Complete or partial hippocam-
pal damage produces equivalent retrograde amnesia for remote contextual fear
memories. European Journal of Neuroscience, 25, 1278–1286.

evine, B., Svoboda, E., Hay, J. F., & Winocur, G. (2002). Aging and autobiographical
memory: Dissociating episodic from semantic retrieval. Psychology and Aging,
17, 677–689.

ewis, D. J. (1979). Psychology of active and inactive memory. Psychological Bulletin,
86, 1054–1083.

oftus, E. (2003). Our changeable memories: Legal and practical implications. Nature
Reviews Neuroscience, 4, 231–234.

aguire, E., Kumaran, D., Hassabis, D., & Kopelam, M. D. (2010). Autobiographi-
cal memory in semantic dementia: A longitudinal study. Neuropsychologia, 48,
123–136.

aguire, E. A., Nannery, R., & Spiers, H. J. (2006). Navigation around London by a taxi
driver with bilateral hippocampal lesions. Brain, 129, 2894–2907.

aguire, E. A., Woollett, K., & Spiers, H. J. (2006). London taxi drivers and bus drivers:
A structural MRI and neuropsychological analysis. Hippocampus, 16, 1091–1101.

anns, J. R., Hopkins, R. O., & Squire, L. R. (2003). Semantic memory and the human
hippocampus. Neuron, 38, 127–133.

aren, S., Aharonov, G., & Fanselow, M. S. (1997). Neurotoxic lesions of the dorsal
hippocampus and Pavlovian fear conditioning in rats. Behavioural Brain Research,
88, 261–274.

arkman, E. M. (1989). Categorization and naming in young children: Problems in
induction. Boston, MA: MIT Press.

arslen-Wilson, W., & Teuber, H.-L. (1975). Memory for remote events in
anterograde amnesia: Recognition of public figures from news photographs.
Neuropsychologia, 13, 353–364.

artin, S. J., de Hoz, L., & Morris, R. G. (2005). Retrograde amnesia: Neither partial
nor complete hippocampal lesions in rats result in preferential sparing of remote
spatial memory, even after reminding. Neuropsychologia, 43, 609–624.

aviel, T., Durkin, T. P., Menzaghi, F., & Bontempi, B. (2004). Sites of neocortical
reorganization critical for remote spatial memory. Science, 305, 96–99.

cClelland, J. L., McNaughton, B. L., & O’Reilly, R. C. (1994). Why there are com-
plimentary learning systems in the hippocampus and neocortex: Insights from
the successes and failures of connectionist models of learning and memory.
Psychological Review, 102, 419–457.

ilekic, M. H., & Alberini, C. M. (2002). Temporally graded requirement for protein
synthesis following memory reactivation. Neuron, 36, 521–525.

ilner, B., Corkin, S., & Teuber, H. L. (1968). Further analysis of the hip-
pocampal amnesic syndrome: 14-year follow-up of H.M. Neuropsychologia, 6,
215–234.

oscovitch, M. (2008). The hippocampus as a “stupid,” domain-specific module:
Implications for theories of recent and remote memory, and of imagination.
Canadian Journal of Experimental Psychology, 62, 62–79.

oscovitch, M., Nadel, L., Winocur, G., Gilboa, A., & Rosenbaum, R. S. (2006). The cog-
nitive neuroscience of remote episodic, semantic and spatial memory. Current
Opinion in Neurobiology, 16, 179–190.

oscovitch, M., Rosenbaum, R. S., Gilboa, A., Addis, D. R., Westmacott, R., Grady, C.,
et al. (2005). Functional neuroanatomy of remote episodic, semantic and spatial
memory: A unified account based on multiple trace theory. Journal of Anatomy,
43, 35–66.

oss, H. E., Kopelman, M. D., Cappalletti, M., De Mornay Davies, P., & Jaldow, E.
(2003). Lost for words or loss of memories? Autobiographical memory in seman-
tic dementia. Cognitive Neuropsychology, 20, 703–732.

uller, G. E., & Pilzecker, A. (1900). Experimentelle beitrage zur lehre vom gedacht-
nis. Zeitschrift fur Psychologie und Physiologie der Sinnesorganne, S1, 1–288.

umby, D., Astur, R. S., Weisend, M. P., & Sutherland, R. J. (1999). Retrograde amne-
sia and selective damage to the hippocampal complex: Memory for places and
object discrimination. Behaviour Brain Research, 106, 97–107.

adel, L., & Moscovitch, M. (1997). Memory consolidation, retrograde amnesia and
the hippocampal complex. Current Opinion in Neurobiology, 7, 217–227.

adel, L., & Moscovitch, M. (1998). Hippocampal contributions to cortical plasticity.
Neuropharmacology, 37, 431–439.

adel, L., & Wilner, J. (1980). Context and conditioning: A place for space. Physiolog-
ical Psychology, 8, 218–228.

adel, L., Winocur, G., Ryan, L., & Moscovitch, M. (2007). Systems consolidation and
hippocampus: Two views. Debates in Neuroscience, 1, 55–66.
ader, K., & Hardt, O. (2009). A single standard for memory: The case for reconsoli-
dation. Nature Reviews Neuroscience, 10, 224–234.

ader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein syn-
thesis in the amygdala for reconsolidation after retrieval. Nature, 406, 722–726.

elson, K. (1974). Concept, word, and sentence: Interrelations in acquisition and
development. Psychological Review, 81, 267–285.
gia 48 (2010) 2339–2356 2355

Niki, K., & Luo, J. (2002). An fMRI study on the time-limited role of the medial tempo-
ral lobe in long-term topographical autobiographic memory. Journal of Cognitive
Neuroscience, 14, 500–507.

Noulhiane, M., Piolino, P., Hasboun, D., Clemenceau, S., Baulac, M., & Samson, S.
(2007). Autobiographical memory after temporal lobe resection: Neuropsycho-
logical and MRI volumetric findings. Brain, 130, 3184–3199.

O’Connor, M., Butters, N., Miliotis, P., Eslinger, P., & Cermak, L. S. (1992). The
dissociation of anterograde and retrograde amnesia in a patient with herpes
encephalitis. Journal of Clinical and Experimental Neuropsychology, 14, 159–178.

O’Kane, G., Kensinger, E. A., & Corkin, S. (2004). Evidence for semantic learning in
profound amnesia: An investigation with the patient H.M. Hippocampus, 14,
417–425.

O’Keefe, J., & Nadel, L. (1978). The hippocampus as a cognitive map. Oxford: Oxford
University Press.

Packard, M. G., & McGaugh, J. L. (1992). Double dissociation of fornix and caudate
nucleus lesions on acquisition of two water maze tasks: Further evidence for
multiple memory systems. Behavioural Neuroscience, 106, 439–446.

Penfield, W., & Milner, B. (1958). Memory deficit produced by bilateral lesions in the
hippocampal zone. Archives of Neurology and Psychiatry, 79, 475–497.

Piefke, M., Weiss, P. H., Zilles, K., Markowitsch, H. J., & Fink, G. R. (2003). Differential
remoteness and emotional tone modulate the neural correlates of autobiograph-
ical memory. Brain, 126, 650–668.

Piolino, P., Desgranges, B., Benali, K., & Eustache, F. (2002). Episodic and semantic
remote autobiographical memory in ageing. Memory, 10, 239–257.

Piolino, P., Desgranges, B., & Eustache, F. (2009). Episodic autobiographical memo-
ries over the course of time: Cognitive, neuropsychological and neuroimaging
findings. Neuropsychologia, 47, 2314–2329.

Piolino, P., Giffard-Quillon, G., Desgranges, B., Chetelat, G., Baron, J. C., & Eustache, F.
(2004). Re-experiencing old memories via hippocampus: A PET study of auto-
biographical memory. Neuroimage, 22, 1371–1383.

Poreh, A., Winocur, G., Moscovitch, M., Backon, M., Goshen, E., Ram, Z., & Feldman,
Z. (2006). Anterograde and retrograde amnesia in a person with bilateral fornix
lesions following removal of a colloid cyst. Neuropsychologia, 44, 2241–2248.

Quinn, J. J., Ma, Q. D., Tinsley, M. R., Koch, C., & Fanselow, M. S. (2008). Inverse
temporal contributions of the dorsal hippocampus and medial prefrontal cor-
tex to the expression of long-term fear memories. Learning and Memory, 15,
368–372.

Ramos, J. M. J. (1998). Retrograde amnesia for spatial information: A dissociation
between intra and extramaze cues following hippocampus lesions in rats. Euro-
pean Journal of Neuroscience, 10, 3295–3301.

Ramos, J. M. (2009). Remote spatial memory and the hippocampus: Effect of early
and extensive training in the radial maze. Learning and Memory, 16, 554–563.

Reed, J. M., & Squire, L. R. (1998). Retrograde amnesia for facts and events: Findings
from four new cases. Journal of Neuroscience, 18, 3493–3954.

Rempel-Clower, N., Zola-Morgan, S., Squire, L. R., & Amaral, D. G. (1996). Three
cases of enduring memory impairment following bilateral damage limited to
the hippocampal formation. Journal of Neuroscience, 16, 5233–5255.

Restivo, L., Vetere, G., Bontempi, B., & Ammassari-Teule, M. (2009). The formation
of recent and remote memory is associated with time-dependent formation of
dendritic spines in the hippocampus and anterior cingulate cortex. Journal of
Neuroscience, 29, 8206–8214.

Ribot, R. (1882). Diseases of memory. New York, NY: Appleton.
Riccio, D. C., Ackil, J. K., & Burch-Vernon, A. (1992). Psychological Bulletin, 112,

433–445.
Rosenbaum, R. S., Gao, F., Richards, B., Black, S. E., & Moscovitch, M. (2005). Where

to? Remote memory for spatial relations and landmark identity in former taxi
drivers with Alzheimer’s disease and encephalitis. Journal of Cognitive Neuro-
science, 43, 446–462.

Rosenbaum, R. S., Moscovitch, M., Foster, J. K., Schnyer, D. M., Gao, F., Kovacevic, N.,
et al. (2008). Patterns of autobiographical memory loss in medial-temporal lobe
amnesic patients. Journal of Cognitive Neuroscience, 20, 1490–1506.

Rosenbaum, R. S., Priselac, S., Kohler, S., Black, S. E., Gao, F., Nadel, L., et al. (2000).
Remote spatial memory in an amnesic person with extensive bilateral hip-
pocampal lesions. Nature Neuroscience, 3, 1044–1048.

Rosenbaum, R. S., Winocur, G., Grady, C. L., Ziegler, M., & Moscovitch, M. (2007).
Memory for familiar environments learned in the remote past: fMRI studies of
healthy people and an amnesic person with extensive bilateral hippocampal
lesions. Hippocampus, 17, 1241–1251.

Rosenbaum, R. S., Winocur, G., & Moscovitch, M. (2001). New views on old memories:
Re-evaluating the role of the hippocampal complex. Behavioural Brain Research,
127, 183–197.

Ross, R. S., & Eichenbaum, H. (2006). Dynamics of hippocampal and cortical activa-
tion during consolidation of a nonspatial memory. Journal of Neuroscience, 26,
4852–4859.

Rudy, J. W. (2009). Context representations, context functions and the
parahippocampal-hippocampal system. Learning and Memory, 16, 573–585.

Rudy, J. W., & Sutherland, R. J. (2008). Is it systems or cellular consolidation? Time
will tell. An alternative interpretation of the Morris group’s recent science paper.
Neurobiology of Learning and Memory, 89, 366–369.

Sackeim, H. E., Prudic, J., Devanand, D. P., Nobler, M. S., Lisanby, S. H., Peyser, S.,

et al. (2000). A prospective, randomized, double-blind comparison of bilateral
and right unilateral electroconvulsive therapy at different stimulus intensities.
Archives of General Psychiatry, 57, 425–434.

Salmon, D. P., Zola-Morgan, S., & Squire, L. R. (1985). Retrograde amnesia follow-
ing combined hippocampus-amygdala lesions in monkeys. Psychobiology, 15,
37–47.



2 ycholo

S

S

S

S

S

S

S

S

S

T

T

T

T

T

T

T

T
T

V

V

V

V

V

V

Zola-Morgan, S., Squire, L. R., & Amaral, D. G. (1986). Human amnesia and the
356 G. Winocur et al. / Neurops

ara, S. J. (1973). Recovery from hypoxia and ECS-induced amnesia after a single
exposure to training environment. Physiology and Behavior, 10, 85–89.

coville, W., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal
lesions. Journal of Neurology, Neurosurgery, and Psychiatry, 20, 11–21.

hrager, Y., Kirwan, C. B., & Squire, L. R. (2008). Neural basis of the cognitive map:
Path integration does not require hippocampus or entorhinal cortex. Proceed-
ings of the National Academy of Science of United States of America, 105, 12034–
12038.

quire, L. R., & Bayley, P. J. (2007). The neuroscience of remote memory. Current
Opinion in Neurobiology, 17, 185–196.

quire, L. R., & Zola, S. M. (1998). Episodic memory, semantic memory, and amnesia.
Hippocampus, 8, 205–211.

teinvorth, S., Levine, B., & Corkin, S. (2005). Medial temporal lobe structures are
needed to re-experience remote autobiographical memories: Evidence from
H.M. and W.R. Neuropsychologia, 43, 479–496.

utherland, R. J., Lehmann, H., Spanswick, S. C., Sparks, F. T., & Melvin, N. R. (2006).
Growth points in research on memory and hippocampus. Canadian Journal of
Experimental Psychology, 60, 166–174.

utherland, R. J., O’Brien, J., & Lehmann, H. (2008). Absence of systems consolida-
tion of fear memories after dorsal, ventral, or complete hippocampal damage.
Hippocampus, 18, 710–718.

utherland, R. J., Weisend, M. P., Mumby, D., Astur, R. S., Hanlon, F. M., Koerner, A.,
et al. (2001). Retrograde amnesia after hippocampal damage: Recent vs. remote
memories in two tasks. Hippocampus, 11, 27–42.

akashima, A., Nieuwenhuis, I. L., Jensen, O., Talamini, L. M., Rijpkema, M., & Fernan-
dez, G. (2009). Shift from hippocampal to neocortical centered retrieval network
with consolidation. Journal of Neuroscience, 29, 10087–10093.

akehara, K., Kawahara, S., & Kirino, Y. (2003). Time-dependent reorganization of the
brain components underlying memory retention in trace eyeblink conditioning.
Journal of Neuroscience, 23, 9897–9905.

akehara, K., Nakao, K., Kawahara, S., Matsuki, N., & Kirino, Y. (2006). Systems con-
solidation requires postlearning activation of NMDA receptors in the medial
prefrontal cortex in trace eyeblink conditioning. Journal of Neuroscience, 26,
5049–5058.

eng, E., & Squire, L. R. (1999). Memory for places learned long ago is intact after
hippocampal damage. Nature, 400, 675–677.

rinkler, I., King, J. A., Doeller, C. F., Rugg, M. D., & Burgess, N. (2009). Neural bases
of autobiographical support for episodic recollection of faces. Hippocampus, 19,
718–730.

se, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood, E. R., et al.
(2007). Schemas and memory consolidation. Science, 316, 76–82.

ulving, E. (1972). Episodic and semantic memory. In E. Tulving, & W. Donaldson
(Eds.), Organization of memory (pp. 381–403). New York, NY: Academic Press.

ulving, E. (1983). Elements of episodic memory. Oxford, UK: Clarendon Press.
ulving, E., Schacter, D. L., McLachlan, D. R., & Moscovitch, M. (1988). Priming of

semantic autobiographical knowledge: A case study of retrograde amnesia. Brain
and Cognition, 8, 3–20.

argha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van Paesschen, W.,
& Mishkin, M. (1997). Differential effects of early hippocampal pathology on
episodic and semantic memory. Science, 277, 376–380.

erfaellie, M., Koseff, P., & Alexander, M. P. (2000). Acquisition of novel seman-
tic information in amnesia: Effects of lesion location. Neuropsychologia, 38,
484–492.

ictor, M. (1990). Amnesia due to lesions confined to the hippocampus: A
clinical–pathologic study. Journal of Cognitive Neuroscience, 2, 246–257.

iskontas, I. V., Carr, V. A., Engel, S. A., & Knowlton, B. J. (2009). The neural corre-
lates of recollection: Hippocampal activation declines as episodic memory fades.
Hippocampus, 19, 265–272.
iskontas, I. V., McAndrews, M. P., & Moscovitch, M. (2000). Remote episodic mem-
ory deficits in patients with unilateral temporal lobe epilepsy and excisions.
Journal of Neuroscience, 20, 5853–5857.

nek, N., & Rothblat, L. (1993). Rats with hippocampal damage demonstrate retro-
grade amnesia for object discrimination. Society for Neuroscience Abstracts, 19,
363.
gia 48 (2010) 2339–2356

Wais, P. E., Wixted, J. T., Hopkins, R. O., & Squire, L. R. (2006). The hippocampus
supports both the recollection and the familiarity components of recognition
memory. Neuron, 49, 459–466.

Walker, M. P., Brakefield, T., Hobson, J. A., & Stickgold, R. (2003). Dissociable stages
of human memory consolidation and reconsolidation. Nature, 425, 616–620.

Wang, S. H., Teixeira, C. M., Wheeler, A. L., & Frankland, P. W. (2009). The preci-
sion of remote context memories does not require the hippocampus. Nature
Neuroscience, 12, 253–255.

Warrington, E. K., & Duchen, L. W. (1992). A re-appraisal of a case of persistent global
amnesia following right temporal lobectomy: A clinico-pathological study. Neu-
ropsychologia, 30, 437–450.

Warrington, E. K., & McCarthy, R. A. (1988). The fractionation of retrograde amnesia.
Brain and Cognition, 7, 184–200.

Weisend, M. P., Astur, R. S., & Sutherland, R. J. (1996). The specificity and tempo-
ral characteristics of retrograde amnesia after hippocampal lesions. Society for
Neuroscience Abstracts, 22, 1118.

Westmacott, R., Black, S. E., Freedman, M., & Moscovitch, M. (2004). The contri-
bution of autobiographical significance to semantic memory: Evidence from
Alzheimer’s disease, semantic dementia, and amnesia. Neuropsychologia, 42,
25–48.

Westmacott, R., Freedman, M., Black, S. E., Stokes, K. A., & Moscovitch, M. (2004).
Temporally graded semantic memory loss in Alzheimer’s disease: Cross-
sectional and longitudinal studies. Cognitive Neuropsychology, 21, 353–378.

Westmacott, R., & Moscovitch, M. (2001). Names and words without meaning:
Incidental post-morbid semantic learning in a person with extensive bilateral
medial temporal lobe damage. Neuropsychology, 15, 586–596.

Westmacott, R., & Moscovitch, M. (2003). The contribution of autobiographical sig-
nificance to semantic memory. Memory and Cognition, 31, 761–774.

Wiltgen, B. J., Sanders, M. J., Anagnostaras, S. G., Sage, J. R., & Fanselow, M. S. (2006).
Context fear learning in the absence of the hippocampus. Journal of Neuroscience,
26, 5484–5491.

Wiltgen, B. J., & Silva, A. J. (2007). Memory for context becomes less specific with
time. Learning and Memory, 14, 313–317.

Winocur, G. (1985). The hippocampus and thalamus: Their roles in short- and long-
term memory and the effects of interference. Behavioural Brain Research, 16,
135–152.

Winocur, G. (1990). Anterograde and retrograde amnesia in rats with dorsal hip-
pocampal or dorsomedial thalamic lesions. Behavioural Brain Research, 38,
145–154.

Winocur, G., Frankland, P. W., Sekeres, M., Fogel, S., & Moscovitch, M. (2009). Changes
in context-specificity during memory reconsolidation: Selective effects of hip-
pocampal lesions. Learning and Memory, 16, 722–729.

Winocur, G., McDonald, R. M., & Moscovitch, M. (2001). Anterograde and retrograde
amnesia in rats with large hippocampal lesions. Hippocampus, 11, 18–26.

Winocur, G., Moscovitch, M., Caruana, D. A., & Binns, M. A. (2005). Retrograde
amnesia in rats with lesions to the hippocampus on a test of spatial memory.
Neuropsychologia, 15, 1580–1590.

Winocur, G., Moscovitch, M., Fogel, S., Rosenbaum, R. S., & Sekeres, M. (2005).
Preserved spatial memory after hippocampal lesions: Effects of extensive expe-
rience in a complex environment. Nature Neuroscience, 23, 273–275.

Winocur, G., Moscovitch, M., Rosenbaum, S. R., & Sekeres, M. (2010). An investiga-
tion of the effects of hippocampal lesions in rats on pre- and post-operatively
acquired spatial memory in a complex environment. Hippocampus. Epub ahead
of print.

Winocur, G., Moscovitch, M., & Sekeres, M. (2007). Memory consolidation or trans-
formation: Context manipulation and hippocampal representations of memory.
Nature Neuroscience, 10, 555–557.
medial temporal region: Enduring memory impairment following a bilateral
lesion limited to field CA1 of the hippocampus. Journal of Neuroscience, 6, 2950–
2967.

Zola-Morgan, S., & Squire, L. R. (1990). The primate hippocampal formation: Evi-
dence for a time-limited role in memory storage. Science, 250, 288–290.


	Memory formation and long-term retention in humans and animals: Convergence towards a transformation account of hippocampa...
	A critique of SCT and a new approach
	Retrograde amnesia is not always temporally graded
	Summary

	Are all remote declarative, explicit memories affected equally by hippocampal lesions?
	Summary

	Is the memory that becomes represented in neocortex the same as the initial memory in the hippocampus?
	Summary

	Are long-term (consolidated) memories immutable?
	Summary

	The special case of spatial memory
	Summary

	The neural bases of transformed/consolidated memories
	Summary

	Conclusions and implications

	Acknowledgments
	References


