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Recently, there has been renewed interest in the organization

and neurobiology of remote memory, and the pace of work in

this area has accelerated. Yet the recent literature does not

suggest that a consensus is developing, and there is

disagreement about both facts and their interpretation. This

article undertakes a comprehensive review of the three kinds of

evidence that have been most prominent in recent discussion:

studies of retrograde amnesia in memory-impaired patients

who have well-characterized lesions, neuroimaging of healthy

volunteers, and work with experimental animals including

lesion studies, imaging and mouse genetics. The available

evidence tells a coherent story and leads to some

straightforward conclusions about the neuroscience of remote

memory.

Addresses
1 Veterans Affairs Medical Center 116A, 3550 La Jolla Village Drive,

San Diego, CA 92161, USA
2 Department of Psychiatry, University of California at San Diego, San

Diego, CA 92093, USA
3 Departments of Neurosciences and Psychology, University of

California at San Diego, San Diego, CA 92093, USA

Corresponding author: Squire, Larry R (lsquire@ucsd.edu)
Current Opinion in Neurobiology 2007, 17:185–196

This review comes from a themed issue on

Cognitive neuroscience

Edited by Keiji Tanaka and Takeo Watanabe

Available online 2nd March 2007

0959-4388/$ – see front matter

Published by Elsevier Ltd.

DOI 10.1016/j.conb.2007.02.006

Introduction
Remote memory and remote memory impairment have

fascinated clinicians and experimentalists for more than

100 years [1,2], and it is widely recognized that these

topics have important implications for understanding the

structure and organization of normal memory. This

review considers three kinds of evidence that have been

prominent in recent work: studies of retrograde amnesia

in memory-impaired patients, studies of healthy volun-

teers using neuroimaging, and studies of experimental

animals.

Retrograde amnesia in memory-impaired
patients
Retrograde amnesia refers to loss of information that was

acquired before the onset of memory impairment. Quan-

titative studies of retrograde amnesia using objective tests
www.sciencedirect.com
began in the early 1970s [3,4], and additional studies have

been carried out since that time. It would seem straight-

forward enough to determine the status of remote mem-

ory in memory-impaired patients. Is memory impaired or

intact? If impaired, what time periods are affected? What

is the status of memory for facts (e.g. past news items, or

famous names and faces), and what is the status of

memory for autobiographical events that occurred at a

particular time and place? Yet the literature does not

reflect an easy consensus on these matters. There are

four reasons for this state of affairs: the lack of thorough,

neuroanatomical information about many of the patients

under study; a tendency to treat ‘amnesia’ as a homo-

genous condition rather than a disorder that varies both in

severity and in its qualitative features, depending on

what structures are damaged; the preponderance of

single-case studies; and the ascendance of theory over

data.

Our review draws heavily on anatomical information

about patients as a first step in understanding their

phenotype. Work involving groups of patients given

the same tests has proven especially illuminating in this

regard. These data tell a consistent and compelling story

and enable some simple conclusions to be made about the

nature of retrograde amnesia.

Memory for facts

Retrograde amnesia for factual information can be either

temporally-limited, covering only a few years, or pro-

longed, depending on the locus and extent of damage.

In six patients with damage limited to the hippocampus

(hippocampus proper plus dentate gyrus and subiculum),

retrograde amnesia for past news events was temporally

graded and extended no more than a few years into the

premorbid time period (Figure 1a) [5] (for two additional

patients, see [6]). Two other patients with neurohistolo-

gical confirmation of limited hippocampal lesions plus

cell loss in the entorhinal cortex had more extended, but

still temporally limited, retrograde amnesia that covered

one or two decades (LM and WH in [7]). Note though

that when remote memory tests are coarsely constructed

(e.g. measuring past memory decade by decade, rather

than year by year), retrograde amnesia might not be

detected after hippocampal lesions (three patients in

[8�]; patient RB in [9]).

In contrast to the limited retrograde amnesia reported in

all group studies of patients with circumscribed hippo-

campal lesions, large lesions of the medial temporal lobe

produce extended retrograde amnesia that can cover

many decades, with sparing only of memories from early
Current Opinion in Neurobiology 2007, 17:185–196
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Figure 1

Recall performance on a test of news events. The scores of the patients

have been aligned relative to the onset of their amnesia, so that

performance can be shown for the time period after the onset of amnesia

and for five-year intervals preceding the onset of amnesia (retrograde

amnesia). The data point at –5 represents 1–5 years before amnesia, the

point at –10 represents 6–10 years before amnesia, and so on. Brackets

show standard error of the mean. (a) The scores for six patients with

damage limited primarily to the hippocampal region (H) and 13 controls

(Con) on 279 questions about news events that had occurred 1951–

2005. (b) The scores for two patients (EP and GP) with large medial

temporal lobe lesions and seven controls (Con) on questions about 279

news events that had occurred 1951–2005 (GP) or 300 news events that

had occurred 1938–2005 (EP and the controls). GP became amnesic at

the age of 41, and EP became amnesic at the age of 70. Adapted from

[10�].
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life (patients EP and GP in Figure 1b) [10�]. Two other

patients with large lesions of the medial temporal lobe

(atrophy of both the hippocampus and the parahippo-

campal gyrus) exhibited retrograde amnesia covering at

least two or three decades depending on the test, and they

performed consistently more poorly than the three

patients who had limited hippocampal damage [8�].
Memory was not tested for earlier time periods. Finally,

the lowest scores of all were obtained by seven patients

who had damage that extended bilaterally into the lateral

temporal lobe.

These findings help to explain reports of patients whose

retrograde amnesia is extensive and ungraded (i.e. unre-

lated to how long ago the memory was formed); for

example, they can account for an early, influential report

of five patients with mixed etiology [3]. One of these

patients (NT) had a left circumscribed hippocampal

lesion and a right temporal lobectomy that removed most

of the medial and lateral temporal lobe [11]. (Unaccoun-

tably, NT’s retrograde amnesia has been attributed to

selective hippocampal damage [12,13].) Patients such as

NT (and also DRB [14] and GT [15]) might exhibit

ungraded retrograde amnesia because their damage

extends laterally into the temporal lobe. It is also possible

that the retrograde amnesia might not be as ungraded as it

appears to be in some cases. The difficulty is that testing

seldom covers early adulthood and adolescence. Consider

that EP exhibited three to five decades of retrograde

amnesia but still obtained good scores on questions that

covered the period before he was 25 years old (Figure 1b)

[10�]. With this in mind, one must allow for the possibility

that other patients who are reported to have extended,

ungraded retrograde amnesia (e.g. NT or VC) [16] might

also have exhibited intact very remote memory if testing

had included items from early life.

To summarize, the evidence describes three different

profiles of retrograde amnesia for factual information.

After limited hippocampal lesions, retrograde amnesia

is temporally-limited, typically covering only a few years.

After circumscribed medial temporal lobe lesions, retro-

grade amnesia is extended and ungraded, often across

decades, but performance remains good for information

acquired early in life. After lesions that extend into the

lateral temporal lobe, retrograde amnesia is even more

severe. Unless testing includes items from early child-

hood and adolescence, it remains possible that memories

from early life are intact in many patients who have been

described as having severe and extended retrograde

amnesia (e.g. [13,16]).

Memory for spatial layouts

The ability to navigate environments learned long ago has

been assessed in four single-case studies of memory-

impaired patients: EP [17], KC [18], SB [19] and TT

[20]. EP was asked to recall the spatial layout of the region
www.sciencedirect.com
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where he grew up, and from which he moved away as a

young adult >50 years earlier. He performed as well as or

better than control subjects who had grown up in the

same region and also moved away. Working from ques-

tions covering an area of 50 square miles, he described

how to travel from his home to other locations in the

neighborhood and how to travel from one location to

another, and he constructed alternative routes to travel

between locations when his preferred route was blocked.

He was also able to imagine himself in a particular

orientation at a given location and then to point towards

a specific landmark. By contrast, EP could demonstrate

no knowledge of the neighborhood to which he moved

after he became amnesic.

Studies of patients KC and SB also led to the conclusion

that the hippocampus is not necessary for mental naviga-

tion of remotely learned environments [21�]. Nevertheless,

Moscovitch et al. suggest that the spatial information

available to these patients might yet be found to be coarser,

or to contain fewer details, than the spatial information

available to controls. Patient TT, a retired London taxi

driver, was tested using a virtual reality simulation of

central London [20]. Despite being unable to learn his

way around a new neighborhood, TT had detailed knowl-

edge of landmarks he had learned long ago as a taxi driver.

He also had considerable knowledge of the spatial arrange-

ment of streets and he successfully navigated several

routes. Yet he performed poorly on 5 of the 13 routes

tested — routes that tended to involve traveling off the

main arterial roads. Note that the findings for TT are not in

direct conflict with the findings for EP: TT was tested for

information he had acquired during nearly 40 years begin-

ning at about age 26, whereas EP was tested for information

he had acquired while growing up, all before the age of 28.

In any case, conclusions about the neural basis of findings

exhibited by KC and TT must remain somewhat tenta-

tive. KC developed amnesia following a head injury that

caused widespread neuropathology, along with bilateral

hippocampal damage. As those who have studied him

suggest [22], this case is far from ideal for drawing

conclusions about the function of any particular brain

structure. TT’s condition (limbic encephalitis associated

with antibodies to voltage-gated K+ channels) can cause

damage beyond the hippocampus, and he did exhibit

some generalized atrophy in addition to abnormalities in

the anterior temporal lobes (case 8 in [23]). Particularly

notable was his zero score on the childhood portion of the

autobiographical memory interview [24], a standardized

test instrument that has been used in several settings. It is

of interest that patients EP and GP, who have large

lesions of the medial temporal lobe, and also six patients

who have circumscribed hippocampal damage [10�], all

obtained scores of eight or nine (the maximum score) on

this simple, standardized test of remote autobiographical

memory (see also patient BE [6] and patients MR and PD
www.sciencedirect.com
[25]). Accordingly, for a patient such as TT who scored

zero on this same test, one must allow for the possibility

that the neuropsychological findings have been influ-

enced by damage beyond the medial temporal lobe

(e.g. anterior temporal lobes).

It will always be possible to suppose that more detailed,

more sensitive tests will bring out impairments that were

not previously detected. Even so, the available cases

demonstrate a striking contrast between the ability to

acquire new spatial memory after medial temporal lobe

damage and the ability to access remote spatial memory.

Accordingly, spatial information that initially requires the

integrity of medial temporal lobe structures must be

reorganized as time passes so as to depend much less

(or not at all) on these same structures.

Memory for personal episodes

Remote autobiographical memory has been assessed in

five recent studies that involved groups of patients who

have well-characterized lesions [8�,10�,25,26,27�]. Not

included here are group studies that did not describe

the lesions using structural magnetic resonance imaging

(MRI) or did not distinguish between medial and lateral

temporal lobe tissue [28–30].

One approach has been to carry out a detailed analysis of

narrative content [26,27�]. Six patients with limited

hippocampal lesions and two patients with large medial

temporal lobe lesions (EP and GP) successfully recalled

detailed memories from their early lives. Their recollec-

tions and the recollections of 25 matched controls con-

tained the same number of details (�5%) and were also

similar in several other measures. By contrast, three other

patients (HC, PH and GT) had medial temporal lobe

damage plus significant additional damage to the neo-

cortex, including the frontal, lateral temporal or occipital

lobes. These patients were markedly impaired at produ-

cing well-formed, detailed autobiographical memories

specific to time and place.

Another study included three patients with limited

hippocampal damage, two with large medial temporal

lobe lesions, and seven with lesions that included both

the medial and lateral temporal lobes [8�]. The patients

were given a modified version of the autobiographical

memory interview [24], and recollections were assessed

from the recent premorbid period, early adulthood and

childhood. The patients with lesions limited to the

medial temporal lobe were significantly impaired only

at the most recent time period. By contrast, the patients

with lateral temporal lobe lesions performed significantly

below controls at all time periods.

Two other studies [10�,25] investigated memory for

personal episodes using the autobiographical memory

interview. Although this test is simple, and potentially
Current Opinion in Neurobiology 2007, 17:185–196
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not as sensitive as detailed assessments of narrative

content, it has the advantage that results can be compared

across laboratories. Accordingly, discordant results

recorded in the literature that are based on this test cannot

be due to test differences, subjective methods or obscure

scoring techniques. In the first study [25], two patients with

lesions limited bilaterally to the medial temporal lobe (MR

and PD) scored well on the childhood portion of the

autobiographical memory interview (6/9 and 7/9, respect-

ively), but a patient with lesions that extended substan-

tially beyond the medial temporal lobe (EK), especially on

the left, performed more poorly (4/9). In the second study

[10�], six patients with limited hippocampal damage and

two patients with large medial temporal lobe lesions (EP

and GP) all scored 8/9 or 9/9 on the childhood portion of the

interview. Three patients with additional damage in the

neocortex (PH, GT and HC) scored more poorly on the

same test (0/9, 0/9 and 7/9) (Figure 2) [10�].

The data from these group studies all point in the same

direction. First, remote autobiographical memory is intact

when damage is limited to the hippocampus or adjacent

medial temporal lobe structures (see also [7,31]). Second,

the findings emphasize the importance of lateral temporal

and frontal lobe pathology for understanding impaired

remote autobiographical memory [8�,25,27�] (see also

[28,32]).

Given this consensus from group studies, it is interesting

that several single-case studies report impaired remote

autobiographical memory (with scores of 0–2 out of 9 on

the childhood portion of the autobiographical memory

interview). In some instances, the impairment has been
Figure 2

Performance on the childhood portion of the autobiographical memory inter

who have circumscribed hippocampal lesions; MTL, patients EP and GP, w

medial temporal lobe lesions and additional damage in the neocortex. Brac
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attributed to hippocampal damage. Yet, when one

examines these studies, one finds that investigators have

usually described damage that extends beyond the

medial temporal lobe: KC was a case of head trauma

with significant damage in frontal, parietal and occipital

cortices [22]; VC [16] has evidence of hypometabolism in

the right thalamus and right parietal cortex [33]; RS has

damage to the basal forebrain and medial frontal lobe

[34]; TT [20] has evidence of abnormality in the anterior

temporal lobes (case 8 in [23]); LD has basal forebrain and

right lateral temporal lobe damage [35]; SS [36] has

damage to the lateral temporal lobe bilaterally [37];

and NT [11,13] sustained a resection of most of the right

temporal lobe.

Of these single cases, perhaps VC has been the most

carefully documented [16]. Although his brain was not

fully described using quantitative MRI, the volume of the

lateral temporal lobes was reported to be normal. It is

striking that VC’s 1/9 score on the childhood portion of

the autobiographical memory interview differs sharply

from the good scores (and sometimes maximum scores of

9) that have been obtained on the same test by as many as

12 patients with MRI documentation of limited medial

temporal lobe damage (n = 8 [10�], n = 2 [25], n = 1 [6] and

n = 1 [38]). With the possible exception of VC, we are

unaware of memory-impaired patients who have damage

limited to the medial temporal lobe (as documented by

neurohistology or thorough MRI) and who do so poorly at

recollecting remote autobiographical memories.

Lastly, it is notable that the well-known patient HM (who

had bilateral medial temporal lobe resection for epilepsy
view (maximum score = 9). Abbreviations: Con, controls; H, patients

ho have large medial temporal lobe lesions; MTL+, patients with

kets show standard error of the mean. Adapted from [10�,27�].

www.sciencedirect.com
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at age 27) was long considered to have intact remote

autobiographical memory from before the age of 17

[39,40]. More recently, however, HM’s remote autobio-

graphical memory was reported to be impaired [41]. HM

was asked to provide details for just a single event from

each of five time periods. Although he was unable to recall

a memory from early childhood (0–11 years old), he

produced nearly 100 details for a more recent time period

(12–17 years old) and scored above the control mean. The

data thus provide an ambiguous picture. Yet even if HM

is considered deficient, there is some question as to

whether his deficiency can be attributed to his medial

temporal lobe lesions. First, extended retrograde amnesia

for autobiographical events has been reported in patients

with temporal lobe epilepsy who have not had surgery

[42]. HM’s seizures began at age 10, and young age at

onset is associated with especially severe retrograde

amnesia [43]. Second, recent MRI scans document sev-

eral abnormalities outside HM’s medial temporal lobe,

including cortical and subcortical atrophy, large amounts

of abnormal white matter, and subcortical infarcts [44�].
These findings are thought to have appeared during the

past decade, and they complicate the interpretation of

HM’s autobiographic memory abilities, which were

assessed during the same time period.

A second patient in the same report [41], who became

amnesic at age 58, also deserves mention. WR had

damage to the right superior temporal gyrus in addition

to medial temporal lobe structures bilaterally. Even so,

autobiographical memory was described as borderline for

the teenage years and normal for ages 18–35 years. Thus,

WR’s data are more consistent with a temporally limited

retrograde amnesia than with a pervasive impairment in

remote autobiographical memory.

It has sometimes been proposed that remote autobiogra-

phical recollections should not be described as episodic

memories in the same sense as the rich and unique

recollections that healthy individuals readily recall from

their very recent past. For example, it has been proposed

that remote memory in amnesia consists mostly of often-

told stories that have become disconnected from their

original temporal context and are now part of personal

semantic knowledge [45]. If this proposal has merit with

respect to patients who have medial temporal lobe

damage, we suggest that the idea also applies to the

remote memory of healthy individuals. In any case, the

empirical question at issue here is whether remote auto-

biographical memory in patients who have restricted

medial temporal lobe lesions is or is not deficient. The

available data make a compelling case that these remote

memories are intact and accessible.

Neuroimaging
Neuroimaging studies of recent and remote memory

present at least three important challenges. First, as
www.sciencedirect.com
has been noted by others, neuroimaging does not identify

structures that are essential for performance of the task

under study, and activity can reflect cognitive processes

that are incidental to task performance. For example,

studies of retrieval from the remote past are complicated

by the fact that participants are not only retrieving but are

also incidentally encoding the test material for possible

later use. After all, individuals can usually remember what

they did while they were in the scanner. There is now

direct evidence that activity recorded during a memory

retrieval test can be related to how well the test items will

be remembered later [46,47].

Second, many of the baseline conditions (e.g. rest) com-

monly used in neuroimaging studies are associated with

significant brain activity [48], including activity in the

medial temporal lobe [49]. Accordingly, when such a

baseline condition is contrasted with a memory task of

interest, baseline activity will work against finding an

effect in the medial temporal lobe that is related to the

task. And, if mental activity during the baseline condition

varies across experimental conditions (e.g. how much

participants reminisce during the baseline condition after

retrieving a remote memory versus how much they remi-

nisce after retrieving a recent memory), then the results

could be misleading. Third, comparisons of recent and

remote memory must take into account that memories

from different time periods typically differ not only in age

but also in accessibility and vividness. Given these chal-

lenges, it is perhaps not surprising that the results from

neuroimaging studies are rather mixed. Our review

focuses primarily on studies that have tried to compare

recent and remote memory.

Memory for facts

Three studies assessed the ability to recognize remotely

learned and more recently learned famous faces or

famous names, for example from the 1940s through to

the 1990s [47,50,51]. Two of these studies reported

greater activity in the right hippocampus [51] or right

entorhinal cortex [50] for recently learned material than

for more remotely learned material. The third study,

which compared famous faces from the 1960s and

1970s to faces from the 1990s, found no effect of time

period, but activity within the hippocampus did predict

how well non-famous faces presented during scanning

were remembered later [47]. Thus, activity related to

new learning might have masked an effect of time period.

An additional study of memory for past public events

found no effect of time period within the medial

temporal lobe [52]. Further work can be expected to

illuminate the aforementioned baseline issue, as well as

issues related to item selection (e.g. whether items from

remote time periods were in fact learned remotely; for

one useful approach, see [51]) and whether findings

should be based on all test items or only on items

answered correctly.
Current Opinion in Neurobiology 2007, 17:185–196
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Memory for spatial layouts

Studies of remote spatial memory have often found

activity in the parahippocampal cortex — for example,

when long-time residents mentally navigated downtown

Toronto [53] and when experienced taxi drivers recalled

complex routes around London [54]. A broader region of

the posterior medial temporal lobe, including the hippo-

campus, was activated when students mentally navigated

familiar streets in London [55]. Importantly, activity in

the parahippocampal cortex, and sometimes also in the

hippocampus, occurred when volunteers learned new

routes [56,57]. Accordingly, it is possible that the findings

obtained when individuals mentally navigate familiar

environments are related to encoding of the experience

in the scanner and less to retrieval from remote memory.

It is also true that studies of remote spatial memory to

date have focused mainly on comparisons between spatial

and nonspatial memory, not on comparisons between

recent and remote spatial memory. Further work will

be needed to establish what such comparisons reveal

and how the findings compare to lesion data.

Memory for personal episodes

The available studies of recent and remote autobiogra-

phical memory provide mixed results. Three studies

obtained findings in correspondence with the findings

from lesion studies. Thus, when volunteers recalled

recent memories, activity was greater in the hippocampal

region bilaterally [58], in the right hippocampus [59] or in

the left parahippocampal gyrus [60] than when the volun-

teers recalled remote memories. In one of these studies,

the same findings were obtained even when the recent

and remote memories were matched for whether they

contained many details or only a few details [60]. Two

other studies obtained ostensibly opposite results [61,62].

Activity in the hippocampus was greater during retrieval

of remote events than during retrieval of recent events,

although in these studies the remote events (mean = 5–10

years old) were not as remote as in most other studies of

this issue.

Another finding has been that recent and remote auto-

biographical remembering activates medial temporal lobe

structures to a similar extent [63,64]. In perhaps the most

thorough study [65], the authors avoided a prescanning

interview for selecting test items, because the interview

complicates the determination of whether a memory

retrieved later is recent or remote [66]. This study com-

pared reminiscences in response to family photographs,

which were on average either two years old or 33 years old.

Although the left anterior hippocampus was more active

during recall of recent memories than during recall of

remote memories, this difference was not apparent when

the greater vividness of recent memories was accounted

for. As already discussed, one of the principal challenges

in neuroimaging studies of recent and remote memory is

that activity related to the age of a memory might be
Current Opinion in Neurobiology 2007, 17:185–196
masked by activity related to encoding the test material

into memory. In their study, Gilboa et al. [65] tried to

address this possibility by employing a baseline task

(constructing an imagined event for an unfamiliar photo-

graph) that would also be expected to promote encoding

activity. This procedure requires the untested assump-

tion that generating imagined events and reminiscing

about real events promote encoding and successful mem-

ory storage to the same extent.

In any case, the findings from this study [65], as well as

those from other neuroimaging studies, do not correspond

to the findings from lesion studies — namely, that remote

autobiographical memories are spared following damage

to the medial temporal lobe. Yet, given the number of

important factors that can influence the extent of activity

in the hippocampus and related structures (e.g. the

encoding of novel material for later use, the vividness

of the material being recalled, and perhaps also accuracy

and effort), one should consider the possibility that

activity related to the age of a memory might often be

masked or over-ridden. One is also struck by the fact that

each neuroimaging study is virtually unique and different

from every other study with respect to test materials and

design. Work on this problem would benefit from devel-

oping some standard test materials and procedures.

One promising direction is the possibility of prospective

studies in which the time and strength of learning can be

precisely known. In one study [67�], volunteers studied

320 scenes and then took recognition memory tests later

the same day and also one day, one month and three

months later (80 scenes tested at each interval). As time

passed after learning, there was a reduction in hippo-

campal activity bilaterally during memory testing and a

parallel increase in activity in ventral medial frontal

cortex. Some unique and useful innovations in the exper-

imental design and data analysis helped to reduce the

influence of nonspecific factors that could have operated

across the retention interval, and these innovations might

explain why other prospective studies did not obtain the

same result [68,69]. The findings are unlikely to be

related to differences in the vividness of memory across

time, because the largest decrease in hippocampal

activity occurred between the first and second day, even

though memory performance was stable across this inter-

val. These results describe a gradual process of reorga-

nization of memory, whereby the hippocampus becomes

less important and areas of neocortex become more

important. The suggestion that this process sometimes

occurs within a month in humans, rather than during

many years, connects this tradition of work to similar

studies in experimental animals.

Studies of experimental animals
Studies that have compared recent and remote memory in

experimental animals have been especially useful for two
www.sciencedirect.com
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reasons. First, recent and remote memory can be studied

prospectively by introducing manipulations at particular

times after a scheduled training event. Second, studies in

animals can provide insight into what occurs as recent

memories gradually become remote memories (see [70�]
for a comprehensive review). Three kinds of evidence

from experimental animals are relevant: the nature of

retrograde amnesia following hippocampal lesions, find-

ings from imaging, and mouse genetic studies.

Lesion studies

Prospective studies of retrograde amnesia began only in

the 1990s, but >20 studies have already been reported.

The large majority found recent memory to be impaired

and remote memory to be intact after hippocampal

lesions (i.e. temporally graded retrograde amnesia) [71].

In these studies, recent memory is typically tested one

day after training, and remote memory is typically tested

after �30 days. The work has involved five species (cats,

monkeys, rabbits, rats and mice) and a variety of spatial

and nonspatial memory tasks, including contextual fear

conditioning, trace eyeblink conditioning, object dis-

crimination learning, social transmission of food prefer-

ence, and place learning in the water maze.

In one informative study [72], mice given trace eyeblink

conditioning received hippocampal lesions, cerebellar

lesions or medial prefrontal cortex lesions either one

day or four weeks after conditioning. Cerebellar lesions

severely impaired both the recently and the remotely

established conditioned response (CR). Hippocampal

lesions impaired the recently acquired CR but not the

remotely acquired CR. Medial prefrontal lesions severely

impaired the remotely acquired CR but had only a small

effect on the recently acquired CR. These findings

describe a process by which memory gradually becomes

independent of the hippocampus as time passes after

learning. The increasing importance of medial frontal

cortex is consistent with the idea that memory gradually

becomes embedded in a distributed cortical network, and

that the frontal cortex is a node in that network.

Although temporally graded retrograde amnesia has been

described for both spatial tasks and nonspatial tasks (for

spatial tasks, see [73–75]), it is interesting that virtually all

the cases where remote memory was found to be

impaired, rather than spared, following hippocampal

lesions have involved tasks such as the water maze, where

an animal must navigate to a particular point in space

(e.g. [76�,77]). Indeed, remote spatial memory in the water

maze was impaired even when rats were trained daily

from 21–90 days of age and the hippocampal lesion was

introduced 100 days after the completion of training [78].

It is puzzling that remote spatial memory in the water

maze is impaired by hippocampal lesions, especially

considering that patients with even more extensive
www.sciencedirect.com
lesions can mentally navigate their childhood neighbor-

hoods (see earlier in this review). One possibility is that

hippocampal lesions deprive animals of detailed infor-

mation they need to perform the water maze task, while

leaving intact coarser information sufficient to perform

other spatial tasks, such as discriminating among the arms

of a maze (as in [73,74]). A second possibility is that

successful performance in the water maze requires new

learning (e.g. the rat must continually update its position

in space) and new learning requires the hippocampus

[79]. With permanent hippocampal lesions, it will be

difficult to explore the idea that some performance

requirement of the water maze task is important for

understanding why rats cannot express remote memory.

Reversible lesions, which make it possible to test memory

using a functional hippocampus, should be useful in this

regard [80].

Some recent findings are consistent with the idea that

remote memory for the water maze is independent of at

least some aspects of hippocampal function. A lesion of the

temporoammonic projection from entorhinal cortex to the

CA1 field of the hippocampus disrupted spatial memory in

the water maze when the lesion was made one day after

training but not 21 days after training [81]. In this case, the

lesion presumably disrupted hippocampal–neocortical

interactions needed to develop long-term, stable memory

but left intact sufficient hippocampal circuitry to perform

the task. Indeed, rats with this lesion could learn the task

and retain it one day later, but memory was impaired 28

days later.

Together, the available data provide strong evidence for

the temporary role of the hippocampus in the formation

and maintenance of memory. Less information is avail-

able about the relative importance for recent and remote

memory of the cortex adjacent to the hippocampus (in the

rat, the perirhinal and postrhinal cortices), and studies of

retrograde amnesia involving this cortex would be illu-

minating.

Imaging and mouse genetics

A different strategy is to track changes in brain metabolic

activity (e.g. using [14C]2-deoxyglucose) or changes in the

expression of activity-related genes, such as c-Fos or

Zif268, after retrieval of recent or remote memory. In

the first work of this kind, mice learned a spatial dis-

crimination task and were then tested after five days or

25–30 days [75,82]. The hippocampus and entorhinal

cortex were active after retrieval of a recent memory

but not after retrieval of a remote memory. Conversely,

several cortical regions, including the prefrontal, temporal

and anterior cingulate cortex, were more active after

retrieval of remote memory.

A different study documented the same pattern of

changes for contextual fear conditioning [83]. Activity
Current Opinion in Neurobiology 2007, 17:185–196
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in the CA1 field of the hippocampus was substantially

diminished after retrieval of a 36-day-old memory com-

pared with activity after retrieval of a one-day-old mem-

ory, but multiple, distributed cortical regions (e.g.

prefrontal, temporal and anterior cingulate cortex) were

more active after the remote memory test (Figure 3). (For

a detailed assessment of changes within hippocampal

subregions after recent and remote tests in the water

maze, see [84].) As might be expected, the specific

cortical regions that are recruited to support remote

memory depend on the task. Thus, for a task that relies

on olfaction (social transmission of food preference),

remote memory testing was associated with increased

activity in piriform, entorhinal and orbitofrontal cortex,

but not anterior cingulate cortex [85].

These findings reflect the increasing importance of dis-

tributed cortical regions for the representation and

expression of memory as time passes after learning.

The idea is not that memory is literally transferred from

the hippocampus to the neocortex but that gradual

changes in the neocortex (e.g. synaptogenesis [75])

increase the complexity, distribution and connectivity

among multiple cortical regions. The fact that remote

memory, but not recent memory, was nevertheless dis-

rupted by focal inactivation of prefrontal or anterior

cingulate cortex [75,83] could indicate a specific role of
Figure 3

Expression of the activity-dependent gene c-Fos after recent and remote m

is shown in two different brain regions as a percentage relative to controls t

of several cortical regions that were more active during the remote test than

Current Opinion in Neurobiology 2007, 17:185–196
these structures in effortful retrieval or executive function

[86] or a role in memory storage per se. Other regions,

including the temporal cortex, are also likely sites of

memory storage. Neurophysiological studies in rats have

provided evidence for a dialogue between the hippo-

campus and the neocortex that occurs after training

and that might be part of the process by which recent

memories become remote memories [87].

The process by which recent memories become remote

memories has also been studied in genetically modified

mice. In one study [88], induction of a mutant, constitu-

tively active form of alpha Ca2+/calmodulin-dependent

protein kinase II (a-CaMKII) in the entorhinal and

subicular cortex beginning immediately after training

disrupted water maze memory, but activation beginning

three weeks after training had no effect. The results

suggest that these regions have a time-limited role in

memory formation similar to the hippocampus.

Other work has focused on the role of neocortex in sup-

porting the development of remote memory. In one study,

mice heterozygous for a null mutation of the gene encod-

ing a-CaMKII had pervasive abnormalities in cortical

plasticity but intact hippocampal plasticity (as measured

by tests of long-term potentiation [LTP]) [89]. These mice

acquired two different tasks successfully (contextual fear
emory tests for contextual fear conditioning in mice. c-Fos expression

hat were not given footshock. The anterior cingulate cortex was one

during the recent test. Adapted, with permission, from [83].
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conditioning and the water maze) and exhibited good

retention for 1–3 days. However, they forgot abnormally

rapidly and were impaired at 10–50 days after training. A

second study of the same two tasks involved mice with

cortical abnormalities due to overexpression of a domi-

nant-negative form of p21-activated kinase [90]. In this

case as well, hippocampal plasticity was normal (i.e. LTP

and late-LTP) but synaptic plasticity was impaired in the

temporal cortex (enhanced LTP and reduced long-term

depression) and there were also abnormalities in dendritic

spine density and morphology. Again, memory was intact

at short intervals (many hours or a few days) and impaired

at longer intervals. These findings demonstrate a require-

ment for cortical plasticity that is revealed as the role of the

hippocampus decreases, and in this respect the results are

consistent with imaging studies in experimental animals

that describe the emerging importance of the neocortex as

time passes after training.

Perspective
A wide range of findings from both humans and exper-

imental animals demonstrate that the hippocampus has a

temporary role in the formation and maintenance of

memory. The process by which a recent memory

becomes gradually independent of the hippocampus,

and cortical regions become increasingly engaged, is

termed memory consolidation. New imaging work using

experimental animals and improved studies of memory-

impaired patients provide strong support for these ideas.

Nonetheless, discussion has continued about the possible

special status of autobiographical memory and spatial

memory, especially in the context of multiple trace theory

(MTT) [21�]. MTT posits that autobiographical mem-

ories, as well as detailed spatial memories, do not con-

solidate in the sense just described but instead depend on

medial temporal lobe structures for the lifetime of the

memories.

Yet, as more data have been collected, and with increased

attention to neuroanatomy, the need for special treatment

of certain kinds of memories is dwindling. All the group

studies of patients who have well-characterized lesions

find remote memory, including autobiographical mem-

ory, to be intact after damage limited to the medial

temporal lobe. Single-case studies that report impaired

remote memory almost invariably describe damage out-

side the medial temporal lobe or describe patients who

have incompletely characterized lesions. There is the

sense, of course, in which MTT is not refutable, because

more penetrating assessments of remote memory might

some day reveal impairments that were not previously

detected. Yet it is questionable whether such a line of

inquiry would improve on what has already been learned

from the detailed analysis of narrative content [26].

The more interesting point is that MTT could hold to its

tenet that detailed memory is special and hippocampus-
www.sciencedirect.com
dependent, and also accommodate all the data, by the

simple suggestion that all memories lose richness of detail

and become fact-like as time passes. In other words, the

suggestion would be that remote memory contains no

detailed, episodic memories — neither in patients nor in

the rest of us. With this suggestion, MTT is neither useful

nor necessary for understanding the status of remote

memory because it makes no unique predictions. What

is left are issues of definition around how to distinguish a

detailed, personal memory from a fact-like memory about

the same event, and questions about whether similar or

different neural mechanisms within the medial temporal

lobe are used for representing memory for detail and

memory for fact.

There are two promising developments. First, it is now

possible to carry out detailed, volumetric analyses of the

brains of memory-impaired study patients, and reports

involving groups of patients who have well-characterized

lesions have been very instructive. Single-case reports

where the anatomy is described only qualitatively from

MRI scans no longer meet the standards of evidence

needed in contemporary neuropsychological work. Sec-

ond, study of experimental animals is benefiting from

several novel approaches, including imaging using

immediate-early genes and behavioral analysis of geneti-

cally modified mice. Not too long ago, remote memory

and remote memory impairment were studied only

descriptively. Now the first steps are being taken towards

understanding their mechanism.
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