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bstract

The effect of aging on remote spatial memory was tested in a group of 2-year-old rats (VR-O) that, as young adults, were reared for 3 months
n a complex ’village’ environment. The VR-O rats exhibited significant savings in finding the locations of specific reward compartments
ithin the village, relative to a group of old rats (VNR-O) experiencing the village for the first time. The VNR-O rats were also impaired,

elative to naive young rats, in learning the reward locations. Probe tests indicated that the VR-O rats retained allocentric spatial memory
or the environment and were not using sensory or other non-spatial cues to guide behaviour. Overall, the results indicate that the aged rats

xperienced a decline in the ability to learn and remember detailed spatial relationships and that the VR-O group’s successful performance
n the remote spatial memory test was guided by a form of schematic memory that captured the essential features of the village environment.
he potential contribution of the hippocampus to the pattern of lost and spared learning and memory observed in the aged rats was discussed.
2008 Elsevier Inc. All rights reserved.
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. Experiment 1

Spatial memory, based on the ability to form and
emember allocentric spatial relationships in a complex envi-
onment, is known to be particularly vulnerable to the effects
f normal aging in animals and humans (Barnes, 1979; Light,
983; Park et al., 1983; Gallagher and Pelleymounter, 1988;
offat et al., 2006). The loss of spatial memory in old age

s related to failures in recalling contextually bound episodic

vents and has been attributed to changes in the hippocampus,
brain region that is functionally linked to spatial informa-

ion processing (O’Keefe and Nadel, 1978; Maguire et al.,
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996, Rosenbaum et al., 2001) and one of the first structures
o show significant deterioration as part of the aging process
Gallagher et al., 1995; Geinisman et al., 1995; Winocur and
agnon, 1998).
Although there has been considerable research into age

ifferences in spatial memory, the focus has been mainly
n recently experienced events, with scant attention paid to
ffects of age on recalling very old or remote spatial memo-
ies. To our knowledge, this issue has not been investigated
ystematically in humans, and there appears to be only one
elevant report in the animal literature (Beatty et al., 1985).
hese investigators tested spatial learning and memory in a

adial arm maze, a task that is known to be sensitive to the

ffects of aging, as well as hippocampal lesions. The results
howed that 26-month-old rats, trained on the radial arm maze
years earlier, performed significantly better than old rats

dministered the task for the first time. It should be noted that
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his study did not test remote memory for spatial locations
nd what appeared to be preserved was a working memory
trategy in a spatial context.

There are numerous challenges to assessing remote spatial
emory in old age. For example, it is necessary to exert strict

ontrol over the subjects’ experience with the environment,
hile ensuring that the experience was adequate to allow the

ormation of memory representations that can support accu-
ate recall after very long intervals. As well, it is important
hat subjects have no contact with the environment between
he original experience and remote memory testing. These
actors are taken into account in a recently developed test,
sed initially to assess spatial memory in rats with hippocam-
al lesions (Winocur et al., 2005). In that test, young adult
ats are reared socially in a complex environment (’village’)
hat contains desirable reward objects (e.g., food, water) in
ifferent locations. Following an interval, the animal’s abil-
ty to find specific rewards is assessed as a test of spatial

emory.
In Experiment 1, the village paradigm was used to investi-

ate remote spatial memory in aged rats under conditions that
odel those in effect when elderly humans attempt to remem-

er specific locations learned a long time ago but were not
xperienced subsequently. Two groups of old rats – one reared
or 3 months as young adults in the village and the other expe-
iencing the village for the first time – were tested on their
bility to find specific reward locations in the village. At test,
ats reared in the village performed significantly better than
aive old rats that were also impaired relative to a group of
oung rats exposed to the village for the first time. Additional
esting in Experiment 2 showed that the reared rats were not
uided by internal or external sensory cues but, rather, by a
ap-like allocentric spatial representation of the environment

hat they had acquired through their early experience in the
illage.

.1. Method

.1.1. Subjects
Sixteeen, male Long-Evans rats, approximately 23 months

f age at the beginning of the experiment, participated in
he research. The rats were acquired as young adults from
harles River laboratories in St. Constant, Quebec, and reared

n the Trent University animal facility. Throughout the present
tudy, the rats were maintained on 12:light/12:dark cycle,
ith all testing conducted during the dark phase of the cycle.
hroughout testing, rats were placed on a 23 h food- or water-
eprivation schedule, depending on the incentive condition
o which they were assigned.

The study was approved by the Trent University Animal
are Committee and the rats were regularly examined by a
eterinarian.
.1.2. Apparatus
The village (1.2 m × 1.2 m × 1.2 m), shown in Fig. 1, was

ocated in the centre of a room with standard laboratory furni-

w
o

O

Fig. 1. The complex ’village’ environment.

ure (e.g., desks, book shelves) and pictures on the walls. The
oom was dimly and uniformly illuminated by overhead light-
ngs. The village contained two levels, with interconnected
alkways within and between the levels. Two walkways lead-

ng to the lower levels were situated across from the entrance
o the reward compartments in the north-east and south-west
orners. The walls and ceiling were made of wire mesh, and
he walkways of aluminum sheet metal. The upper level,
lso constructed of sheet metal, consisted of a gathering area
n the middle of the upper level with four walls each con-
aining a central opening. This area served as a start box
or training and test trials. A compartment containing food
south-east corner), water (north-west corner), an assortment
f toys (north-east corner), or a female rat (south-west cor-
er), was attached to each of four corners on the lower level.
he compartment containing the female rat was separated

rom the village by a wire mesh screen, whereas the other
ompartments could be entered freely.

.1.3. Procedure
Old rats were assigned to the Village-Reared (VR-O,

= 4) or the Village-Non-reared (VNR-O, N = 12) condition.

.1.3.1. VR condition. Rats in the VR-O condition originally
articipated as part of a control group in our investigation of
he effects of hippocampal lesions on spatial memory con-
ucted almost 2 years earlier (Winocur et al., 2005). The
R-O rats were 3 months old at the beginning of that study

nd about 8 months old upon completion. For the first 3
onths of that study, the VR-O rats spent 8 h/day in the

illage during the high-activity part of their diurnal cycle.
uring these sessions, the rats were allowed to explore the

ntire village, with access to all the reward sites, which were
lways in the same locations. After each session, the rats

ere returned to individual cages, where they were deprived
f food and water.

At the end of the 3-month village exposure period, the VR-
rats (as young adults) were maintained on food or water
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The performance of the VR-O and VNR-O groups,
in terms of the average number of errors/test session, is
presented in Fig. 2. For purposes of comparison, the cor-

Fig. 2. Mean numbers of errors made in finding reward locations in the
village in Experiment 1, by old rats that had been reared in the village (VR-
O), the VR-O rats tested as young adults following rearing in the village
(VR-Y), old rats that had no prior experience in the village (VNR-O), and
G. Winocur et al. / Neurobi

estriction and tested, over a 10-day period, on their ability
o find the location of the appropriate reward in the original
illage environment.

Following testing, the village-reared rats were placed in
ndividual cages where they lived with food and water avail-
ble on an ad lib basis. From time-to-time, they participated
n other studies in which they were administered various
ests in a circular pool that included spatial and non-spatial

emory, non-matching-to-sample rule learning, and delayed
on-matching-to-sample testing.

At approximately 23 months of age, about 15 months
fter their last exposure to the village, the VR-O rats were
gain placed on food or water restriction in preparation for
e-testing in the village.

.1.3.2. VNR condition. The rats in this condition (VNR-
) came to the lab at the age of 3 months. Between 3 and
2 months of age, they participated in several experiments,
ncluding some of the same tasks as the VR-O rats. While
he VNR-O rats received comparable amounts of behavioural
esting as the VR-O rats, the VNR-O rats had no prior experi-
nce with the village. At the age of approximately 23 months,
he VNR-O rats were placed on food or water restriction in
reparation for testing in the village.

.1.4. Testing
The village was located in the same position in the room

here the VR-O rats had been tested as young adults. The
oom contained all the original furniture, pictures, etc., and
he reward compartments were in the same locations in the
illage relative to the original configuration of distal cues.

After a week of food or water restriction, the VR-O and
NR-O groups were given a daily exposure to the village
ver 3 consecutive days. VR-O rats that had previously been
ested with food as reward were food-deprived, while the
R-O rats that were tested originally with water as reward,
ere water-deprived. For each of these sessions, the 4 VR-O

ats and groups of 4 VNR-O rats were placed in the vil-
age and allowed 1 h to freely explore the environment, with
ccess to all the reward sites. After each session, the rats were
eturned to their home cages and maintained on food or water
estriction.

Twenty-four hours after the last exposure session, formal
esting was initiated.

The VR-O and VNR-O rats were tested in groups of 4
ith a 7–8 min interval separating the trials for each rat. A

rial began with the rat placed individually in the start area.
n each trial, the rat was directed to enter the village through
different doorway to ensure the use of different routes to

he reward compartment. When the rat found the appropriate
eward compartment, it was allowed to eat or drink for 10 s
nd was then placed in a holding cage where it awaited the

ext trial. If the rat failed to find the reward compartment
ithin 300 s, it was removed from the village, placed in the
olding cage to await the next trial, and assigned an error
core of 10 for that trial.

y
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For purposes of scoring errors, the floors and walkways
f the village were divided into zones demarcated by inter-
ections which served as choice points from which the rat
ould move in the direction of the reward compartment or in
direction away from it. A rat was considered to have made
n error whenever it arrived at a choice point and turned in a
irection away from the reward compartment. For example,
f the rat entered the village facing due south with the reward
ompartment in the south-east corner (see Fig. 1) and turned
ue west (the rat’s right), an error would be counted. Every
urn at subsequent choice points that took the animal in a
irection away from the reward compartment counted as an
dditional error.

The amount of time required to reach the compartment on
ach trial was also recorded. Because the latency measures
aralleled the error scores, they are not reported here but are
vailable on request.

Rats received 5 daily trials over 10 consecutive days. At
he end of each daily test session, the rats were returned to
heir home cages, where they received food and water for 1 h.

.2. Results

Half of the rats in the VR-O and VNR-O groups were
otivated to find the food location and the other half were
otivated to find water. As there were no differences in

erformance between food- and water-deprived sub-groups,
heir scores were combined to form single VR-O and VNR-O
oung rats that had no prior experience in the village (VNR-Y). The same
ats comprised the VR-O and VR-Y groups. Data for the VR-Y and VNR-Y
roups were reported in an earlier study (Winocur et al., 2005). The publisher
as confirmed that no permission is required to reproduce these data. Error
ars refer to SEM.
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esponding scores of the VR-O rats, when they were tested
n this task as young adults, are also presented (Group VR-
). In addition, Fig. 2 provides the error scores for a group
f young adult rats tested on this task as non-reared controls
n the brain-damage study (Group VNR-Y) and originally
eported in the Winocur et al. (2005) paper. The outcome of
omparisons involving the VNR-Y group is qualified by the
act that this group was not tested contemporaneously with
he old groups.

Since two groups – VR-O and VR-Y – are comprised of
he same rats, it would be inappropriate to perform an over-
ll analysis of variance (ANOVA) on the data presented in
ig. 2. Therefore, ANOVA was performed on the scores of

he VR-O, VNR-O, and the VNR-Y groups, with group as
he ’between’ factor and days as the ’within’ factor. This
nalysis yielded a significant group × days interaction, F(18,
98) = 2.79, p < .0005 as well as a main effect of group,
(2, 22) = 5.74, p = .01, and a main effect of days, F(9,
98) = 26.56, p < .0005. Simple contrasts on the group vari-
ble were performed with reference to the VNR-O group.
s expected, there was a significant difference between the
NR-O and the VNR-Y groups, t(22) = 2.42, p = .02, indicat-

ng that old rats, with no prior experience in the village, took
onger than similarly naı̈ve young rats to learn the locations
f specific rewards. The VNR-O group also performed sig-
ificantly worse than the VR-O group, t(22) = 4.57, p = .006.
he latter finding indicates preserved spatial memory in the
R-O rats, resulting from their experience in the village 15
onths earlier.
A comparison of the VR-O rats’ performance with their

erformance on the task when they were young (VR-Y) pro-
ides a description of changes in spatial memory over the
ats’ life span. As can be seen in Fig. 2, overall, the VR
ats made more errors in old age than they did as young
dults t(3) = 3.56, p = .038, indicating that there was some
ge-related loss of spatial memory. However, the memory
oss over time was relatively small, especially when the per-
ormance of the VR-O group is compared with that of the
NR-O group.

. Experiment 2

In Experiment 1, old rats, reared in a complex environ-
ent as young rats, exhibited preserved remote memory for

earned spatial locations in that environment. Their perfor-
ance declined only slightly from their performance when

hey were initially tested 15 months earlier, and was substan-
ially better than that of old rats tested for the first time.

In our previous study (Winocur et al., 2005) in which
ats with hippocampal lesions also showed preserved spa-
ial memory, probe tests were devised to ensure that, when

rought back to the familiar environment, they were still using
llocentric spatial cues, and not non-spatial cues, to find the
eward compartments. The tests also provided insight into
actors contributing to the nature of the savings exhibited by

2
t
w
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he hippocampal rats. Accordingly, in Experiment 2 the VR-
and VNR-O groups were administered the same series of

ests. It should be noted that the VR-O rats did not receive
hese tests when they participated in the original study as
oung controls, so that both groups experienced these tests
or the first time in the present study.

.1. Method

.1.1. Subjects and apparatus
The subjects and apparatus of Experiment 1 were used in

he present experiment.

.1.2. Procedure
The VR-O and VNR-O rats were tested in the following

onditions and in the same order. Test procedures were iden-
ical to those followed in the Winocur et al. (2005) study
ncluding administering, between each of the tests, a few tri-
ls in the Original-Environment condition to ensure that rats
ere still performing at baseline levels on the original task.
pproximately 2–4 days separated each testing condition.

.1.2.1. Room change. A few days after completion of
xperiment 1, the village was relocated to a different room.
he new room had an entirely different array of cues but the

eward compartments were located in the same relationship to
he village and to each other. The rats continued to be food or
ater restricted and were tested according to the procedures

ollowed in Experiment 1. For the Room-Change condition,
he rats received 5 trials/day for 5 consecutive days following
he procedures of Experiment 1.

.1.2.2. Floor rotation. For the Floor-Rotation condition,
he village was returned to the same place in the original
oom. The inner floors and walkways within the village were
otated 180◦ but the reward compartments remained in their
riginal locations. The rats continued to be food or water
estricted. Because of a technical problem in the lab, in the
loor-Rotation condition, the rats received 3 days of testing

nstead of the usual 5 days.

.1.2.3. Village rotation. Following Floor-Rotation testing,
he floors and walkways were returned to their original posi-
ions. For the Village-Rotation condition, the entire village
as rotated 180◦. In this configuration, all the reward com-
artments were in a different location relative to distal cues
n the room. Thus, the food compartment, which had always
een in the south-east corner was now located in the north-
est corner, and the water compartment, which had been in

he north-west corner was now in the south-east corner, and so
n. The rats were tested for 5 days according to the standard
rocedures.
.1.2.4. Cue distortion. For the Cue-Distortion condition,
he room was reconfigured. Some equipment and a desk that
ere part of the original environment were removed from
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he test room. In addition, several pieces of furniture (e.g.,
hair, table) were relocated in the room. Other pieces (e.g.,
tool) and wall fixtures (e.g., light switch) remained in their
riginal places. New furniture (e.g., bookcase) was brought in
nd replaced previous objects or occupied new places. There
as a general reorganization of the original wall posters, with

ome retained in their original places, others relocated, others
emoved, and a few new pictures added. The village remained
n its original location and orientation. The rats received 5
ays of testing in the usual way.

.2. Results

.2.1. Room change
Fig. 3a shows that both groups made more errors/day over

he 5 days of testing in the Room-Change condition than they
id at the completion of testing in the Original-Environment
ondition (see Fig. 2). Interestingly, in this condition, the
R-O group made more errors than the VNR-O group, F(1,
4) = 6.00, p = .028, indicating that the reared rats were more
ffected by the room change.

.2.2. Floor rotation
In the Floor-Rotation condition, the village was returned
o the original room and the floor was rotated with the reward
ompartments retaining their original locations. As can be
een in Fig. 3b, the VR-O and VNR-O groups performed the
ask as well as they had in the Original-Environment con-

a
G

Fig. 3. Mean numbers of errors made by VR-O and VNR-O groups in the
Aging 31 (2010) 143–150 147

ition and there was no significant difference between the
roups, F(1, 14) = 1.19, p = .294.

.2.3. Village rotation
In the Village-Rotation condition, the entire village was

otated 180◦ so that all the reward compartments were in dif-
erent locations, relative to distal cues in the room. This had
he effect of equally disrupting the VR-O and the VNR-O
roups, F < 1. Both groups made significantly more errors
n Day 1 of the Village-Rotation condition than they did
n the last day of testing in the Original-Environment con-
ition (VR-O: t(3) = 64.08, p < .0005; VNR-O: t(11) = 6.98,
< .0005). As can be seen in Fig. 3c, both groups recovered

heir optimal level of performance by Day 3.

.2.4. Cue distortion
In the Cue-Distortion condition, there was a major re-

rrangement of distal cues in the original test room. As can
e seen in Fig. 3d, this manipulation did not affect the per-
ormance of the VR-O and VNR-O groups, and both groups
erformed equally well, F < 1.

. Discussion
In the present study, consistent with previous reports of the
dverse effects of aging on spatial learning (Barnes, 1979;
allagher and Pelleymounter, 1988; Winocur and Gagnon,

four test conditions of Experiment 2. Errors bars represent SEM.
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998), normal old rats were severely impaired, relative to
oung adult rats, in learning the location of specific rewards in
complex environment. In a new finding, we showed that old

ats are capable of remembering spatial locations in that same
nvironment if they had learned them well as young adults.
robe tests were conducted to ensure that the rats were relying
n allocentric spatial cues, and were not using non-spatial,
ocal or sensory cues to find the reward compartments. For
xample, in the Room-Change test, the village was moved
o a new room with a novel set of extraneous environmental
ues and the animals were tested as before. If the rats had
een using non-spatial cues that were intrinsic to the village,
heir performance would not have been affected. In fact, both
roups (and especially the VR-O group) showed a significant
ecline in performance over the first 3 days of testing. This
nding also showed that the savings exhibited by the VR-O
ats in the original environment could not be attributed to
etained procedural learning. In the Floor-Rotation test, the
oor of the village was rotated 180◦, without affecting the

ocations of the reward compartments. In this case, if rats
ere using non-spatial cues, a drop in performance would
e expected, but this did not occur in either aged group.
inally, in the Cue-Distortion test, where most of the room
ues were re-arranged and in which both aged groups per-
ormed extremely well, the results clearly indicated that the
ats did not use a specific set of external cues as landmarks
o guide behaviour.

As can be seen in Fig. 2, when tested in the original village
nvironment, the VR-O group was far superior to the VNR-

group. The VR-O rats exhibited some initial loss relative
o their performance immediately following village rearing
t the age of 3 months, but they completely recovered well
efore the end of testing. Given that only a few days inter-
ened between rearing and testing when the rats were young
hile 15 months passed before they were retested as old rats,

he important finding here is not that there was some loss in
he VR-O rats, but rather that the loss was so small.

It is also significant that, on the probe tests in Experiment
, the VR-O rats performed at virtually the same level as did
group of village-reared young controls tested in the same
ay in the Winocur et al. (2005) study. The VR-O group in

he present study and the young group of the previous study
not reported here) performed extremely well and did not dif-
er on the Cue-Distortion and Floor-Rotation tests. As well,
hey performed similarly in learning the reward locations in
he Room-Change and Village-Rotation tests. These results
uggest that once spatial memories are acquired, their repre-
entations in the aging brain can be used efficiently to adjust
o changes in spatial environments.

The finding that remote spatial memories can survive into
ld age is consistent with the widely held view, based on
ongstanding evidence and anecdotal reports (Erber et al.,

980; Howes and Katz, 1988; Craik and Jennings, 1992),
hat older adults’ remote memory is superior to their recent

emory. However, in light of recent research, this notion
ears closer scrutiny. For example, Levine et al. (2002) and St

e
r
o
r

Aging 31 (2010) 143–150

acques and Levine (2007) used the Autobiographical Inter-
iew, a sensitive test of autobiographical memory, to show
hat older adults retained memories for general knowledge
bout personal and public events (semantic memory) rela-
ively well over the life span. However, they were poor at
ecalling events within their spatial-temporal context and in
ignificant detail (episodic memory), regardless of the age
f the memories (Addis et al., 2008). The same results were
eported by Piolino et al. (2006), using a semi-structured auto-
iographical questionnaire that is sensitive to differences in
pisodic and semantic memory. These results suggest that
hen older adults exhibit preserved remote memory, they are

ecalling non-episodic, semantic information and that they
re impaired when required to remember detailed, contextu-
lly dependent information.

The findings of preserved remote spatial memory in the
RO group in Experiment 1 can be interpreted along the same

ines. Memories are initially formed episodically in relation
o the context in which they were acquired. Once established,
nd with time and experience, the core information inherent
n these representations is integrated with pre-existing knowl-
dge to form less detailed semantic or schematic memories.
he same process is thought to occur with respect to spatial
emory (Rosenbaum et al., 2001; Moscovitch et al., 2005).

n the present study, the young rats raised in the village had the
pportunity to learn the locations of various reward objects
n relation to specific contextual cues, as well as to form a

ore schematic representation of the entire environment that
as less contextually bound. With the passage of time, spa-

ial memories that are rich in contextual detail tend to decline
ut the schematic forms of those memories are more likely
o survive. Thus, in a test of spatial memory after very long
elays, it is the schematic version of the memory that is more
ikely to be available and guide navigation throughout the
illage.

The results of the present study parallel those of Winocur
t al. (2005) who reported that young adult rats with hip-
ocampal lesions exhibited similar savings of pre-operatively
cquired spatial memories in the village environment,
hereas hippocampally lesioned rats with no prior experi-

nce in the village were severely impaired in learning new
patial relationships. The latter findings are consistent with a
arge body of evidence that the hippocampus is crucial to the
rocess of forming and retaining context-dependent, episodic
emories without being involved in recalling semantic or

chematic memories (Viskontas et al., 2000; Manns et al.,
003; Gilboa et al., 2005; Steinvorth et al., 2005; Rosenbaum
t al., 2007). Given that the hippocampus is one of the first
rain regions to show clear signs of structural change with
ge, it follows that the pattern of lost and spared remote
emory seen in older adults may be related to hippocam-

al atrophy (Jernigan et al., 2001; Killiany et al., 2002; Raz

t al., 2005). In other words, the failure of older adults to
ecall remote episodic memories, at least in part, is the result
f hippocampal dysfunction, while their relatively preserved
emote semantic memories can be attributed to the greater
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ntegrity of extra-hippocampal structures, where such mem-
ries are represented.

While a declining hippocampus undoubtedly affects mem-
ry function in old age, other regions are also compromised
n the aging brain. Notable amongst these is the prefrontal
ortex, a structure known to be involved in strategic cogni-
ive operations and, particularly, in the retrieval of remote

emories (Mangels et al., 1996; Winocur and Moscovitch,
999; Levine et al., 2002). An important question that fol-
ows from the issues raised in this paper relates to those brain
egions in which spatial memories are represented once they
re consolidated, or transformed into schematic memories.
nvestigations of long-term memory in animals and humans,
sing a variety of behavioural tasks in combination with
unctional imaging and gene-expression techniques, have
dentified several structures, including the parahippocam-
al gyrus, retrosplenial cortex, caudate nucleus, posterior
nd anterior cingulate cortex, and parietal lobe, as possibly
eing involved in this aspect of memory representation and
ts retrieval (Rosenbaum et al., 2004; Wiltgen et al., 2004;
rankland and Bontempi, 2005; Moscovitch et al., 2005).
his work is very encouraging but it remains to be seen if

he same structures are implicated in the re-organization of
he aging brain that is necessary to support the retrieval of
emote memories.
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