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WINOCUR, G. Environmental influences on cognitive decline in aged ratEUROBIOL AGING 19(6) 589-597, 1998.—Two
experiments are reported in which young and old rats, housed in an impoverished (IE), enriched, (EE), or standard (SE), environment,
were tested on a series of complex, blind-alley mazes. In Experiment 1, 3-months exposure to |E exacerbated age differences in maze
performance, relative to the differences between young and old rats in EE and SE. Old rats in the EE and SE conditions did not differ
from each other. In Experiment 2, rats were raised for an additional 3 months in either |E or EE before further maze testing. The main
findings were that the maze performance of old rats, transferred from IE to EE, improved significantly, whereas the performance of
old rats, transferred from SE or EE to |E, declined. These results indicated that the deleterious effects of an impoverished environment
on learning and memory are, at least partly, reversible, and that experience in a stimulating environment can protect old rats from the
adverse effects of relocation to a deprived environment. Taken together, the results highlight the impact of environmental influences
on cognitive function in old age, and emphasize the need to consider nonbiological factors in understanding the process of cognitive
aging. © 1999 Elsevier Science Inc.
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THERE IS growing awareness that cognitive decline in old age isvere related to environmental influences and older people’s
related to a number of factors, in addition to biological processesadjustment to environmental stressors.
that cause structural changes in the brain. Older people, of course, A well-established tradition of animal research points to the
are at risk for a variety of physical and mental health problems andmportance of environmental influences on brain function (see
it is well known that health status can directly or indirectly impact reviews (45,46)). While much of this work has been conducted on
on neurocognitive function. In the pursuit of other relevantanimals in early stages of development, effects of environment on
variables, recent research has shown that personal (1,18), psychitve aging brain also have been examined. The latter research,
social (3,32), and lifestyle-related (15,24,52) factors can alsgerformed mainly on aged rats, has consistently shown that
interact with chronological aging to affect cognitive performance.environmental enrichment induces a variety of brain changes that
Attempts to study nonbiological influences on cognitive function include increases in dendritic growth (22), cortical thickness (13),
in animal models have yielded similar relationships. Severallevels of nerve growth factor (40), and brain weight (40). Envi-
reports have highlighted the potential benefits of early handlingronmental effects on age-related changes in cognitive function
(39), dietary restrictions (26), and physical exercise (22). have been investigated in a few studies and, in general, the results
Over the last 15 years, our research has identified environmerindicate that old rats, housed in complex, stimulating environ-
tal conditions as another significant contributor to cognitive agingments, performed better on tests of learning and memory than rats
in humans (41,57,59,61,62). In a series of experiments, involvingaised in standard or impoverished conditions (6,11,14,27,51).
a variety of learning and memory tasks (e.g., paired-associate In most studies of environmental influences on cognitive aging,
learning; negative transfer; release from proactive interferenceanimals were reared in special housing throughout most of their
and standard neuropsychological tests), normal old people living itife span. The present research extends this work by comparing the
their own homes in the community, consistently performed betteeffects of limited exposure to an enriched, impoverished, or
than carefully matched counterparts living in various institutionalstandard laboratory environment on maze-learning performance.
settings. These differences could not be attributed to differences im Experiment 1, groups of young and old rats were transferred
health, education, socioeconomic status, or other potentially corfrom group cages to one of three experimental environments and,
founding factors. Rather, there were strong indications that thewfter 3 months, administered a series of 12 complex mazes
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designed to assess general learning and memory abilities. The the floor by two wire-mesh ramps. Several water bottles and
second study employed a cross-over design to assess the pernf@ed hoppers were attached to the walls at various locations. A
nence of environmentally-induced effects, the ability of old rats tototal of four such cages were constructed, each housing 8—10 old
recover from negative effects of an impoverished environment, asr young rats.

well as the extent to which experience in a stimulating environ-  Impoverished Environment (IE)his environment was cre-
ment can protect against subsequent adverse effects of beirajed in a separate, quiet room that contained a single rack of

transferred to an impoverished environment. individual wire-mesh cages. The front of the cages was covered by
a dark curtain that permitted diffuse light during the light-on
METHODS periods. The only activity in the room was that of an animal

Subjects attendant who performed routine maintenance duties every other

day and the veterinarian during his periodic visits.

The subjects were male, Long—-Evans rats obtained from the Standard Environment (SE)Yhis environment consisted of
Trent University Breeding Center (Peterborough, Ontario, Canaindividual wire-mesh cages in a rack that was located in one of the
da). The same rats were used for Experimen& 2, andonly the  colony rooms that also contained other similar racks. Students,
data for animals that completed both experiments are reported. fesearch assistants, and lab attendants created regular traffic in this
total of 52 old rats and 53 young rats were used in this researclroom. In the 3 months before the beginning of maze testing, rats in

Old rats were between 19 and 20 months of age when they werthis environment were routinely handled every 3 or 4 days. SE rats
assigned to their respective environments in Experiment 1. Previwere handled to provide rats in this condition with a level of
ously, for most of their adult lives, they were housed in smallstimulation that was intended to be intermediate between that
groups in plastic cages. At different stages of development, all oldeceived by the IE and EE groups.
rats had participated in several experiments, involving operant
conditioning or discrimination learning procedures. During theseProcedure
experiments, they were housed in individual wire-mesh cages,
located in a room that contained other racks of cages. There were After rats had lived in their respective environments for 3
no systematic differences in the experiences of rats that werenonths, they were placed on a restricted food schedule to reduce
assigned to the various environmental conditions. their weight to 80% of normal body weight. Throughout the

Young rats were 6—7 months old at the beginning of Experi-experiment, individually housed rats were maintained at a constant
ment 1. Their histories were similar to those of the old rats, exceptveight by being fed 15-20 g of standard lab chow each day. Rats
that the young rats had participated in only one behavioral studyoused in group cages were fed on a feeding stand in groups of
before the present research. four or five. During group feeding, the rats remained on a stand for

The health status of all rats was regularly assessed by abou 1 h until they had all stopped eating. Once maze training
consulting veterinarian. Over the course of the two experimentshegan, all feeding took place after each day’s session.
for reasons of death, poor health, or inability to perform the tasks, Initially, rats were given four adaptation sessions (one per day)
12 old rats and 4 young rats were moved from the research, anith which they were paired and placed in the maze apparatus, which

their data are not included. contained only a few randomly located barriers. During these
sessions, the rats were allodvé h toexplore freely and eat wet
Test Apparatus mash in the goal box.

On the 5th day, preliminary training was introduced in which
s were administered a series of practice problems. Each rat
received 10 trials per day in which it was individually placed in the
start box and allowed to run to the goal box where it could eat for
r;ILO s. A different practice problem was introduced each day for a

screen, was divided into 36 clearly marked squares. The squar tal of 6 days. The problems corresponded to those described by

defined error zones in blind alleys and served as markers fo abinovitch and ROSVO.Id (42). The_ criterion for advan_cing to the
lest problems was running the 10 trials of the last practice problem

placing the barriers to create 12 maze problems. The C.onf'gu'rav'vithin a total of 70 s. Most young rats reached this criterion but a
tions of the problems were identical to those described byf that did not were given up to five additional sessions on mirror
Rabinovitch and Rosvold (42). rewtha €9 P : .
images of the practice problems. At this point, two young rats that

did not reliably navigate the mazes during practice were elimi-
nated. Approximately half the old rats reached the set training

For Experiment 1, all rats were assigned to one of threecriterion but many old rats ran slower and failed to reach the
environmental conditions in which they were housed for 3 monthscriterion within six additional sessions. Consistent with previous
and, as well, for the duration of testing: enriched (aids= 16; practice (58), old rats were allowed to enter the test phase if they
young, n = 18); impoverished (oldn = 17; young,n = 18); averaged about 15 s per trial on the last practice problem. At this
standard (old,n = 19; young,n = 17). lllumination for all  point, four old rats that failed to meet the more liberal criterion
environments was provided by central lights that were controlledvere withdrawn from the experiment.
by a 12-h on/off schedule. To familiarize the rats with their new  During testing, which began the day after criterion was reached
environments, for 1 week before the transfer, each rat was placeon the practice problems, rats were administered the 12 mazes of
in its assigned environment for approximat@l h each day. the Rabinovitch and Rosvold series. Each rat received 10 trials on

Enriched Environment (EE)This environment consisted of a a different maze each day for a total of 12 days. Records were kept
wire cage (95x 95 X 45 cm) that contained various objects (toys, of the number of error zones that each rat entered while moving
tunnels, etc.) that could be entered, manipulated, or movedrom the start box to the goal box. An error was scored when a rat’s
Objects that deteriorated with use were replaced as needed. Awo forepaws crossed an error line. Each error-zone entry consti-
activity wheel was attached to one wall. A second level X930 tuted an error. When a rat reached the goal box, it was allowed to
cm), attached midway up the back and side walls, was connectegiat from the wet mash for about 10 s before being returned to a

A Hebb—Williams Closed Field Test was constructed accordingrat
to specifications described by Rabinovitch and Rosvold (42). It
consisted of a square field (76 76 cm) with start (28< 52 cm)
and goal (28X 52 cm) boxes located at diagonally opposite
corners. The square field, which was covered by a wire-mes

Environments
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FIG. 1. Mean number of errors made by young and old rats, housed in enriched, impoverished, or standard
environments on the 12 mazes of Experiment 1.

holding cage to await the next trial. Rats were run in squads of fiveconditions F(1, 34) = 74.86,p < 0.0001; EEF(1, 34) = 45.59,
to six, so that intertrial intervals generally ranged between 5 and 19 < 0.0001; and IEF(1, 33)= 36.75,p < 0.0001]. The data also

min, depending on the rat’s running speed. revealed significant main effects of training over the 12 mazes in
each environmental condition (gllvalues<< 00001), and signif-
RESULTS AND DISCUSSION icant ageX training interactions in SEF(11, 374)= 3.70,p <

The average number of errors made by old and young group$)-001; and EEF(11, 352) = 3.96 = p < 0.001]. In IE, the
housed in the different environments, on each of the 12 maz@roup X training interaction was not significank (< 1).
problems, are presented in Fig. 1. Itis readily apparent that, in each The results also show that environmental factors influenced the
of the environmental conditions, young rats out-performed oldperformance of old rats on the maze problems. Overall error
rats. ANOVA revealed significant main effects of age in SE scores, as presented in Fig. 2, confirm the robust age effect over
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FIG. 2. Mean number of errors made by young and old rats, housed in enriched, impoverished, or standard
environments in Experiment 1.
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the three environmental condition&([L, 99) = 254.75,p < impoverished environment for an additional 3 months, and another
0.0001] and, in addition, highlight the significant main effect of that was transferred to the enriched, group-cage environment.
environment (2, 99) = 31.56,p < 001]. Of particular interest, They were then tested once again on a series of similar maze-
the effect of environment was modified by the effect of ag&[ learning problems. If the severe impairment of IE rats was linked
99) = 19.56,p < 0.001], especially in IE, where aged rats were directly to a reversible environmental effect, it was expected that
more adversely affected by restriction than young rats. Post horats transferred to EE would display some functional recovery.
comparisons with the Tukey test confirmed that old rats, housed irBimilarly, the SE and EE groups of Experiment 1 were divided into
IE, performed significantly worse than old rats in SE and IE (bothsubgroups and housed in the impoverished or enriched environ-
p values< 0.001), conditions, whereas the latter groups’ perfor-ment for the same 3-month period. The latter groups enabled
mance did not differ from each othgy Yalues> 0.05). Compar- comparisons of behavioral effects of relocating between different
isons of young groups’ performance across environmental condienvironments, and provided the opportunity to assess whether
tions yielded no significant differences (glvalues> 0.05). exposure to stimulating environments can protect against the
The differential effects of environment are also reflected in thedeleterious effects of subsequent relocation to a restricted environ-
significant groupX training interactions that were observed in the ment.
SE and EE conditions, but not in IE. In SE and EE, the old rats’
deficits were greatest in the first six mazes (Fig. 1). DifferencesMethods

between old and young groups in these environments decreased Following completion of testing in Experiment 1, all rats were

when, with further tramlng, the old rats began to improve at amaintained in their pretest environments on an ad lib. food and
somewhat faster rate. This pattern probably reflects the old ratsWater schedule. After 1 week, each environmental group was
|mpa|frmer(11tf|n learning basic mazﬁ"ee_‘lfﬂ'ng sk(ljlls_that could bedfivided approximately in half and assigned to environmental
transferred from one maze to another. The steady improvement of "~ ; . ; :
young rats from the beginning of testing suggests that these skillgorr;gitr'g&sir']nﬂtg?r figg?;\t/é%gc'zag: ((elré_ll?él-t mfvgguzlgnho# Sf%)l nle
were acquired during exposure to the practice problems and ha ere transferred to a group ?:age (IE-EE' c;id:' g yogﬁg n =
generalized readily to the test problems. The age-related deficit "@). Rats previously housed in EE remai'ned’in ,their grbup cage
acquiring nonspecmc, maze mf_ormatlon was _reported by W'nocur(EE-EE'n — 8; young,n = 9) or were transferred to isolated cages
and Moscovitch (58), and attributed to a failure of frontal-lobe ) ’ ’

function. The finding, in IE, that the exaggerated impairment Ofgii-slflze:rgg,tg ;(ﬁg{;duggér;:(g)é_lfgt;gtgg.S)/Eucr:)gngit:iog)v(\;(rere
old rats was relatively constant across the 12 problems, mdmateéroup cages (SE-EE: olth = 9: young,n = 8), The respective

glbi?lti t epov;;%Tanrqéa:e:ﬁs:nngg??nfcojlr?rﬁ);%gﬁrzlhogﬂiﬁg saz(zﬁ}ce(?o g‘;é;]environmental conditions were identical to those of Experiment 1.
Yy p After 3 months, rats were placed on a restricted-food schedule

maze and exacerbated their difficulties in acquiring a genera*Or 2 weeks. During this time, rats in IE or SE cages were fed

maze-leaming strategy. approximately 20 g of chow in pellet form while rats in EE were
removed from their group cagesrfb h per day and fed the same

Experiment 2 food in the form of wet mash. EE rats were fed in this way to

ensure that all rats in this group were satiated at the end of each

An important finding of Experiment 1 is that old rats, trans- . . ; I o
ferred fro?n a standardgllaboratgry environment to an impoverishe@eec}l!ng session. Maze testing was then initiated. Initially, all rats
eceived 3 days of training in which they were administered 10

feonl}/r:rdcinrinrﬁn;irg& inrfrlg[;veegsmef r(sl-arz\c/)re]To) gi{;ﬁﬁérwfgi ptrr?éttrials per day in one of three practice problems selected from the
y imp 9 group ix that were used in the training phase of Experiment 1. By the

was always housed in the standard environment. By compariso . S . .
transfer to a more stimulating, group-cage environment had Iittlt;ind of this training period, old and young rats were running well

effect on old rats’ performance. The question arises as to wheth gnd were ready to advance to the test phase. For testing, mazes
the exaggerated rrr)1aze-learnin'g defi?:its of the aged, IE rats re_0—12 of the Hebb—-Williams series was used. However, for this
2 xperiment, the start- and goal-boxes were reversed and the mazes
felﬁstifgn;ne2,?;@'?;35&3”&gﬁ;n;iﬂg?tﬁllg?sbzf r% r\./alelr:sfilélnectlon or a\E'vere transformed to mirror images of the original versions. The
Work with older humans indicates that restricted environment order of maze presentation was changed in semi-random fashion.

> In all other res ects, testing procedure was identical to Experiment

can have adverse effects_on cognitive per_formance but_ther_e P Ten trials vSere adminigtgred daily on each maze Wit?] errors
evidence that, under certain conditions, their effects are S'tuatlonfecorded in the usual way
ally dependent and, to some extent, reversible. In a recently '
completed longitudinal study, Winocur and Moscovitch (see (12))
found that older people, confined to periods of inactivity in a
restricted institutional environment, often performed worse on The main findings of Experiment 2 are presented in Fig. 3. The
cognitive tests than comparable individuals who lived in richerscores represent the average total errors made by the various old
environments. When circumstances of the confined individualsand young subgroups in the last three mazes of Experiment 1 and
changed in favorable ways, their cognitive performance improvedheir mirror-image transformations in Experiment 2.
significantly. The reverse pattern was also found to be the case Considering first the groups that, in Experiment 1, were housed
when normal older people, for various reasons, found themselves IE, it can be seen (Fig. 3, Panel 1) that old rats transferred from
isolated from their broader social environments. IE to EE dramatically improved their maze performance, relative

The aim of Experiment 2 was to determine if parallel effectsto the old rats that remained in IE. As expected, the young group
can be demonstrated in an animal model. That is, if the environin this environmental condition generally performed at a higher
mentally induced cognitive deficits of IE rats in Experiment 1 level. A comparison of the young IE-IE and IE-EE subgroups’
reflect a shut-down of brain function rather than permanentperformance reflected little response to the shift in environment.
physiological changes, it may be possible to restore some functio®verall, this outcome contributed to a highly significant grotip
by improving their environments. To address this issue, IE ratgest X environmental-shift interactionF[1, 31) = 18.86,p <
were divided into two subgroups: one that remained in the0.001].

RESULTS AND DISCUSSION



ENVIRONMENT AND COGNITIVE AGING 593

100+ PANEL 1 PANEL 2 PANEL 3 100
80- / -80
(2}
e
: t
v
o 60+ -60
<
g Y
O
= 40+ \ -40
2 :
L [ 3
s E= - -t
204 * N £ = 120
oLD YOUNG oLD YOUNG oLD YOUNG
—~®—IEE -[O- IEIE | —k—EE-EE -v¢- EE-EE| —#—SE-EE - - SE-EE
~V—IE-EE - - IE-EE | —@—EE-IE -O- EE-E | —%—SE-IE -- SE-E
0 T T T T T T 0
1 2 1 2 1 2

TEST

FIG. 3. Mean number of errors made by all subgroups on the last three mazes of Experiment 1 and
the three mazes of Experiment 2.

Separate ANOVAs of the old and young groups’ scoresmental-shift interaction in the old[1, 17)= 74.30,p < 0.00001]
confirmed that the old rats recovered much more than the youngut not in the youngH(1, 15) = 1.52,p = 0.236]. Comparisons
rats following transfer to EE. These analyses revealed af proportional change indicated that the old SE-IE subgroup
significant testX environmental-shift interaction in the old declined, on average, by about 74%, and the young SE-IE
group [F(1, 15) = 36.90,p < 0.0001] but not the young group subgroup by 16%t(17) = 5.43, p < 0.0001]. In the SE-EE
[F(1, 16) = 3.44,p = 0.082]. Further evidence of this effect is condition, the old rats improved by about 12%, and the young rats
provided by a comparison of each rat’s proportional change irdeclined by less than 1%, a difference that was not statistically
performance in the IE-IE and IE-EE conditions. Old rats significant f(15) = 1.31,p = 0.209].
transferred from IE to EE reduced their error scores on Despite the considerable recovery by the old, IE-EE rats in
essentially the same mazes by an average of 32%, whereas tExperiment 2 (32% improvement over Experiment 1 vs. 16%
young, IE-EE subgroup improved by only 6%. This difference and 13% for the old EE-EE and old SE-EE subgroups, respec-
is statistically significant f{16) = 3.54, p = 0.003]. By tively), their performance on the mazes of Experiment 2 did not
comparison, old and young rats in the IE-IE condition increasedjuite reach that of the other subgroups housed in EE. A
their error scores by an average of 14% and 23%, respectivezomparison of the three subgroups’ error scores in Experiment
ly—a difference that was not statistically significamt<{ 1). 2 indicated a significant main effecF(2, 23) = 6.77,p =

The maze scores of rats that were housed originally in EE ar®.005] that was attributable to differences between the old
presented in Fig. 3, Panel 2. These data yielded a significankage |IE-EE subgroup and each of the other two EE subgroups (both
test X environmental-shift interactionF[1, 30) = 20.35,p < p values< 0.03). However, it is noteworthy that the old IE-EE
0.0001] that was due primarily to the substantial drop in perfor-subgroup’s performance in Experiment 2 did improve to the
mance by the old EE-IE subgroup. Performance changes in the oléevel of the SE group’s performance on the last three mazes of
EE-EE subgroup and the two young subgroups were negligibleExperiment 1 {(26) = 1.72,p = 0.098] but not quite to that of
Separate ANOVAs yielded a significant test environmental- the EE group (23) = 2.09,p = 0.048]. These results indicate
shift interaction for the oldf(1, 14)= 39.40,p < 0.0001] but not  that 3 months of enrichment was sufficient to reverse a
for the young F(1, 16) = 1.33,p = 0.267] groups. Comparisons substantial amount of the negative effects experienced by old
of the proportional changes in performance indicated that the oldats after 3 months of isolation.

EE-IE subgroup declined by about 52%, as compared to a decline Along the same lines, it can be seen in Fig. 3 that, despite the
of 16% in the young EE-IE subgrout{15) = 2.84,p = 0.012]. In  decline in performance observed in the old, EE-IE rats, they
the EE-EE condition, the old and young rats improved by abouiperformed better in Experiment 2 than rats in the IE-IE

16% and 10%, respectively(15) = 1.67,p = 0.116]. condition. A comparison of error scores of old rats housed in IE

The pattern observed in the scores of old and young rats thah Experiment 2, yielded a significant main effe€i(g, 23) =
were housed in SE in Experiment 1 (Fig. 3, panel 3) was6.15, p = 0.007] that was due to a significant difference
essentially the same as that of the EE groups, described in theetween the old EE-IE and old IE-IE subgroup@fl) = 3.53,
preceding paragraph. A significant agetest X environmental- p = 0.003]. The scores of the old SE-IE subgroup fell between
shift interaction F(1, 32)= 39.43,p < 0.0001] was due mainly to  those of the other two old subgroups that were transferred to IE,
a disproportionate decline in performance by the old SE-IEand did not differ statistically from either of them. Related to
subgroup. Separate analyses yielded a significanttestiviron-  this was the finding that the old EE-IE subgroup performed



594 WINOCUR

better in Experiment 2 than the |E group on the last three mazesonmental stimulation can be linked directly to morphological
of Experiment 1 {(23) = 2.61,p = 0.016]. Taken together, changes involving, e.g., increases in synaptic connections and
these results indicate that, despite the lack of differencedendritic growth (29) as well as increased metabolic activity (19).
between the old EE and old SE groups in Experiment 1, andlo the extent that synaptogenesis and other physiological changes
between the old EE-EE and SE-EE subgroups in Experiment 2are supported by external stimulation, it follows that reduced
environmental enrichment provided protective benefits thatstimulation associated with environmental isolation could contrib-
were over and above those of the standard lab environment. ute to a failure of neural mechanisms that translates into impaired
neurocognitive function.

From a neuropsychological perspective, several lines of evi-
dence suggest that the hippocampus and prefrontal cortex may be
The results of the present study confirmed that normal, old ratémplicated in the effects observed in the present study. It is well
are severely impaired, relative to young adult rats, in performingestablished that these structures are involved in performing com-

complex maze problems [(11,20,25); see (4) for review] and, inplex mazes, although it is likely that they contribute in different
addition, provide clear evidence that environmental factors conways (58). The hippocampus and prefrontal cortex are extremely
tribute significantly to cognitive aging. In Experiment 1, apart susceptible to the aging process (2,8,53), and there is evidence,
from robust age differences in maze performance, a principathat aged animals (4,9,16,54,55) and humans (10,17,34,60) have
finding was that old rats, housed in an impoverished environmenparticular difficulty on tasks that require the integrity of these brain
for 3 months, were especially impaired, when compared with oldregions. As well, reports suggest that the functional and structural
rats that were housed in standard or enriched conditions. The E&rganization of the hippocampus and frontal lobes are modulated
group consistently made fewer errors than the SE group butby environmental influences [(31,4@), but see also (29)].
statistically, the differences were not reliable. Experiment 2 The pattern of deficit observed in rats housed in IE offers
revealed that switching environments had significant effects orfurther evidence that hippocampal and prefrontal function were
maze performance of old rats. When old rats were transferred fromaffected by environmental influences. Successful performance on
the impoverished environment to the enriched environment (IE-a series of complex mazes requires that animals adopt a general
EE) for an additional 3 months, their performance improvedmaze-running strategy that can be appropriately and efficiently
dramatically, reaching the level of old rats that had always lived intransferred to the various problems. In addition, they must draw on
the standard lab environment. Old rats, transferred from SE or EEpecific learning and memory processes to find and navigate the
to IE, were adversely affected by the shift but, following transfer, correct route in each maze. Using selective lesion techniques,
both groups performed at a higher level than old rats, housed in IBVinocur and Moscovitch (58) were able to identify strategy
for 6 consecutive months. In contrast, the maze performance of thiearmation with prefrontal function and the more specific abilities
young rats was virtually unaffected by housing conditions orwith hippocampal function. In Experiment 1, the old IE group
environmental shift. displayed exaggerated deficits on measures that reflected both of
The susceptibility of aged rats to the negative effects ofthese functions. In addition to performing poorly on each of the 12
isolation was reported previously by Cummins et al. (11), who alsamazes, over the testing period, these rats, unlike other groups,
found that old rats, housed in a restricted environment, performedgiled to show a progressive decline in the number of errors per
worse on a test of complex maze learning than old rats living in anaze. It would be simplistic to suggest that only the hippocampus
more stimulating environment. The present study extends thesand prefrontal cortex respond to the combined influences of aging
results in several ways. In the Cummins et al. study, rats wer@and environment but, clearly, these brain regions qualify as
housed in their experimental environments from the time ofimportant candidates.
weaning until 17 months, when they were tested. By comparison, Apart from environmental influences on cognitive function, it
in Experiment 1, rats were transferred to |IE or EE when they werds important to consider the impact of environment on other
19-20 months old and were housed in these environments for onlgsychological processes that affect maze performance in more
3 months before maze testing. Thus, the present results show thiaidirect ways. In Experiment 1, rats housed in IE were slower than
even short periods of restriction can affect cognitive function inother groups to reach the training criterion and, generally, they
aged animals, a finding that is in line with evidence that exposurevere slower to complete test trials (although slower running times
to impoverished or enriched environments for as little as 30 daysvere confounded by increased numbers of errors). These observa-
can produce significant brain changes in young or middle-agedions raise the possibility that attentional, motivational, and stress-
animals (43,49). Moreover, by including a group of old rats in arelated factors contributed to environmentally induced deficits.
standard lab environment, the present design enabled comparisofsher investigators have raised this issue (7,25,50) and, in partic-
between the effects of extreme environments and conditions thatlar, there is growing evidence of an important link between
are typical of most investigations of cognitive aging in rats. environmental stress and cognitive function in old age (36,47).
Finally, the inclusion of young, adult groups in each experimentalSeveral studies have shown that handling and other forms of
environment allowed direct examination of the effects of aging asexternal stimulation protect old animals from potential stressors
well as the combined effects of age and environment on cognitiveand, at the same time, preserve learning and memory function by
performance. reducing glucocorticoid toxicity in hippocampal cells (37,38,40)
The exaggerated deficits of the aged, IE group in Experiment IThe present study was not designed to assess such variables but
may be due in part to environmentally-induced changes in brairinformal observations revealed behavioral signs of high stress
structure and function. Although most research in this area hakevels in old rats. In Experiment 1, old, IE rats were more fearful
focused on the effects of increased stimulation in relatively youngn the mazes, as evidenced by fecal droppings and long periods of
animals, there is little doubt that environmental enrichment proimmobility, particularly in the early stages of training. To some
duces similar changes across the life span (22,30,46). There isextent, this subsided with experience but the old IE rats were
need for greater specificity in describing relationships betweergenerally more distractible, irritable, and less active throughout
such changes and behavior, particularly in brain regions known téesting and it is likely that these characteristics interfered with
mediate learning and memory. However, available evidence sugverall performance. Clearly, examination of the effects of envi-
gests that enhanced cognitive performance associated with envienmental restriction on independent measures of performance-

GENERAL DISCUSSION
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related factors and their relationship to cognitive function in oldwere no differences between young groups in the three environ-
age is in order. ments across the full range of maze testing. As well, in Experiment
Evidence that environmental stimulation can influence brain2, transfer from SE or EE to IE had negligible effects on
mechanisms in old age speaks to the high degree of plasticity thagerformance. Given that the young rats were unaffected by the
is built into neural systems. The results of Experiment 2 provideseverely restricted conditions of the impoverished environment, it
dramatic expressions of this plasticity in behavioral terms. Forlis improbable that they were sensitive to the more subtle differ-
example, old rats transferred from IE in Experiment 1 to EE inences between SE and EE. The latter point is reinforced by the
Experiment 2 displayed considerable recovery of function in thefinding, in Experiments 1 and 2, that the effects of SE and EE on
maze task and achieved a level of performance that compareghe maze performance of old rats were very similar.
favorably with old rats that had been housed in more stimulating  The finding that environmental conditions did not substantially
environments. It is unlikely that this improvement was simply the affect the young rats is somewhat surprising, given evidence that
result of continued training since other old rats that received th%/oung rats, raised in different environments often perform differ-
same amount of training, and especially those that continued to b@nﬂy on tests of learning and memory [(6,21), but see also
housed in IE, did not show the same improvement. At the samg23)]. These discrepancies are important and are probably linked to
time, previous experience in a stimulating environment helped tq; variety of procedural differences that include the animals’ prior
protect old rats from the adverse effects of transfer to IE. Thisexperience, the nature of the environments, and the tests employed.
effect was most apparent in the old EE-IE subgroup in Experimenty, the present study, e.g., young rats had participated previously in
2. Although these rats declined somewhat from their performance penavioral study and that experience may have helped compen-
in Experiment 1, they made substantially fewer errors than the old 5¢e for the negative effects of the restricted environment. A
IE group in Experiment 1 and the IE-IE subgroup in Experiment 2..4ref,| examination of historical and other factors that interact
The relatively good performance of the EE-IE and SE-IE Sub-it, environmental influences to affect cognitive function in

groups in Experiment 2 may be due in part to their superior maze,, ;4 aquit animals would appear to be a fruitful subject for
learning in Experiment 1. However, this factor cannot accoun urther research

ermr?y f?g'ftfhew reducedf |mpa|rmzntt in E?ﬁegngﬁgt 2'd |1|—Eh|eE Finally, there are parallels between the present results and
signiicant differénce in pertormance between the EE-IE and 1=-1Eq ijance that environmental factors influence cognitive function in

subgroups is strong evi_dence that gnvirqnmental enrichmer, Ider humans. The poor maze-learning performance of old rats in

Sﬁgr?tdt rg)ngf?:?gtatt:gsgrgtlirr]n ﬁ%?nthin%'isrgun%\éiteﬁeds of SUbsefhe impoverished environment may be compared with reports that

q In the present study. the effegcj:ts of housinl old rats in anold people, living in institutions or other restricted environments,
P Y. 9 Berform worse on cognitive tests than counterparts living in more

enriched environment, that was designed to provide increaseq,. . h - .
stimulation, were relatively modest when their performance Wasstlmulatlng environments (12,32,56). The finding that some of this

compared with that of old rats in a standard lab environment. | mpairment is reversible is also consistent with reports that the
Experiment 1, the old EE group generally made fewer errors thaievel of cognitive function in older humans varies with environ-

the old SE group on the various mazes although, statistically, thd'€ntally related factors. For example, studies have shown that
differences were not reliable. As can be seen in Fig. 3, by the en structuring the environments .Of older peoplel In favorable ways
of testing on the 12 mazes, SE and EE rats were performing at t '12!32.'33'59)' can result in improved ct_)gnmve perfor_mance.
same level. As noted above, the exception to this pattern, was tha{'€ findings, in the present study, that environmental enrichment
three months of housing in EE protected old rats from the id not provide benefits over and above those of the standard

deleterious effects of relocating to IE better than the same perio§nvironment, in a sense, is also consistent with the human
in SE. The similarity in effects of SE and EE should not pe literature. There is no evidence that exposing ac_tlve,well-aQJusted,
interpreted as a lack of stimulation in EE. Rather, it was probablyPldeér humans to more complex environments is necessarily ben-
the case that SE was stimulating enough to produce brain angficial in terms of cognitive or psychological function. Indee_d, it
behavior changes that were similar to those associated witf@y be, as Schaie (48) suggests, that older people derive the
considerable stimulation but the critical factor may have been th&nvironments where they can participate in known and successful
regular handling that these rats received. Indeed, research indicat@gtivities, and where there is opportunity for development and
that handling and other forms of tactile stimulation is highly growth. Clearly, there is much to be learned about the complexities
conducive to producing neural growth and accompanying benefit§f age/environment interactions. With growing awareness of the
to cognitive function (35,39). benefits of stimulation and the hazards of stimulus-deprivation, it
Whereas the effects of environment and environmental shiffnay be possible to incorporate environmental factors into pro-
were quite clear in the old rats, young rats appear to have been leg§ams aimed at enhancing cognitive function in older adults, as
affected by environmental influences. By the end of maze testingvell as other populations that experience degrees of brain dysfunc-
in Experiment 1, young rats in all environments were performingtion.
well so that there may have been little room for improvement. This
point is particularly relevant to the IE-EE and SE-EE conditions of ACKNOWLEDGMENTS
Experiment 2, where it is of interest to know if young and old r_ats This research was supported by a grant from the Natural Sciences and
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