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Epidemiological studies suggest that individuals with greater education or more cognitively demanding occupations have diminished
risk of developing dementia. We wanted to test whether this effect could be recapitulated in rodents using environmental enrichment, a
paradigm well documented to attenuate behavioral deficits induced by various pathological insults. Here, we demonstrate that learning
and memory deficits observed in a transgenic mouse model of Alzheimer’s disease can be ameliorated by enrichment. Female transgenic
mice overexpressing amyloid precursor protein and/or presenilin-1 and nontransgenic controls were placed into enriched or standard
cages at 2 months of age and tested for cognitive behavior after 6 months of differential housing. Enrichment significantly improved
performance of all genotypes in the radial water maze and in the classic and repeated-reversal versions of the Morris water maze.
However, enrichment did not benefit all genotypes equally. Mice overproducing amyloid-� (A�), particularly those with amyloid depos-
its, showed weaker memory for the platform location in the classic Morris water maze and learned new platform positions in the
repeated-reversals task less quickly than their nontransgenic cagemates. Nonetheless, enrichment normalized the performance of A�-
overproducing mice to the level of standard-housed nontransgenic mice. Moreover, this functional preservation occurred despite in-
creased neuritic plaque burden in the hippocampus of double-transgenic animals and elevated steady-state A� levels, because both
endogenous and transgene-derived A� are increased in enriched animals. These results demonstrate that the generation of A� in vivo
and its impact on the function of the nervous system can be strongly modulated by environmental factors.
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Introduction
In the 17 years since Mortimer (1988) first predicted a link be-
tween education and dementia, over a dozen epidemiological
studies have examined the evidence for this hypothesis in popu-
lations from across the globe (for review, see Katzman, 1993;
Friedland, 1994; Mortimer, 1997; Terry et al., 1999). Although
not universal, the majority of these studies have found that lack of

education is a major risk factor for Alzheimer’s disease (Zhang et
al., 1990; Friedland, 1993; Stern et al., 1994; White et al., 1994).
Other lifestyle choices, including occupation, leisure activities,
and physical exercise, may also modulate the risk of cognitive
decline (Stern et al., 1994; Bonaiuto et al., 1995; Friedland et al.,
2001) (for review, see Pope et al., 2003; Fratiglioni et al., 2004;
Scarmeas and Stern, 2004). These findings have fostered the con-
cept of cognitive reserve as a defense against dementia (Katzman,
1993; Stern, 2002). This hypothesis posits that people with more
mental activity develop stronger, better elaborated neuronal con-
nections that can withstand a greater amount of pathological
damage before succumbing to disease. Recent advances in imag-
ing techniques suggest that elderly patients with maintained cog-
nitive function recruit new areas of their brains for memory tasks,
finding new strategies to recall old information (for review, see
Buckner, 2004). Thus, both passive retention of preexisting con-
nections and the active use of new retrieval networks may con-
tribute to the prevention of dementia through cognitive reserve
(Stern, 2002).

The cognitive-reserve hypothesis is consistent with several de-
cades of research on environmental manipulation in rodents.
Rodents housed in enriched cages with access to novel objects,
exercise wheels, and increased social interaction with a large
number of cagemates show significant changes in brain biochem-
istry, synaptic morphology, and neuronal function compared
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with standard-housed animals (for review, see van Praag et al.,
2000). These changes likely provide the groundwork for numer-
ous cognitive improvements after enrichment. Enriched housing
improves performance in a variety of behavioral tasks, including
two-way active avoidance (Escorihuela et al., 1994), contextual
conditioning (Rampon et al., 2000; Woodcock and Richardson,
2000; Duffy et al., 2001), and delayed alternation (Winocur and
Greenwood, 1999). Perhaps the best-studied improvements oc-
cur in the Morris water maze (MWM), a test of hippocampal-
dependent spatial learning (Saari et al., 1990; Park et al., 1992;
Wainwright et al., 1993) (for review, see van Praag et al., 2000).
Mice housed in enriched environments learn the location of a
hidden platform faster than standard-housed controls and spend
more time searching the correct part of the maze when the plat-
form is removed for probe trials. These findings suggest that
environmental enrichment can dramatically influence learning
and memory, improving both acquisition and retention of new
tasks.

We wanted to explore whether environmental enrichment
would be equally beneficial in a setting of Alzheimer’s-associated
neuropathology. In a previous study, we observed that enriched
transgenic mice coexpressing the Swedish variant of amyloid pre-
cursor protein (APPswe) and the exon-9 deleted variant of pre-
senilin 1 (PS1dE9) tended to develop more amyloid than
standard-housed controls (Jankowsky et al., 2003). However, the
hybrid C3HeJ � C57BL/6 background of this original cohort
precluded analysis of cognitive behavior (Banbury Conference
on Genetic Background in Mice, 1997). We therefore began a
new study using APPswe and PS1dE9 lines that had been back-
crossed to C57BL/6J for �10 generations, making them nearly
identical at all but the transgenic loci. As seen in several other APP
transgenic lines (for review, see Janus and Westaway, 2001; Do-
dart et al., 2002; Higgins and Jacobsen, 2003), we find that under
standard housing conditions, our APPswe and APPswe/PS1dE9
mice also show cognitive deficits in several hippocampal-dependent
spatial memory tasks. We demonstrate here that these deficits are
prevented by environmental enrichment. Consistent with the recent
in vitro demonstration that synaptic activity increases the produc-
tion of amyloid-� (A�) and soluble APP derivatives (Nitsch et al.,
1993; Kamenetz et al., 2003), we find that mice provided with envi-
ronmental stimulation harbor higher levels of A�42 than their stan-
dard-housed counterparts. Together, these findings provide experi-
mental evidence for the cognitive-reserve hypothesis and
demonstrate that environmental factors can strongly modulate the
impact of A� on cognitive performance.

Materials and Methods
Transgenic mice. Two lines of transgenic mice were used for this study.
Line C3-3 expresses chimeric mouse APP with the Swedish mutation
K670N/M671L and a humanized A� domain (Borchelt et al., 1996,
1997). Line S-9 expresses the exon-9 deleted variant of human PS1 (Lee et
al., 1997; Jankowsky et al., 2004). Both transgenes are active in the CNS
under the control of the mouse prion protein promoter. Before this
study, each line was backcrossed for 9 –11 generations to be congenic on
the C57BL/6J background (The Jackson Laboratory, Bar Harbor, ME).
Animals for this study were generated from a final backcross of double-
transgenic C3-3 APPswe B6n11/S-9 PS1dE9 B6n9 males with nontrans-
genic (NTg) C57BL/6J females to yield B6n10 offspring.

Environmental enrichment. Seventy-six female mice derived from lines
C3-3 and S-9 (as described above) were used for this study. At �2
months of age, 32 of the animals were placed into two large (1 m 2)
enrichment cages (four NTg, four APP, four PS1, and four APP/PS1 per
cage). The animals in each cage were age matched and comprised a single
group throughout the experiment. Thus, there were no alterations to the

social cohort for the duration of the experiment. The enrichment cages
housing these animals had been used previously by van Praag et al. (1999)
in their studies of enrichment-associated hippocampal neurogenesis and
were kindly shared with us for these experiments. The enrichment cages
provided �625 cm 2 of floor space for each animal, more than three times
that available for each control animal housed in standard colony cages.
The enrichment cages contained two running wheels, plastic play tubes,
cardboard boxes, and nesting material that were changed or rearranged
weekly to provide novel stimulation. This setting provided our animals
with the classic form of environmental enrichment used for several de-
cades to study neuroanatomical and behavioral changes associated with
cognitive stimulation (for review, see van Praag et al., 2000).

Age-matched control animals were housed three to four per cage in
standard cages [�600 cm 2 (150 –200 cm 2 per animal)] containing only
pine chip bedding. Where possible, siblings were divided equally between
enriched and control cohorts. Both enriched and control mice were
housed in the same room on a 14/10 h light/dark cycle. All mice were
provided fresh food and water ad libitum. Animal protocols were ap-
proved by The Johns Hopkins University Institutional Animal Care and
Use Committee.

Behavioral testing. Behavioral testing began after 6 months of differen-
tial housing, when the mice were �8 months of age. Throughout the
testing period, animals were returned to their home cage at the end of the
session each day. Before cognitive testing, mice were handled for 5 d, and
their basic visual ability was confirmed by retreat from placement on a
horizontal edge. Mice were then pretrained in a small pool (50 cm in
diameter) to use a submerged platform (10 � 10 cm) for escape from the
water. Swimming ability was assessed using a straight water alley (12 �
120 cm) containing a submerged platform; no significant differences in
latency were observed between housing conditions or genotypes. After
pretraining, all cognitive tests were conducted in a 100-cm-diameter tank
filled with opaque water (21 � 2°C) and surrounded by proximal and
distal visual cues. Testing began with a version of the standard MWM
task in which mice were required to find a hidden platform that remained
in the center of one quadrant for 5 d of testing (Andreasson et al., 2001).
Each day, mice were given 10 training trials, in which the platform was
submerged but accessible, and two probe trials (one before and one after
the training session), in which the platform was completely submerged
and inaccessible for variable intervals (30 – 40 s). At the end of each probe
trial, the platform was returned to its raised position to maintain respon-
se–reinforcement contingency (Markowska et al., 1993). After 5 d of
classic MWM, three repeated-reversal sessions were performed that used
the same training and testing schedules as the MWM, but in which the
platform location was changed daily. After completing the last reversal
session, 5 d of radial water maze testing were conducted using the same
pool and spatial cues (Arendash et al., 2001). Finally, visual abilities were
analyzed more vigorously by marking the platform location with a high-
contrast extension, enclosing the pool with black curtains and then mea-
suring the distance swam to the platform in 10 trials per animal
(Savonenko et al., 2003). No genotype-related differences in visual dis-
crimination were detected in mice of either housing condition. Perfor-
mance in all tasks was recorded by a computer-based video tracking
system (HVS Image Analysis VP-200; HVS Image, Hampton, UK). Data
were analyzed off-line using HVS Image and Microsoft Excel software.

Stereology. Ten days after behavioral testing was complete, animals
were anesthetized and killed by decapitation. The brains were removed
into ice-cold PBS and dissected. One-half of each brain was fixed and
prepared for histology. Neuritic plaques were labeled by ubiquitin im-
munohistochemistry as described previously (Jankowsky et al., 2003).
StereoInvestigator software (MicroBrightField, Colchester, VT) was used
to define the dorsal hippocampal formation and estimate the surface area
covered by plaques using an area-fractionator grid (Cavalieri spacing,
250 � 250 �m; grid spacing, 15 �m; frame size, 90 � 125 �m; 40�
magnification). The percentage of coverage in three sections taken from
the lateral, middle, and medial hippocampus was averaged to obtain a
final estimate of plaque burden in each animal.

A� ELISA. Hippocampal tissue from the remaining hemisphere was
sonicated in 70% formic acid and centrifuged, and the supernatant was
recovered for A� ELISA as described previously (Kawarabayashi et al.,
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2001). Human A� was measured in APP and APP/PS1 transgenic mice
using BAN50 for capture (epitope A�1–16) and BA27 and BC05 for
detection (A�40 and A�42, respectively); mouse A� in NTg animals was
quantified using BNT77 (epitope A�11–28) for capture and BA27 or
BC05 for detection. All values were calculated as picomoles per gram
based on the initial weight of hippocampal tissue.

Histology and immunocytochemistry. Detailed methods for Hirano sil-
ver stain and ubiquitin immunocytochemistry were described by
Jankowsky et al. (2003). Anti-A� immunostaining was performed as
described for ubiquitin, using monoclonal antibody 4G8 (Signet Labo-
ratories, Dedham, MA) at a 1:250 dilution.

Statistical analyses. Statistical significance for data from stereology was
evaluated by Student’s t test assuming equal variances and by two-sample
F test for variance (Microsoft Excel). Multi-group behavioral data and

A� ELISA were evaluated by ANOVA with the
Newman–Keuls post hoc test applied to signifi-
cant main effects or interactions (Statistica 6.0;
StatSoft, Tulsa OK).

Results
Enrichment mitigates cognitive decline
in female APPswe and
APPswe/PS1dE9 mice
Many different enrichment paradigms
have been described in the literature,
ranging from the simple introduction of
novel objects into standard cages (van
Dellen et al., 2000) to the complex social
cohort housed in large cages outfitted with
hiding tubes and running wheels (Kem-
permann et al., 1997; van Praag et al.,
1999). In the present study, we used the
latter paradigm, in which 16 mice were
housed together from weaning age to
adulthood and were provided throughout
with social interaction, novel objects,
nesting material, and exercise wheels. En-
richment of this type has been demon-
strated to improve the performance of
healthy, wild-type rodents in multiple
tests of learning and memory (for review,
see van Praag et al., 2000). This paradigm
required that we focus on female mice, be-
cause aggression between males would re-
sult in fighting, wounding, and chronic
stress.

The two transgenic lines used for this
study, C3-3 (APPswe) and S-9 (PS1dE9),
were characterized initially on a hybrid
background for study of neuropathology
and were then made congenic on a
C57BL/6 background for behavioral anal-
ysis (Banbury Conference on Genetic
Background in Mice, 1997). All four geno-
types derived from APPswe � PS1dE9
matings were analyzed so that we could
control for the effects of each transgene in
animals lacking amyloid in addition to ex-
amining the effects of enrichment in ani-
mals with fulminant plaque pathology.
After ensuring visual and motor skills
were intact, the mice were tested in a series
of water maze tasks [classic MWM (Mor-
ris, 1984; Frick et al., 1995), repeated-
reversal MWM (Chen et al., 2000; Morris,

2001), and radial water maze (Morgan et al., 2000)] designed to
assess spatial learning and long-term memory of a fixed location,
as well as the ability to modify that memory when the escape
location was changed.

Analysis of behavioral testing demonstrates that overexpres-
sion of APPswe alone or in combination with the PS1dE9 trans-
gene leads to significant impairment of hippocampal-dependent
learning and memory in standard-housed transgenic mice (Fig.
1a,d,f) (ANOVAs; effect of genotype: F(3,37) � 4.89 –10.24; p �
0.01). Female APPswe single-transgenic mice swam significantly
greater distances (Newman–Keuls post hoc test applied to signif-
icant effect of genotype; p � 0.01 in the standard MWM and the

Figure 1. Enrichment attenuates cognitive deficits in APP and APP/PS1 mice. a– c, Classic MWM. a, Mean distance traveled in
consecutive days of training (average of 10 trials per day � SEM). Genotype-related differences were significant in both the
standard-housed [two-way (genotype by day) ANOVA; F(3,37) � 5.40; p � 0.004] and enriched (F(3,27) � 6.78; p � 0.002) groups
and decreased as training progressed (genotype-by-day interaction; p � 0.05). b, Average distance to find the platform for 5 d of
testing. Enrichment decreased the path length of all genotypes [two-way (enrichment by genotype) ANOVA; enrichment:
F(1,64) � 72.89, p � 0.0001; genotype: F(3,64) � 10.17, p � 0.0002]. c, Percentage of time in the correct quadrant during the final
probe trial (day 5). Enrichment improved memory in all but APPswe/PS1dE9 mice (enrichment: F(1,64) � 32.28, p � 0.0001;
genotype-by-enrichment interaction: F(3,64) � 3.44, p � 0.02). The horizontal line indicates the chance level of performance. d,
e, Repeated-reversal training. d, Mean distance swam in consecutive training trials averaged across three sessions. The standard-
housed APPswe and APPswe/PS1dE9 groups remained impaired throughout training [two-way (genotype by trial) ANOVA; geno-
type: F(3,37) � 10.24, p � 0.0001; trial: F(9,333) � 4.87, p � 0.0001]. In contrast, the performance of the enriched APPswe and
APPswe/PS1dE9 groups improved with consecutive trials, reaching levels comparable with the NTg and PS1dE9 groups (trial:
F(9,243) � 11.42, p � 0.0001; genotype-by-trial interaction: F(24,216) � 2.53, p � 0.02). e, Average distance to find the platform
over training trials 2–10 of three reversal sessions. Enrichment improved performance in all genotypes (enrichment: F(1,64) �
55.04, p � 0.0001; genotype: F(3,64) � 11.49, p � 0.0001). Simple main-effect ANOVA confirmed deficits in standard-housed
( p � 0.001) but not enriched ( p � 0.3) APPswe and APPswe/PS1dE9 mice. f, g, Six-arm radial water maze. f, Number of errors
(incorrect arm entries) averaged by trial over 5 d of testing. Performance improved significantly with training for both housing
conditions (trial: F � 4.21–5.52; p � 0.002). Standard-housed but not enriched APPswe and APPswe/PS1dE9 groups were
significantly impaired compared with the NTg group (F(3,37) � 4.89; p � 0.006). g, Average number of errors during training trials
2–5 over 5 d of testing. Enrichment improved performance in all groups (enrichment: F(1,64) � 39.29, p � 0.0001; genotype:
F(3,64) � 6.28, p � 0.02). Simple main-effect ANOVA confirmed impairments in standard-housed ( p � 0.006) but not enriched
APPswe and APPswe/PS1dE9 mice. Asterisks indicate a significant difference between enriched and standard-housed groups of
the same genotype (ANOVA; p � 0.01). Diamonds indicate a significant difference from NTg mice of the same housing condition
(Newman–Keuls post hoc test; p � 0.01 applied to significant effect of genotype in the simple main-effect ANOVA). Error bars
represent mean � SEM.
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repeated-reversal tasks) and made more errors locating the hid-
den platform (Newman–Keuls post hoc test; p � 0.005 in the
radial water maze) than did PS1dE9 or NTg mice. These impair-
ments appeared long before the onset of amyloid pathology in
APPswe single-transgenic animals. Female APPswe/PS1dE9
double-transgenic mice, which have substantial amyloid deposi-
tion and much higher levels of A�, were similarly impaired by
measures of swim path length (Newman–Keuls post hoc test; p �
0.005 in the standard MWM and the repeated-reversal tasks) and
incorrect arm entry (Newman–Keuls post hoc test; p � 0.01 in the
radial water maze).

As expected, enrichment significantly improved cognitive
performance in NTg animals. In the MWM, enriched NTg mice
swam shorter distances to reach the hidden platform than their
nonenriched counterparts (ANOVA; effect of enrichment:
F(1,14) � 35.21; p � 0.0001) (Fig. 1a,b) and spent considerably
more time in the trained quadrant when the platform was re-
moved for probe retention trials (F(1,14) � 10.84; p � 0.01) (Fig.
1c). On repeated-reversal testing, swim path was again shortened
(F(1,14) � 6.47; p � 0.025) (Fig. 1d,e), and incorrect arm entries
were reduced in the radial water maze (F(1,14) � 14.44; p � 0.002)
(Fig. 1f,g) compared with standard-housed NTg mice. Perfor-
mance of single transgenic PS1dE9 mice was similarly improved
by enrichment, with shorter path lengths (F(1,16) � 12.40 –38.72;
p � 0.005 in the standard MWM and the repeated-reversal tasks)
(Fig. 1b,e), higher preference for the correct quadrant (F(1,16) �
24.66; p � 0.0001) (Fig. 1c), and fewer errors (F(1,16) � 9.77; p �
0.01 in the radial water maze) (Fig. 1g) than standard-housed
PS1dE9 animals.

Both APPswe and APPswe/PS1dE9 mice also benefited from
enrichment. Compared with standard-housed mice of the same
genotype, enriched APPswe and APPswe/PS1dE9 mice swam
shorter distances to the hidden platform in the MWM (ANOVA;
APPswe: F(1,17) � 18.63, p � 0.001; APPswe/PS1dE9: F(1,17) �
10.90, p � 0.005) (Fig. 1a,b) and repeated reversals (APPswe:
F(1,17) � 22.56, p � 0.0002; APPswe/PS1dE9: F(1,17) � 18.63, p �
0.0005) (Fig. 1d,e) and made fewer errors in the radial water maze
(APPswe: F(1,17) � 8.86, p � 0.01; APPswe/PS1dE9: F(1,17) � 7.82,
p � 0.01) (Fig. 1f,g).

Although mice of all genotypes benefited from enrichment,
animals overproducing APP did not always attain the same level
of performance as their NTg and PS1dE9 cagemates. Enriched
APPswe/PS1dE9 mice swam longer distances to find the platform
in the MWM ( p � 0.005; Newman–Keuls post hoc test applied to
simple main-effect ANOVA; F(3,27) � 6.78; p � 0.002) (Fig. 1a,b)
and showed significantly lower preference for the correct quad-
rant than other enriched groups ( p � 0.02; Newman–Keuls post
hoc test applied to significant-effect of genotype; F(3,27) � 5.08;
p � 0.01) (Fig. 1c). In the repeated-reversal version of this task,
both APPswe and APPswe/PS1dE9 groups learned new platform
locations more slowly than other enriched mice (genotype-by-
trial interaction; F(24,216) � 2.53; p � 0.02) (Fig. 1d). Enriched
NTg and PS1dE9 mice required only one trial to significantly
shorten their swim path to the platform (trial 1 vs trial 2; p �
0.001; Newman–Keuls post hoc test applied to significant interac-
tion) and reach an asymptotic level of performance (no other
significant differences between trials 2–10; Newman–Keuls post
hoc test), whereas APPswe and APPSwe/PS1dE9 mice were un-
able to demonstrate such one-trial learning (trial 1 vs trial 2; p �
0.3). These data indicate that enrichment did not completely re-
solve cognitive deficits in the A�-overproducing mice and that
the benefit provided by enrichment may be more limited in mice
that have already accumulated amyloid plaques (APPswe/

PS1dE9). Nonetheless, by all measures, enrichment normalized
the performance of both APPswe and APPswe/PS1dE9 mice to
the level of standard-housed NTg mice (ANOVAs; F � 0.20 –
1.88; p � 0.19) or better (APPswe mice; distance and time in the
correct quadrant; F(1,15) � 6.02– 8.84; p � 0.03). Thus, cognitive
deficits associated with the overproduction of APPswe and A�
can be significantly mitigated by environmental enrichment.

A� levels are increased by enrichment
Recent work by Kamenetz et al. (2003) demonstrated that neu-
ronal activity controls the formation and secretion of A� in vitro.
To address whether synaptic enhancements associated with en-
richment would lead to similar changes in A� levels in vivo, we
analyzed peptide levels in single-transgenic APPswe mice that do
not develop amyloid deposits until well after 12 months of age
(Savonenko et al., 2003). Lacking a reservoir of insoluble A�,
analysis of the single-transgenic animals allows for unequivocal
determination of whether enrichment increases steady-state A�
levels in the brain. Quantitative ELISA (Kawarabayashi et al.,
2001) revealed a specific increase in A�42 from enriched APPswe
mice compared with their standard-housed counterparts (25.05
pmol/g control vs 36.95 pmol/g enriched; F(1,14) � 4.57; p �
0.0507) (Fig. 2b). Analysis of hippocampal A� levels in NTg mice
confirmed that endogenous A� peptides (both A�40 and A�42)
were also elevated by enrichment (see supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material), demon-
strating that the effects seen here are not specific to the transgene
product. The effect of enrichment on A� levels was magnified in
the double-transgenic animals, in which extra A� generated by
enrichment was trapped in amyloid deposits. Compared with
their standard-housed counterparts, enriched APPswe/PS1dE9
mice contained over 50% more A�42 (27.04 nmol/g control vs
41.73 nmol/g enriched; F(1,16) � 42.70; p � 0.0001) and twice the

Figure 2. Hippocampal A� levels are increased by enrichment. a– d, Sandwich ELISA was
used to measure human A�40 and A�42 in formic acid extracts from enriched and standard-
housed mice. a, b, Enriched APPswe single-transgenic animals display a specific increase in
A�42 (F(1,14) � 4.57; p � 0.05), with no significant change in A�40 (F(1,14) � 1.24; p � 0.28;
n � 9 control; n � 8 enriched). One outlier (data not shown), with A� levels �3 SDs from the
group mean, was removed from the control cohort before statistical analysis. c, d, Enrichment
increases the level of both peptides in APPswe/PS1dE9 double-transgenic mice (A�42:
F(1,16) � 42.70, p � 0.0001; A�40: F(1,16) � 55.14, p � 0.0001; n � 11 control; n � 8
enriched). F, Enriched; E, control. Error bars represent mean � SEM. *p � 0.05; ***p �
0.0005.
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amount of A�40 (6.80 nmol/g control vs 13.56 nmol/g enriched;
F(1,16) � 55.15; p � 0.0001) (Fig. 2d).

Enrichment augments amyloid deposition in
APPswe/PS1dE9 mice
Silver staining of brain sections verified that at the ages tested, the
cortex and hippocampus of only double-transgenic APPswe/
PS1dE9 mice contained amyloid plaques. Using nonbiased stere-
ology, we estimated the fractional area of the hippocampus cov-
ered by neuritic plaques in each double-transgenic animal.
Ubiquitin immunohistochemistry, which identifies plaques by
the accumulation of this protein in dystrophic neurites, was cho-
sen for stereology because it labels plaques with well defined bor-
ders and little nonspecific background as required for counting at
high-power magnification. Consistent with the A� levels ob-
served by ELISA (Fig. 2), the area occupied by neuritic plaques in
enriched APPswe/PS1dE9 mice was 25% greater than in
standard-housed double-transgenic animals ( p � 0.005) (Fig. 3).
Importantly, the variance in neuritic plaque measures was no
greater in the enriched mice than in standard-housed controls
(1.415 vs 0.748%; p � 0.20), suggesting that the wide range in
neuritic plaque burden observed in our previous study of hybrid
animals (Jankowsky et al., 2003) was influenced by genetic vari-
ation between individuals.

Discussion
In the present study, we show that environmental enrichment
significantly improves several measures of cognitive performance
in a mouse model of Alzheimer’s disease. Transgenic animals
overproducing APPswe and A� kept in standard cages show sub-
stantial cognitive deficits in learning and memory compared with
their NTg littermates. Exposure to complex housing before the
onset of amyloid formation essentially eliminates these deficits in
APPswe single-transgenic mice, consistent with a previous,
more-limited study of similar mice (Arendash et al., 2004). We
show that enrichment also enhances the performance of APPswe/
PS1dE9 mice with fulminant amyloid pathology, although their
improvement was more limited. This behavioral recovery oc-
curred in the enriched mice despite elevated steady-state levels of
both endogenous- and transgene-derived A�. We suggest that
this outcome is consistent with the theory of cognitive reserve in
human patients; the enriched mice were able to withstand a
greater degree of pathological insult than their standard-housed
counterparts with less cognitive decline. Our findings show that
environmental factors can strongly modulate the pathological
and behavioral progression of Alzheimer’s in a mouse model that
recapitulates these aspects of the disease.

Several decades of work have established that environmental en-
richment can dramatically improve the cognitive abilities of healthy
animals. Recent studies have shown that environmental stimulation
also aids recovery from multiple forms of brain injury, including
traumatic brain lesion (Will et al., 1977; Kolb and Gibb, 1991; Rose et
al., 1993; van Praag et al., 2000, and references therein), status epi-
lepticus (Faverjon et al., 2002; Rutten et al., 2002), and ischemia
(Farrell et al., 2001; Dahlqvist et al., 2004; Gobbo and O’Mara, 2004).
Enrichment also rectifies genetically induced cognitive deficits, such
as those associated with hippocampal deletion of NMDA receptor 1
(Rampon et al., 2000). Even innate cognitive decline associated with
aging is forestalled by exposure to enriched housing (Kubanis et al.,
1982; Soffie et al., 1999; Frick and Fernandez, 2003). Our findings
demonstrate that the benefits of environmental enrichment also ex-
tend to a mouse model for Alzheimer’s disease, in which exposure to

environmental stimulation can abate the behavioral consequences
of APPswe and/or A� overproduction.

In the course of this study, we discovered a previously unrec-
ognized sexual dimorphism in the age at which cognitive deficits
first appear in C57BL/6 congenic mice overexpressing APPswe.
We find that standard-housed female APPswe mice show signs of
cognitive decline by 8 months of age, long before the appearance
of amyloid deposits. In contrast, previous studies of male animals
from the same APPswe and PS1dE9 lines have found that cogni-
tive deficits do not appear in male mice until much later, corre-
sponding to the onset of amyloid deposition (Savonenko et al.,
2005). We also note that in some transgenic mouse models (Cal-
lahan et al., 2001), including ours (Wang et al., 2003), female
mice develop amyloid pathology earlier than males. Collectively,
these data indicate that gender strongly influences the response to

Figure 3. Enriched mice develop more amyloid than age-matched controls. a– d, Hip-
pocampal sections stained for amyloid with 4G8 (a, b) or Hirano modified silver (c, d). These
images were taken from an APPswe/PS1dE9 sibling pair separated after weaning into enriched
(b, d) or standard (a, c) housing and killed at 9 months of age. Magnification, 100�. e, Ubiq-
uitin immunostaining, which labels dystrophic neurites surrounding dense-core deposits, was
used to quantify amyloid burden by nonbiased stereology. Magnification, 400�. f, Average
plaque load (percentage of surface area occupied by ubiquitin-positive neuritic deposits) for
each animal (n � 11 control; n � 8 enriched). g, Average plaque load in each cohort. Error bars
represent mean � SEM. ***p � 0.005. h, Plaque load versus age at harvest for each animal.
Most enriched mice have higher amyloid burdens than controls of similar age. EE, Enriched.
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APPswe/A� overproduction in transgenic models of Alzheimer’s
disease.

We find it intriguing that Lazarov et al. (2005) reported a
much different pathological outcome after exposure to environ-
mental stimulation in male mice from the same interbred lines
used in the present study (C3-3 � S-9). In contrast to our find-
ings, Lazarov et al. (2005) reported that periodic exposure to an
enriched cage with unhindered access to an exercise wheel signif-
icantly reduced amyloid burden in male APPswe � PS1dE9
transgenic mice. Previous studies comparing the response to en-
richment in male and female rats suggest that gender may influ-
ence the response to environmental stimulation (Wagner et al.,
2002). With the enrichment paradigm used here, involving fe-
male mice, we have consistently observed increased neuritic
plaque burden in response to enrichment. This outcome has oc-
curred in two experiments using independent lines of APPswe/
PS1dE9 transgenic mice, one coinjected (line 57) (Jankowsky et
al., 2003) and one interbred (lines C3-3 � S-9). Importantly, in
the present study, we have generated closely age-matched ani-
mals that allowed our enriched cohorts to remain intact from
start to finish. This change eliminates a potential source of social
stress that was suggested as a mechanism for increased amyloid
deposition observed in our previous study (Lazarov et al., 2005;
Marx, 2005). Therefore, we believe that the divergent outcomes
observed in male and female mice may represent a sexually di-
morphic response to environmental stimulation.

In addition to the obvious gender differences, several other
procedural aspects may have contributed to the distinct out-
comes described here and by Lazarov et al. (2005). The enrich-
ment housing used by Lazarov et al. (2005) emphasizes physical
exercise: they provide one wheel for every two enriched mice. In
this arrangement, the greatest benefit was found in the three an-
imals that showed the highest levels of physical activity. In our
paradigm, aerobic activity was not emphasized; animals shared
access to two exercise wheels in each cage. Lazarov et al. (2005)
proposed that in this setting, hierarchical competition for access
to the wheels might have blunted the benefit of enrichment.
However, both the number of animals in each enrichment cage
(16) and the ratio of mice to exercise wheels (8:1) (as well as the
cages themselves) were taken directly from the experiments of
Kempermann et al. (1997) and van Praag et al. (1999), in which
12–14 mice share access to one wheel. Other significant differ-
ences between the two studies include continuous exposure to
the enriched caging (including the dark phase of the day–night
cycle when mice are normally most active) and more complex
social interaction in our paradigm. Careful dissection of the in-
dividual and combined effects of exercise and social activity sug-
gest that the greatest functional benefit is obtained when both are
provided (Johansson and Ohlsson, 1996; Risedal et al., 2002).
Thus, in addition to gender, experimental differences between
our study and that of Lazarov et al. (2005) might also contribute
to the contrasting outcomes. Collectively though, these two stud-
ies provide strong experimental evidence that mental and physi-
cal activity can modulate the expression of Alzheimer’s-related
pathological and cognitive abnormalities.

The mechanism by which A� levels increase in our mice after
enrichment is not yet clear. Work by Kamenetz et al. (2003) has
shown that synaptic activity can increase the production of A� in
cultured hippocampal neurons by enhancing �-APP processing
by BACE1 (�-site APP-cleaving enzyme). The environmental
enrichment paradigm we used is known to enhance synaptic
strength and connectivity (reviewed in van Praag et al., 2000).
Thus, the elevated A� levels we observed after enrichment may

result from environmental stimulation of synaptic activity as seen
by Kamenetz et al. (2003) after pharmacological stimulation. Al-
ternatively, several groups have shown that production of endog-
enous APP can be increased by enrichment, which could be pro-
cessed to generate a proportionate gain in A� (Huber et al., 1997;
Teather et al., 2002).

Of course, steady-state levels of A� are a balance between
production and clearance; A� levels could also be increased by
slowing degradation or by lowering sequestration of the peptide
(Eckman et al., 2001; Iwata et al., 2001; Farris et al., 2003). Con-
sistent with this mechanism, brain extracts from enriched male
APPswe � PS1dE9 mice have almost twice the amount of nepri-
lysin activity as their standard-housed counterparts (Lazarov et al.,
2005). Because neprilysin activity was not examined in differentially
housed nontransgenic animals, it is not clear whether the upregula-
tion observed in APPswe � PS1dE9 mice is a general consequence of
enrichment or an effect specific to animals with amyloid deposits. In
the same study, male APPswe � PS1dE9 were also reported to show
dramatic elevations in mRNA encoding transthyretin, a potentially
protective factor thought to sequester A� (Stein et al., 2004). How-
ever, this correlation was observed only in a subset of mice derived
from one breeding pair (n � 2 standard housed; n � 5 enriched) and
could not be confirmed in the complete cohort. In the present study,
we have used large cohorts of mice (n � 8 per genotype enriched;
n � 8–11 per genotype standard housed) to demonstrate that envi-
ronmental enrichment increases steady-state levels of both trans-
gene-derived and endogenous A�. We believe increased APP pro-
cessing and A� secretion associated with synaptic activity (Kamenetz
et al., 2003) to be the most likely explanation for our findings, con-
sistent with the well documented effects of enrichment on neuronal
structure and function [see van Praag et al. (2000) for review of
enrichment-associated synaptic changes and supplemental Fig. 2
(available at www.jneurosci.org as supplemental material) for fur-
ther discussion of mechanism].

The amyloid hypothesis of Alzheimer’s disease posits that ex-
cess A� initiates a pathological cascade leading to dementia
(Hardy and Higgins, 1992; Hardy and Selkoe, 2002). Consistent
with this hypothesis, transgenic mice overproducing APP and A�
have repeatedly shown cognitive deficits in tests of learning and
memory (for review, see Janus and Westaway, 2001; Dodart et al.,
2002; Higgins and Jacobsen, 2003). These animals harbor A�
levels severalfold over endogenous (300 –500%) but have been
reared almost universally under impoverished conditions of
standard colony cages. We suggest that the substantial improve-
ment in brain function produced by enrichment outweighs the
impairment caused by a relatively mild elevation in steady-state
A� load (�50%). By this interpretation, our results do not con-
tradict the amyloid hypothesis but suggest that the progression
from A� pathology to dementia can be modified by environmen-
tal factors. This refinement to the amyloid hypothesis is implicit
in the cognitive reserve theory, and several dozen epidemiological
studies have demonstrated the influence of education, occupa-
tion, and lifestyle choices on the development of dementia (for
review, see Stern, 2002; Scarmeas and Stern, 2003). Moreover,
multiple studies from the clinical literature have documented
patients with preserved cognitive function despite the presence of
neuritic plaques and/or neurofibrillary tangles at levels normally
diagnostic of Alzheimer’s disease (Katzman et al., 1988; Dickson
et al., 1992; Sparks et al., 1993, 1995, and references therein; Davis
et al., 1999). Thus, the brain has the capacity to surmount signif-
icant insult and yet remain functionally intact.

Overall, these experiments indicate that environmental en-
richment can substantially attenuate cognitive deficits associated
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with elevated levels of A� in APPswe and APPswe/PS1dE9 trans-
genic mice. Improvements were observed in multiple
hippocampal-dependent tasks, indicating that enrichment had a
strong impact on this key cognitive system. Perhaps most impres-
sive were the cognitive improvements shown by APPswe/PS1dE9
animals despite enrichment-induced increases in amyloid pa-
thology. These data suggest that environmental influences could
be one mechanism behind the wide variation of disease onset and
progression in the human Alzheimer’s disease population and
may explain the lack of correlation between amyloid pathology
and cognitive symptoms in repeated clinical studies. Our study
provides experimental evidence that even in the face of
Alzheimer’s-related pathological lesions, the function of the ner-
vous system can be substantially influenced by environmental
factors.
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