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Abstract

Enriched environment exposure improves several aspects of cognitive performance in Alzheimer’s disease patients and in
animal models and, although the role of amyloid plaques is questionable, several studies also assessed their response to
enriched environment, with contrasting results. Here we report that rearing APPSwe/PS1L166P mice in an enriched
environment since birth rescued the spatial memory impairment otherwise present at 6 months of age. At the same time,
the exposure to the enriched environment caused a transient acceleration of plaque formation, while there was no effect on
intracellular staining with the 6E10 antibody, which recognizes b-amyloid, full length amyloid precursor protein and its C-
terminal fragments. The anticipation of plaque formation required exposure during early development, suggesting an
action within critical periods for circuits formation. On the other hand, chronic neuronal activity suppression by tetrodotoxin
decreased the number of plaques without affecting intracellular amyloid. These results indicate that enriched environment
exposure since early life has a protective effect on cognitive deterioration although transiently accelerates amyloid
deposition. In addition, the effects of the enriched environment might be due to increased neuronal activity, because
plaques were reduced by suppression of electrical signaling by tetrodotoxin.

Citation: Montarolo F, Parolisi R, Hoxha E, Boda E, Tempia F (2013) Early Enriched Environment Exposure Protects Spatial Memory and Accelerates Amyloid
Plaque Formation in APPSwe/PS1L166P Mice. PLoS ONE 8(7): e69381. doi:10.1371/journal.pone.0069381

Editor: Anthony E. Kline, University of Pittsburgh, United States of America

Received March 28, 2013; Accepted June 7, 2013; Published July 24, 2013

Copyright: � 2013 Montarolo et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The experiments were supported by grants from: Ministero dell’Istruzione, Università e Ricerca scientifica (PRIN-2007) and Fondazione Cassa di
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Introduction

Alzheimer’s disease (AD), a severe neurodegenerative disorder,

is the most common form of dementia. Affected individuals show

progressive memory loss, difficulties in learning, diminished recall

accuracy and impaired problem solving [1]. The hallmarks of the

disease are amyloid deposits of aggregated b-amyloid (Ab) peptides

and intracellular neurofibrillary tangles composed of hyperpho-

sphorylated tau protein. Ab is a 38–42 amino acid peptide

produced by the sequential cleavage of the amyloid precursor

protein (APP) by b- and c-secretases and its accumulation in brain

seems to be the primary early event driving the pathogenesis [2,3].

Rare familial cases of AD (FAD) are caused by mutations of the

amyloid precursor protein gene (APP) or of some of the proteins

forming the c-secretase enzyme complex (PSEN1, coding for

presenilin 1, PSEN2, coding for presenilin 2) while the vast

majority of AD cases are sporadic, late-onset forms of the disease,

suggesting that environmental factors may play a role in etiology.

Additionally, a number of epidemiological studies have identified

education and advanced occupational attainment as environmen-

tal factors that can affect the risk of developing AD. Indeed a

reduced risk of developing AD is reported in individuals that

follow a lifestyle including enriched social, physical and/or

cognitive activities [4–8].

In order to study the mechanisms responsible for this protective

effect, a recent and growing number of studies has been aimed at

assessing the consequences of physical and cognitive activity in

mouse models of AD. Rearing animals in an enriched environ-

ment (EE) is a noninvasive strategy to enhance neuronal activity

in vivo, which allowed to establish that brain structure and function

are dynamically responsive to experience [9]. In EE, experimental

animal models are exposed to a complex array of stimuli (e.g. toys,

obstacles and tunnels), and allowed to freely experience voluntary

physical activity. This is often further enriched by exposing the

animals to an enhanced social environment. Numerous studies

indicate that EE promotes plastic modifications of the neuronal

circuits, including dendritic growth, axonal branching and spine

formation ([10–12], for a thorough review of the effects of

enriched environment, see [13]). These modifications are more

robust if EE is applied in specific time windows during postnatal

life, named critical periods, during which neural circuits display a

heightened sensitivity to acquire instructive and adaptive signals

from the external environment, but some EE-induced plastic

phenomena can be detected also during the adulthood.

Previous experiments in adult AD transgenic mice have clearly

shown that spatial learning and other cognitive functions are

improved by exposure to EE [14–19], but they yielded contrasting

results regarding the effects of EE on amyloid plaques. Briefly, on

one hand, Jankowsky et al. [16,20] have shown that exposure to

PLOS ONE | www.plosone.org 1 July 2013 | Volume 8 | Issue 7 | e69381



EE causes an increase in plaque formation in hippocampus of

APPSwe/PS1DE9 transgenic mice; on the other hand Lazarov et al.

[15] reported a pronounced reduction in cerebral Ab levels in the

same APPSwe/PS1DE9 mice, while Arendash et al. [14] observed

no change in Ab deposition in aged APPSwe transgenic mice.

It is likely that the effects of EE are due, at least in part, to

experience-dependent increases in neuronal activity, but this issue

has not been directly investigated. Different lines of evidence

support the idea that neuronal activity may modulate Ab
production and deposition. Neuronal stimulation in vitro, positively

regulates APP processing at the b–secretase site, inducing an

increase in APP-cleavage products with a consequent increase in

Ab production and secretion into the interstitial fluid [21–23].

This is in line with the observation that the areas of the human

brain with the highest default activity, including the medial

temporal lobe, are among the most vulnerable to early AD

pathology [24]. While synaptic activity has been shown to affect

the rate of Ab secretion from neurons, decreased levels of

intracellular Ab deposits (possibly due to its release in the

extracellular milieu) are associated with protection from the loss

of synaptic contacts [25,26]. The intracellular accumulation of

APP/Ab has been proposed as the early toxic event initiating the

cognitive decline [27,28]. However, the nature of intracellular

staining with Ab antibodies has been questioned, since these

studies utilized antibodies that also detect full-length APP or

intermediate APP cleavage products, while Ab-specific antibodies

do not result in intracellular labeling [29]. For this reason, it is

more correct to refer to APP/Ab intracellular staining instead of

simply intracellular Ab [29]. Thus, such APP/Ab intracellular

immunoreactivity has been linked to the first cognitive deficits

[27,28]. However, the effect of a physiological neuronal stimula-

tion, as obtained by exposure to an EE, on intracellular APP/Ab
has not been investigated.

Figure 1. Age-related amyloid deposition in APPSwe/PS1L166P mice. (A) Representative images of coronal sections of hippocampus (a; d; g; j;
m), entorhinal (b; e; h; k; n) and primary motor (c; f; i; l; o) cortex of 1- (a; b; c), 2- (d; e; f), 4- (g; h; i), 6- (j; k; l) and 12- (m; n; o) month-old APPSwe/
PS1L166P mice, immunostained with 6E10 antibody. Note APP/Ab intracellular immunoreactivity of the pyramidal cell layer in the CA1 region of
hippocampus (*), already present at 1 month of age, and the presence of small extracellular amyloid deposits (some examples are indicated by
arrows) at 2 months. Note also the presence of compact extracellular amyloid deposits (arrows) beginning from 4 months. At 12 months of age, these
amyloid deposits cover a large area of hippocampus, entorhinal and primary motor cortex while the APP/Ab intracellular staining is weak. Calibration
bar, 300 mm. (B) Quantitative analysis of extracellular amyloid load in hippocampus (a; b), entorhinal (c; d) and primary motor cortex (e; f) in terms of
plaque number (a; c; e) and plaque size (b; d; e) in 1-, 2-, 4-, 6- and 12-month-old APPSwe/PS1L166P mice. The analysis showed an increase beginning
from 2 to 12 months of age for hippocampus (a; b), entorhinal cortex (c; d) and primary motor cortex (e; f) in terms of plaque number (a; c; e) and
plaque size (b; d; f) (n = 5 in each group, three sections per mouse, three frames per section, * P,0.05, One-way ANOVA). Error bars represent SEM.
(HIP, hippocampus; EC, entorhinal cortex; PMC, primary motor cortex).
doi:10.1371/journal.pone.0069381.g001

Enriched Environment Effects in AD Model Mice
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Here, we examined the effects of the enhanced neuronal activity

induced by EE on amyloid deposition and cognitive performance

in APPSwe/PS1L166P mice, that have high Ab1–42/Ab1–40 ratio

causing an earlier and stronger brain accumulation of amyloid

deposits compared to most other murine AD models [30]. In

agreement with previous studies we show that, also in APPSwe/

PS1L166P mice, EE improves spatial memory. Amyloid plaques are

transiently increased, but only in mice exposed to EE in a time

window that includes the critical periods of experience-dependent

circuits formation and refinement. We confirm that these effects

may be attributed to neuronal activity, as its suppression causes a

significant decrease in plaque deposition. Finally, we show that

intracellular APP/Ab levels are not influenced by neuronal

activity, suggesting a minor role of intracellular amyloid deposits

in cognitive deterioration.

Materials and Methods

1 Animals
Female hemizygous APPSwe/PS1L166P transgenic mice (n = 103)

and wild-type littermates (n = 83) were maintained in C57BL/6J

genetic background and used for all experimental paradigms.

APPSwe/PS1L166P double transgenic mice express mutated APP

(KM670/671NL, Swedish mutation) and PSEN1 (L166P) under

the control of a neuron-specific Thy1 promoter element [30]. They

were obtained from Dr. Mathias Jucker, Hertie-Institute for

Clinical Brain Research, University of Tübingen (Germany). The

animal experimental procedures were approved by the Bioethical

Committee of the University of Torino (July 7, 2010 and

September 14, 2011) and by the Italian Ministry of Health

(Experimental Protocol Communications of December 6, 2010

and October 17, 2011).

Figure 2. Time course of intracellular APP/Ab immunoreactivity in APPSwe/PS1L166P mice. Representative images of coronal sections of
hippocampal pyramidal cell layer (A9), entorhinal (A99) and primary motor (A999) cortex of APPSwe/PS1L166P mice, at the peak of intracellular 6E10
immunostaining positivity. Calibration bar, 50 mm. (B-I) Quantitative analysis of APP/Ab immunoreactivity in the intracellular compartment in
hippocampal pyramidal cell layer (B; C), entorhinal (D; E; F) and primary motor cortex (G; H; I) in terms of APP/Ab+ optical density (B; E; H),
hippocampal pyramidal cell layer thickness (C), cell number (D; G) and cell size (F; I) in 1-, 2-, 4-, 6- and 12-month-old APPSwe/PS1L166P mice. The APP/
Ab+ optical density of the intracellular compartment in hippocampal pyramidal cell layer (B) and the APP/Ab+ cell number in both entorhinal (D) and
primary motor (G) cortex showed age-related differences. The hippocampal pyramidal cell layer thickness (C) and the APP/Ab+ cell size in both
entorhinal (F) and primary motor cortex (I) showed no age-related differences (n = 5 in each group, three sections per mouse, three frames per
section, * P,0.05, One-way ANOVA). Error bars represent SEM. (AU, arbitrary units; HIP, hippocampus; EC, entorhinal cortex; PMC, primary motor
cortex).
doi:10.1371/journal.pone.0069381.g002

Enriched Environment Effects in AD Model Mice
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2 Histological Procedures
APPSwe/PS1L166P and wild-type mice were deeply anesthetized

and transcardially perfused with 4% paraformaldehyde in 0.12 M

phosphate buffer, pH 7.2–7.4. The brains were removed and

immersed in the same fixative at 4uC for 24 hours and then

cryoprotected in 30% sucrose in 0.12 M phosphate buffer. Brains

were frozen and serially cut by a cryostat in 30 mm-thick coronal

sections collected in phosphate buffered saline (PBS). In order to

detect amyloid deposits, one series was incubated overnight at 4uC
with the monoclonal anti-human b-amyloid antibody (1–16, 6E10,

1:300; Covance) diluted in PBS with 0.25% Triton X-100 and

1.5% normal goat serum. Another series was incubated with the

monoclonal anti-NeuN antibody (MAV377, 1:1000; Millipore), in

order to selectively stain neurons. Immunohistochemical reactions

were performed by the avidin–biotin–peroxidase method (Vectas-

tain ABC Elite kit; Vector Laboratories, Burlingame, CA, USA)

and revealed using 3,39-diaminobenzidine (3% in Tris–HCl) as

chromogen. Morphometric analysis of the sections was performed

by means of the Neurolucida system (MicroBrightField, Williston,

VT, USA) and ImageJ software (http://rsbweb.nih.gov/ij/index.

html). For extracellular deposition, APP/Ab positive plaque

number (plaque number/mm2) and size (mm2) were quantified

while for intracellular staining we quantified APP/Ab positive cell

number (cell number/mm2), size (mm2), pixel intensity (optical

density, AU) and hippocampal pyramidal cell layer thickness (mm).

For each parameter at least 3 sections for animal were evaluated.

3 Behavioural Tests
Spatial learning and memory of 2-, 4- and 6-month-old

APPSwe/PS1L166P and wild-type mice was investigated by means

of Morris water maze [31] and eight arm radial maze tests (see

Supporting Information Text S1 for details). The mazes were

Figure 3. Twelve-month-old APPSwe/PS1L166P mice do not reveal a reduction in neuronal cell number. Representative images of coronal
hippocampal sections of 12 month old wild-type (A; C) and APPSwe/PS1L166P (B; D) mice stained with the neuron-selective NeuN antibody. The
images show that there is no evident cell loss at 12 months of age in the hippocampus of APPSwe/PS1L166P mice. Calibration bars, 250 mm (A; B);
25 mm (C; D). The analysis of NeuN immunostaining in entorhinal (E) and primary motor (F) cortex of wild-type and APPSwe/PS1L166P mice revealed
that also in these structures there is no significant loss of cells at 12 months of age (n = 5 in each group, three sections per mouse, three pictures per
sections, Student’s t-test). Error bars represent SEM. (HIP, hippocampus; HIP PYR LAYER; hippocampal pyramidal layer; EC, entorhinal cortex; PMC,
primary motor cortex).
doi:10.1371/journal.pone.0069381.g003

Enriched Environment Effects in AD Model Mice
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located in a room with numerous extra-maze cues visible to the

mice during testing. The behavioral tests were performed by an

individual blinded to the animal’s genotype.

4 Enriched/Standard Environment Conditions
The enriched environment (EE) consisted of a large cage (80 6

50 6 80 cm) with multiple floors and with a wire mesh lid

containing several food hoppers, running wheels and differently

shaped and colored objects (i.e., tunnels, shelters, stairs and boxes)

that were completely substituted with others once every ten days.

The cage housed at least 15–20 mice. The standard environment

(SE) consisted of standard laboratory cages (26 6 42 6 18 cm)

without objects, housing 4–5 mice. Pregnant hemizygous female

APPSwe/PS1L166P mice were housed in an EE or SE cage and

their offspring remained there until 2, 4 or 6 months of age. At the

end of the EE/SE period, APPSwe/PS1L166P and wild-type mice

underwent behavioral tests and then histological procedures. In

addition, a group of APPSwe/PS1L166P mice housed in SE for the

first two months of life was exposed to EE until four months of age

and then analyzed. The control groups were represented by

APPSwe/PS1L166P and wild-type mice reared in SE since birth

until four months of age.

5 Micro-osmotic Pump Implantation
APPSwe/PS1L166P mice of 2 months of age were anaesthetized

with an intraperitoneal injection of ketamine (100 mg/kg;

Ketavet; Bayer, Leverkusen, Germany) supplemented by xylazine

(5 mg/kg; Rompun; Bayer, Leverkusen, Germany) and placed in a

stereotaxic apparatus. After stereotaxic determination a small hole

was obtained using a high-speed dental drill. A 28 gauge stainless

steel cannula was inserted into the dorsal hippocampus (with the

tip reaching 1.5 mm below the surface) and fixed to the skull by

dental cement. The cannula was connected by a polyvinyl chloride

tubing to a micro-osmotic pump (Alzet model 1004, Cupertino,

CA, USA), containing 10 mM tetrodotoxin (TTX, Tocris

Bioscience, United Kingdom) dissolved in a saline solution

(n = 6). All control animals received the saline solution alone

(vehicle, n = 6). The stereotaxic coordinates for the cannula

implantation were determined according to the atlas of Paxinos

& Franklin [32]: 1.82 mm posterior to the bregma and 1 mm

lateral to the midline. According to the manufacturer’s standards,

these micro-osmotic pumps infuse solutions at 0.11 ml/hr for 28

days. After securing the cannula, the connected micro-osmotic

pump was inserted into a preformed subcutaneous pocket along

the back. Finally, mice were returned to their cages with water and

food ad libitum. At the end of the experiments, the animals were

sacrificed to proceed with the histological analysis.

6. Statistics
Data are presented as mean value 6 SEM. Unless otherwise

indicated, n = number of animals. Statistical significance was

assessed by Student’s t-test, One-way ANOVA and Two-ways

Repeated-Measures ANOVA, as appropriate. All the graphs were

designed using Graph Pad Prism software (San Diego California,

USA) and statistical tests were performed by means of SPSS

software (SPSS Inc., Chicago, IL, USA). P values lesser than 0.05

were accepted as significant.

Results

1. Age-related Amyloid Deposition in APPSwe/PS1L166P

Mice
Previous work showed that by 2 months of age hemizygous

APPSwe/PS1L166P mice develop a severe Ab1–42-driven cerebral

Figure 4. Inverse correlation between intra- and extracellular
APP/Ab immunoreactivity in APPSwe/PS1L166P mice. A significant
inverse relationship exists between intracellular APP/Ab immunoreac-
tivity and number of amyloid plaques in APPSwe/PS1L166P mice of
different ages in hippocampus (A), entorhinal (B) and primary motor
cortex (C). In hippocampus intracellular staining is represented by the
optical density of 6E10 staining in the pyramidal cell layer; in entorhinal
and primary motor cortex intracellular staining is represented by APP/
Ab+ cell number/mm2. (HIP, hippocampus; EC, entorhinal cortex; PMC,
primary motor cortex).
doi:10.1371/journal.pone.0069381.g004

Enriched Environment Effects in AD Model Mice
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amyloidosis, with amyloid lesions typical of AD spreading from the

cortical areas to the rest of the brain [30]. As a first step, we

characterized the time course of amyloid immunoreactivity in

APPSwe/PS1L166P mice from 1 to 12 months of age. The 6E10

antibody used in this study recognizes an epitope within the Ab
domain (Ab1–16) and therefore it detects both full-length APP and

APP cleavage products containing the Ab domain, including the

Ab1–40/42 peptide [29]. We refer to such 6E10 targets as APP/Ab
[29]. The progressive formation of Ab plaques and intracellular

deposits was studied in hippocampus and entorhinal cortex

because they are the earliest and most severely affected areas in

AD, and functional deficits in these structures are related to the

first symptoms of memory impairment in AD patients [33]. We

also analyzed the primary motor cortex, which is relatively spared

both in early and late onset AD [34,35] while in APPSwe/PS1L166P

mice shows a strong expression of the transgenes [30]. A

progressive deposition of extracellular Ab in plaques was detected

in APPSwe/PS1L166P brain (Fig. 1). Notably, amyloid plaques were

almost absent in 1-month-old APPSwe/PS1L166P (hippocampus:

0.860.1 plaque number/mm2; entorhinal cortex: 0.260.1 plaque

number/mm2; primary motor cortex: 0.560.1 plaque number/

mm2) and beginning from 2 months of age (hippocampus: 1.460.1

plaque number/mm2; entorhinal cortex: 2.860.3 plaque number/

mm2; primary motor cortex: 2.060.7 plaque number/mm2) they

showed a progressive increase until the last time point analysed of

12 months (hippocampus: 66.8611.3 plaque number/mm2;

entorhinal cortex: 60.665.8 plaque number/mm2; primary motor

cortex: 47.4.67.0 plaque number/mm2). The largest increase of

APP/Ab positive plaques number and size occurred between 2

and 4 months (Fig. 1). The extracellular deposition was preceded

by intracellular APP/Ab immunoreactivity (Fig. 2A). Although at

later time points some APP/Ab positive astrocytes and microglial

cells could be detected (data not shown and ref. [36]), within the

time window analyzed in our work APP/Ab intracellular

immunoreactivity exclusively pertained to neuronal somata

(Fig. 2A). In the hippocampus, the APP/Ab intracellular

immunoreactivity was confined to the pyramidal cell layer,

especially in the CA1 region, showing a compact APP/Ab

Figure 5. Six-month-old APPSwe/PS1L166P mice show a defect in spatial learning and memory compared to their wild-type
littermates. Left panels: Morris water maze test. Average spatial memory performance during the acquisition phase expressed as escape latency
over four daily sessions of four consecutive trials in 2- (A), 4- (D) and 6- (G) month-old wild-type and APPSwe/PS1L166P mice (n = 8 in each group, *
P,0.05 genotype effect, Two-way Repeated-Measures ANOVA). Average accuracy ratio of 2- (B), 4- (E) and 6- (H) month-old wild-type and APPSwe/
PS1L166P mice tested in the probe trial 24 h after the last acquisition session (day 5) (n = 8 in each group, *: P,0.05, Student’s t-test). Right panels:
eight radial arm maze test. The number of errors is plotted versus the day of testing in 2- (C), 4- (F) and 6- (I) month-old wild-type and APPSwe/PS1L166P

mice. (n = 8 in each group, * P,0.05 genotype effect, Two-way Repeated-Measures ANOVA). Error bars represent SEM. (WT, wild-type).
doi:10.1371/journal.pone.0069381.g005

Enriched Environment Effects in AD Model Mice

PLOS ONE | www.plosone.org 6 July 2013 | Volume 8 | Issue 7 | e69381



Enriched Environment Effects in AD Model Mice

PLOS ONE | www.plosone.org 7 July 2013 | Volume 8 | Issue 7 | e69381



staining (Fig. 1, asterisk and Fig. 2A9). In the hippocampal CA1

pyramidal layer, the intensity of the intracellular APP/Ab staining

peaked at 4 months of age (optical density: 40.2965.77 AU)

(Fig. 2B), while the number and size of the APP/Ab-positive cells,

(quantified as the thickness of the 6E10 labelled layer due to the

high compactness/cellularity of such area), did not change

throughout the mouse lifespan (Fig. 2C). In the entorhinal and

primary motor cortices, the intracellular amyloid accumulation

developed with a parallel time course, without any significant

difference (Two way ANOVA, P.0.05). In these areas, in 1-

month-old APPSwe/PS1L166P mice a significant number of cells

showed intracellular APP/Ab reactivity (entorhinal cortex:

99.6066.96 cells/mm2; primary motor cortex: 193.3365.85

cells/mm2). At 2 months the number of labelled cells was higher

(entorhinal cortex: 140.07614.43 cells/mm2; primary motor

cortex: 244.51616.48 cells/mm2), but thereafter it began to

decline (4 and 6 months) reaching low levels at 12 months

(entorhinal cortex: 56.3564.32 cells/mm2; motor cortex:

91.78616.14 cells/mm2; Fig. 2D, G). The cells labelled by the

6E10 antibody showed no changes in size (Fig. 2F; 2I) or

intracellular APP/Ab content (optical density of the staining;

Fig. 2E; 2H) either in entorhinal (Fig. 2D–F) or in primary motor

cortex (Fig. 2G–I). The reduction of the number of APP/Ab
positive cells was not attributable to cell loss. In fact, 12-month–old

APPSwe/PS1L166P mice didn’t show any significant decrease in the

total number of neurons relative to their wild-type controls (Fig. 3).

To better quantify the relationship between the intracellular and

the extracellular amyloid pools, the intracellular APP/Ab immu-

noreactivity was correlated to the number of amyloid plaques in 2-

, 4-, 6- and 12-month-old APPSwe/PS1L166P mice. Amyloid

deposition in APPSwe/PS1L166P mice showed a significant inverse

correlation between these two pools in hippocampus (R2 = 0.8131,

P,0.0001; Fig. 4A), entorhinal (R2 = 0.7112, P = 0.0006; Fig. 4B)

and primary motor cortex (R2 = 0.6869, P = 0.0009; Fig. 4C).

2. Spatial Learning and Memory in APPSwe/PS1L166P Mice
Spatial memory was tested in 2-, 4- and 6-month-old APPSwe/

PS1L166P and wild-type mice by means of the Morris water maze

and the eight radial arm maze tests (Fig. 5).

2.1. Morris water maze test. The acquisition phase of the

Morris water maze test (Fig. 5A, D, G) assessed the ability of the

mice to acquire spatial information to learn the location of the

hidden platform, which remained at the same place on all trials

and days. In the acquisition phase the escape latency of 2- (Fig. 5A)

and 4-month-old (Fig. 5D) APPSwe/PS1L166P was not different

from that of the wild-type mice: for both groups the escape latency

significantly decreased over time, indicating that they were able to

learn across days (Two-way Repeated-Measures ANOVA, geno-

type effect, P.0.05; day effect, P,0.001 for 2 and 4 months of

age). Conversely, 6-month-old APPSwe/PS1L166P mice behaved

differently from the wild-type mice of the same age (Two-way

Repeated-Measures ANOVA, genotype effect, P,0.05; day effect,

P,0.001) (Fig. 5G). On the last day of training (day 4), they spent

significantly more time to reach the submerged platform relative to

wild-type (escape latency: 14.5061.50 s for wild-type;

39.0460.93 s for APPSwe/PS1L166P; Student’s t-test and Bonfer-

roni post-hoc test, P,0.05), indicating a significant spatial memory

defect in 6-month-old APPSwe/PS1L166P mice.

The fifth day, the platform was removed and all mice were

tested for the ability to remember the location of the hidden

platform during a single probe trial, which lasted 60 s (Fig. 5B, E,

H). The retention was measured by the accuracy ratio (AR; time

spent in the target quadrant multiplied by 3 and divided by the

time spent in the others three quadrants; see Supporting

Information Text S1 for details). As shown in figure 5H, in the

probe trial the mean AR obtained by 6-month-old APPSwe/

PS1L166P mice was significantly different from that of the wild-type

mice (Student’s t-test, P = 0.006). In fact, 6-month-old APPSwe/

PS1L166P mice spent the same time in the target quadrant as in

each of the other quadrants, so that the AR was not significantly

different from the chance level of 1 (AR = 0.9260.11, Student’s t-

test, P.0.05). In contrast, wild-type mice showed an AR greater

than 2, significantly different from the value of their APPSwe/

PS1L166P littermates (2.5360.47, Student-t test, P = 0.0008). These

results indicate the presence of a learning impairment in 6-month-

old APPSwe/PS1L166P mice. On the contrary, the AR obtained by

both transgenic and wild-type 2- and 4-month-old mice was

comparable (Fig. 5B, E; Student’s t-test, P.0.05). During the test

there was no difference in swimming velocity or distance covered

(data not shown) between all genotype groups and at all analyzed

time points, suggesting normal vision, locomotor skills, and

motivation in APPSwe/PS1L166P animals.

2.2. Eight radial arm maze test. In order to confirm the

memory deficit found in 6-month-old APPSwe/PS1L166P mice,

spatial learning and memory were also assessed in the eight radial

arm maze by counting the number of errors (entry to previously

visited arms; see Supporting Information Text S1 for details)

across 7 testing days (Fig. 5C, F, I). The statistical analysis revealed

a significant defect in 6-month-old APPSwe/PS1L166P mice relative

to their wild-type littermates (Two-way Repeated-Measures

ANOVA, genotype effect, P,0.05; day effect, P,0.05; number

of errors 10.1261.73 for APPSwe/PS1L166, 6.0062.30 for wild-

type; Bonferroni: P,0.05) (Fig. 5I). Similar to what observed in the

Morris water maze, in this test 2- and 4-month-old APPSwe/

PS1L166P mice did not show statistically significant differences

relative to the wild-types (Two-way Repeated-Measures ANOVA,

genotype effect, P.0.05; day effect, P.0.05 for 2 and 4 months of

age) (Fig. 5C, F). These results, in agreement with the data

obtained in the Morris water maze test, confirm the appearance,

between 4 and 6 months of age, of a spatial memory deficit in

APPSwe/PS1L166P transgenic mice, not present in wild-type control

animals.

3. Effects of the Enriched Environment on Spatial
Memory

Animals living in an enriched environment (EE) are exposed to

higher levels of sensory and social stimuli, and exhibit enhanced

motor activity and inter-individual interaction. These factors are

associated with a more intense activity of most brain regions,

including those involved in Alzheimer’s disease. Pregnant female

APPSwe/PS1L166P and wild-type mice were divided into two

groups, either reared in standard (SE) or enriched (EE) environ-

mental conditions. Newborn female APPSwe/PS1L166P and wild-

Figure 6. EE does not influence the final performance of wild-type mice in the Morris water maze. Average spatial memory performance
during the acquisition phase expressed as escape latency over four daily sessions of four consecutive trials in 2- (A), 4- (C) and 6- (E) month-old wild-
type mice housed in SE or EE (n = 8 in each group, Two-way Repeated-Measures ANOVA). Average accuracy ratio of 2- (B), 4- (D) and 6- (F) month-old
wild-type mice housed in SE and in EE mice tested in the probe trial 24 h after the last acquisition session (day 5) (n = 8 in each group, Student’s t-
test). Error bars represent SEM. (WT SE, wild-type mice housed in Standard Environment; WT EE, wild-type mice housed in Enriched Environment).
doi:10.1371/journal.pone.0069381.g006
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type mice were maintained in SE or EE until 2, 4 or 6 months,

when they underwent the Morris water maze test and then were

sacrificed for immunohistochemical analysis.

The analysis of the Morris water maze test revealed that both

wild-type mice reared in SE and EE were able to improve their

performance across days (Fig. 6; Two-way Repeated-Measures

ANOVA, housing condition effect, P.0.05; day effect, P,0.001).

However, 2- and 6-month-old wild-type mice reared in EE showed

an improved learning at day 2, as they spent significantly less time

to reach the submerged platform relative to those caged in SE

(escape latency for 2-month-old wild-type mice 68.1868.57 s in

SE, 24.3169.72 s in EE; for 6-month-old wild-type mice

56.5769.76 s in SE, 23.4268.04 s in EE; Bonferroni, P,0.05).

In the probe trial, the mean AR did not show any significant

difference in wild-type reared in EE relative to SE (Student’s t-test,

P.0.05; Fig. 6B, D, F).

Most notably EE completely reverted the spatial memory deficit

displayed by 6-month-old APPSwe/PS1L166P mice reared in SE

(Fig. 7). In fact, after 6 months spent in EE, APPSwe/PS1L166P

mice significantly improved their performance (Two-way Repeat-

ed-Measures ANOVA, housing condition effect, P,0.05; day

effect, P,0.001). The post-hoc test revealed that, since the second

Figure 7. EE reduces the performance deficits of APPSwe/PS1L166P mice in the Morris water maze. Average spatial memory performance
during the acquisition phase expressed as escape latency over four daily sessions of four consecutive trials in 2- (A), 4- (C) and 6- (E) month-old
APPSwe/PS1L166P mice housed in SE or EE (n = 8 in each group, * P,0.05 housing condition effect, Two-way Repeated-Measures ANOVA). Average
accuracy ratio of 2- (B), 4- (D) and 6- (F) month-old APPSwe/PS1L166P mice housed in SE and in EE, tested in the probe trial 24 h after the last
acquisition session (day 5) (n = 8 in each group, * P,0.05, Student’s t-test). Error bars represent SEM. (APPSwe/PS1L166P SE, APPSwe/PS1L166P mice
housed in Standard Environment; APPSwe/PS1L166P EE, APPSwe/PS1L166P mice housed in Enriched Environment).
doi:10.1371/journal.pone.0069381.g007

Figure 8. EE causes an anticipation of the extracellular amyloid deposition in hippocampus and entorhinal cortex of APPSwe/
PS1L166P mice. Left panels: quantitative analysis of amyloid load in the extracellular compartment in hippocampus (A; B), entorhinal (C; D) and
primary motor cortex (E; F) in terms of plaque number (A; C; E) and plaque size (B; D; E) in 2-, 4- and 6-month-old APPSwe/PS1L166P mice after SE or EE.
The analysis showed a significantly higher number of plaques after 2 and 4 months spent in EE since birth for hippocampus (A) and entorhinal cortex
(C) but not for primary motor cortex (E). No significant difference was present in terms of plaque size in hippocampus (B), entorhinal (D) or primary
motor cortex (F) (n = 5 in each group, three sections per mouse, three frames per section, * P,0.05, *** P,0.001, Student’s t-test). Error bars represent
SEM. Right panels: representative images of coronal hippocampal (G; H), entorhinal (I; J) and primary motor cortical (K; L) sections of 4-month-old
APPSwe/PS1L166P mice reared in SE (G; I; K) or in EE (H; J; L), immunostained with 6E10 antibody. Note the higher number of plaques in hippocampus
and in entorhinal cortex after 2 or 4 months spent in EE. The same difference is not present in primary motor cortex. Calibration bars, 300 mm. (HIP,
hippocampus; EC, entorhinal cortex; PMC, primary motor cortex; SE, Standard Environment; EE, Enriched Environment).
doi:10.1371/journal.pone.0069381.g008
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day of training, APPSwe/PS1L166P mice reared in EE spent

significantly less time to reach the submerged platform relative to

those which lived in SE (escape latency for APPSwe/PS1L166P mice

65.0864.54 s in SE, 39.9567.51 s in EE; Bonferroni, P,0.05).

The memory deficit reversal in 6-month-old APPSwe/PS1L166P

mice reared in EE was confirmed by a significant improvement in

Figure 9. Chronic neuronal activity inhibition by TTX reduces extracellular amyloid in APPSwe/PS1L166P mice. Upper panels:
quantitative analysis of amyloid load in the extracellular compartment in hippocampus (A; B) and entorhinal cortex (C; D) in terms of plaque number
(A; C) and plaque size (B; D) in APPSwe/PS1L166P mice treated with TTX or vehicle alone. The analysis showed an increase of plaque number (A; C) but
not of plaque size (B; D) after TTX administration in hippocampus (A; B) and entorhinal cortex (C; D) (n = 5 in each group, three sections per mouse,
three frames per section, * P,0.05, *** P,0.001, Student’s t-test). Error bars represent SEM. Lower panels: representative images of coronal
hippocampal (E; F) and entorhinal cortical (G; H) sections of APPSwe/PS1L166P mice treated with vehicle (E; G) or TTX (F; H), immunostained with 6E10
antibody. Note the decrease in the number of plaques in hippocampus and in entorhinal cortex after TTX. Calibration bars, 300 mm. (HIP,
hippocampus; EC, entorhinal cortex).
doi:10.1371/journal.pone.0069381.g009
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AR relative to SE mice, with an increase from the chance level of

about 1 to a value greater than 3 (Fig. 7; Student’s t-test, P,0.05).

On the contrary, in 2- and 4-month-old APPSwe/PS1L166P mice,

the AR was higher than chance level in both SE and EE groups,

without any significant difference between the two housing

conditions (Fig. 7B, D; Student’s t-test, P.0.05). The effect of

EE on the escape latency cannot be attributed to other factors like

swimming velocity or distance covered, because these parameters

showed significant differences neither between genotypes nor

between caging conditions at any analyzed time point, suggesting

equivalent vision, locomotor skills, and motivation (data not

shown).

4. Effects of the Enriched Environment on Amyloid
Deposition in APPSwe/PS1L166P Mice

We next asked whether exposure to the EE affected the

deposition of amyloid in mouse brain (Fig. 8 and Table S1

Supporting Information). The hippocampus, the entorhinal and

the primary motor cortex of same mice tested for spatial memory

in the Morris water maze test were analyzed. At 2 and 4 months,

mice reared in the EE showed, in hippocampus and entorhinal

cortex, a higher number of amyloid positive plaques relative to

controls grown in standard cages (Fig. 8A; 8C). At 2 months the

number of plaques increased from 1.460.1 plaques/mm2 to

3.160.5 plaques/mm2 in hippocampus (Student’s t-test, P,0.05)

and from 2.860.3 plaques/mm2 to 4.262.1 plaques/mm2 in the

entorhinal cortex (Student’s t-test, P,0.05). Also at 4 months the

difference was present with an increase from 8.161.2 plaques/

mm2 to 19.161.8 plaques/mm2 in hippocampus (Student’s t-test,

P,0.001) and from 22.164.2 plaques/mm2 to 40.663.8 plaques/

mm2 in the entorhinal cortex (Student’s t-test, P,0.001). In

contrast, in the primary motor cortex the number of plaques was

not significantly affected by the environment at any age (Student’s

t-test, P.0.05 in all ages and conditions), although there was a

mild tendency to increase at 4 months (Fig. 8E). Surprisingly, at 6

months these differences were no more present, and mice reared in

EE had the same plaque number as those grown in SE (Student’s t-

test, P.0.05 in all regions) (Fig. 8A, C, E). These data indicate that

the exposure to the EE caused an anticipation of the deposition of

amyloid plaques but this effect was over at 6 months of age. The

dimension of amyloid positive plaques was not affected by the

environment at any age (Student’s t-test, P.0.05 in all regions)

(Fig. 8B, D, F).

In order to test the role of age in EE capacity to modulate the

rate of plaque formation, a separate group of animals was reared

since birth until 2 months in SE, and then moved for other 2

months in the EE. These mice showed no difference in plaque

number relative to controls continuously reared in SE (Fig. 8A–F).

This suggests that the anticipation of plaques formation requires

exposure to the EE during development, within the critical periods

for nervous system plasticity.

Opposite to the changes observed for the number of extracel-

lular amyloid positive plaques, the intracellular APP/Ab immu-

noreactivity was not affected by the EE at any age. Neither the

number of positive cells nor the optical density of intracellular

labeling nor the thickness of labeling in the hippocampal

pyramidal cell layer nor the size of the stained cells were

significantly different in the EE and SE groups of animals

(Student’s t-test, P.0.05 for all parameters, regions and ages, see

Table S1 Supporting Information).

In order to test whether the effect of the EE on plaque number

may be related to increased levels of neuronal activity, in a

separate group of mice the electrical signaling via action potentials

was abolished by chronic infusion, in the dorsal hippocampus, of

tetrodotoxin (TTX), a voltage-dependent sodium channel blocker.

Cytochrome oxidase histochemical reaction revealed that neuro-

nal activity was inhibited in the dorsal hippocampus and

associated cortices, including the entorhinal cortex (data not

shown). After 28 days of continuous TTX infusion, APP/Ab
labeling was analyzed and compared to that found in mice infused

with the vehicle. TTX-treated animals showed a significantly

lower number of plaques both in hippocampus (Fig. 9A, E, F;

Student’s t-test, P,0.05) and in the entorhinal cortex, with a

reduction of 27% and 32% respectively (Fig. 9C, G, H; Student’s

t-test, P,0.001). Similarly to what found after EE, the plaque size

(Fig. 9B, D; Student’s t-test, P.0.05) and the intracellular labeling

(Student’s t-test, P.0.05 for all regions and conditions, see Table

S2 Supporting Information) were not affected by TTX infusion.

Discussion

The present study focused on the effects of early exposure to EE

in APPSwe/PS1L166P mice. This experimental paradigm on one

hand improved cognitive functions, tested by spatial memory

performance; on the other hand it caused a transient acceleration

of the formation of extracellular Ab deposits. These results indicate

that environmental factors can modulate the sympomatological

and pathological progression in the APPSwe/PS1L166P mouse

model. A large body of evidence indicates that enhanced physical

and/or cognitive activity improves learning and cognitive func-

tions in AD model mice [14–19,37,38]. We find that the onset of

the spatial memory impairment in standard-housed female

APPSwe/PS1L166P mice is at 6 months of age, several months

after the first appearance of amyloid plaques. This result is in

agreement with the first report about these animals, in which

memory deficits were found at 8 but not at 5 months of age [30].

We found that transgenic mice born and always reared in an EE

are protected from APPSwe/PS1L166P memory impairment,

although at 6 months of age all parameters regarding amyloid

deposits are indistinguishable from those found in control animals

reared in SE. This result confirms the known dissociation between

amyloid burden and cognitive deterioration, which has been

noticed also in patients [39]. For this reason it has been proposed

that amyloid plaques might be protective, since they sequester

toxic forms of Ab aggregates, most notably soluble oligomers [40].

Interestingly, the protection from cognitive impairment, con-

ferred by EE takes place following a prolonged period in which the

number of plaques was even higher than in control animals. This

transient elevation in the number of plaques was significant in

structures implied in cognitive memory, like hippocampus and

entorhinal cortex. At present it is not clear whether there is a

relation between such accelerated amyloid deposition in plaques

and the subsequent cognitive performance. These data are

consistent with the concept that brain areas with the highest

default activity, like hippocampus and entorhinal cortex, are

among the most affected regions in AD [24].

Previous experiments found very different effects of EE on

amyloid deposition, plaque burden and Ab levels. A decrease of

Ab and plaques was described after physical activity [41,42],

cognitive stimulation [17,19,43,44] or when both aspects of

enrichment coexist [15]. However, other studies found either no

change [14,43,45,46] or even an increase [16,20] in amyloid

plaques. It is interesting to note that even within a single study

[38], amyloid plaques have been found either unchanged (after EE

only) or decreased (after EE plus cognitive behavioral testing).

Different experimental paradigms applied or animal gender may

possibly explain such controversial results. The enriched housing

paradigm used in the present study, like in Jankowsky et al.
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[16,20], consists in a combination of voluntary exercise and

cognitive stimulation. In this experimental setting, animals shared

access to six exercise wheels in EE, without the formation of

hierarchical competition for access to the wheels that might have

blunted the benefits of EE. In fact, previous studies indicate that

this type of housing is required to achieve beneficial effects on

cognition and other outcome measures in AD mice, whereas social

and physical activity alone might be insufficient [19]. Female mice

housed in EE in the study of Jankowsky et al. [20] showed an

increase in plaque formation, while males used by Lazarov et al.

[15] displayed a significant reduction. Our experiments have been

done on female mice, because enrichment experiments in males

evoke territorial behaviour causing stress for subordinate animals

and resulting in an increased variability and stress as a

confounding variable. We decided to use female mice also because

a number of AD studies reported that aging women have a higher

risk of developing pathology than men [39,47] even if in APPSwe/

PS1L166P, females do not exhibit a greater brain amyloid plaque

burden than males [30]. Therefore, divergent outcomes observed

in male and female could represent a sexually dimorphic response

to environmental stimulation. Finally, in the present study and in

those of Jankowsky et al. [16,20], mice were continuously exposed

to EE, whereas in Lazarov et al. [15], mice were intermittently

exposed to enriched conditions (i.e., several hours daily at first and

then 3 h per week). It is thus possible that continuous and chronic

exposure to EE, as was presently performed, stimulates the

production of Ab, but that the opposite effect is obtained when the

mice are discontinuously exposed to EE. At variance with the

majority of other studies, we decided to extend the period of

exposure to EE as early in life as possible, including the critical

periods of formation and refinement of neural circuits. Although

these observations strongly suggest that the metabolism of brain

amyloid is affected by EE, further studies are required to unravel

the experimental parameters and the mechanisms responsible for

this effect.

Notably, transgenic APPSwe/PS1L166P mice housed in standard

conditions until 2 months of age and then transferred into an

‘‘enriched’’ cage, did not show any difference in Ab deposition in

the intra- or extracellular pool compared to standard housed

APPSwe/PS1L166P mice. This result indicates that the subsequent

rate of Ab deposition depends on the previous formation, selection

and fine tuning of synaptic contacts that took place within the

specific time windows of the critical periods. It is interesting to note

that even exposure of pregnant mice to enhanced physical activity

improved cognitive performance of the offspring [44].

The decrease of plaques following suppression of neuronal

electrical activity suggests that the transient enhancement of

plaque formation obtained with the EE might be mediated by an

increased level of overall neuronal activity in the brain areas

involved. This hypothesis is consistent with in vitro studies in

cultured hippocampal neurons, showing that neuronal stimulation

can modulate Ab homeostasis, enhancing the production of APP

cleavage products at the b–secretase site with a consequent

increase in Ab formation [21–23]. Actually, this would promote

Ab formation, but also increase production of other fragments

such as APP intracellular domain (AICD) which may also

modulate synaptic activity, inducing a negative feedback between

Ab deposition and synaptic activity [21]. By chronically suppress-

ing neuronal electrical signalling, we tested the hypothesis that the

acceleration in plaque formation obtained by the EE paradigm

was mediated by an increase in overall neuronal activity in brain

areas involved in cognitive functions. The result of this experiment

supports such hypothesis, as chronic infusion of TTX in the

hippocampus and associated cortices caused a decrease of the

number of amyloid plaques.

Although neuronal activity has been previously proposed to

increase Ab secretion in vitro [25], thereby reducing the intracel-

lular deposits, our data do not support this hypothesis. In fact, we

did not observe the expected reduction in APP/Ab intracellular

immunoreactivity in APPSwe/PS1L166P mice after EE. Consistent-

ly, even the chronic suppression of electrical signalling obtained by

continuous infusion of TTX did not result in change of APP/Ab
intracellular immunoreactivity. This controversial point might be,

at least in part, explained by lack of specificity of most Ab
antibodies including 6E10, the one used in the present study,

which does not discriminate between the free/cleaved Ab peptide

versus Ab epitopes within the APP holoprotein or its other cleaved

derivatives [29].

Indeed, APP fragments other than the Ab peptide, like b C-

terminal fragments (b-CTFs), containing the 6E10 epitope, have

been shown to be abundant products of a mutated APP

transgene, under control of doxycyclin [48]. In this animal

model, the APP/Ab intracellular reactivity of hippocampal

pyramidal neurons remained strong for one week following

suppression of transcription, while the expression of full length

APP and b-CTFs dropped. This suggests that intracellular 6E10

staining is weakly correlated to these derivatives of the APP

transgene [48]. However, following 5 weeks of suppression of

APP transcription, APP/Ab intracellular reactivity of hippocam-

pal pyramidal neurons disappeared, while extracellular plaques

remained unchanged. Since during suppression of APP tran-

scription the cognitive performance was significantly improved

while Ab peptides and soluble oligomers persisted, Melnikova

et al. [48] suggest that other APP fragments like soluble APP

ectodomains or CTFs could play a role in cognitive deficits. This

conclusion is in line with our findings that cognitive improve-

ments are neither associated with a decrease of plaques nor with a

reduction of intracellular APP/Ab staining.

In conclusion, our results show that a condition, like the EE,

that ameliorates the cognitive dysfunction, can have at the same

time a worsening effect on amyloid deposition. This confirms that

there is a dissociation between the brain load of amyloid plaques

and the cognitive deficits [39]. Furthermore, we show that the rate

of amyloid plaque formation can be bidirectionally modulated,

with an increase in the EE, where mice experience a more intense

perceptual, motor and social activity, and a decrease when

neuronal activity is suppressed by block of action potentials.
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