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Alzheimer's disease (AD) is a neurodegenerative disease that affects neurons and glial cells and leads to demen-
tia. Growing evidence shows that glial changes may precede neuronal alterations and behavioral impairment in
the progression of the disease. The modulation of these changes could be addressed as a potential therapeutic
strategy. Environmental enrichment has been classically associated to effects on neuronalmorphology and func-
tion but less attention has been paid to the modulation of glia. We thus characterized astroglial changes in the
hippocampus of adult PDAPP-J20 transgenic mice, a model of AD, exposed for 3 months to an enriched environ-
ment, from 5 to 8 months of age. Using confocal microscopy, three-dimensional reconstruction and Sholl analy-
sis, we evaluated the morphology of two distinct populations of astrocytes: those associated to amyloid β
plaques and those that were not. We found that plaque-associated astrocytes in PDAPP-J20 mice had an in-
creased volume and process ramification than control astrocytes. Non-plaque-associated astrocytes showed a
decrease in volume and an increase in the ramification of GFAP+processes as comparedwith control astrocytes.
Environmental enrichment prevented these alterations and promoted a cellular morphology similar to that
found in control mice. Morphological changes in non-plaque-associated astrocytes were found also at 5 months
of age, before amyloid β deposition in the hippocampus. These results suggest that glial alterations have an early
onset in AD pathogenesis and that the exposure to an enriched environment is an appropriate strategy to reverse
them. Cellular and molecular pathways involved in this regulation could constitute potential novel therapeutic
targets.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Alzheimer's disease (AD) is an age-related neurodegenerative disor-
der and the most common cause of dementia among older people. The
fundamental signs include language alterations, memory loss and pro-
gressive cognitive impairment (Mayeux, 2010; Querfurth and LaFerla,
2010). Patients suffering from AD show atrophic changes in brain re-
gions involved in learning andmemory, as a result of synaptic degener-
ation and neuronal death (Mattson, 2004). Extracellular neuritic
plaques of misfolded amyloid β peptides and intracellular neurofibril-
lary tangles composed of hyperphosphorylated tau protein are the
major histopathological hallmarks of AD (Mattson, 2004; Braak and
Braak, 1998; Dickson, 1997). Soluble amyloid β peptides are generated
after the sequential cleavage of the amyloid precursor protein (APP),
and can undergo oligomerization, aggregate into fibrils and form
dicina Experimental, Vuelta de
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amyloid plaques. The Aβ 1–42 peptide is considered themost toxic spe-
cies and a correlation between the levels of soluble Aβ peptides and the
degree of synaptic loss and cognitive impairment has been described
(Lue et al., 1999). However, the pathophysiology of AD is far from
being understood and, in spite of extensive biomedical scientific efforts,
the currently available treatments only offer a partial and transient im-
provement of symptoms and a mild delay in the progression of the dis-
ease (Massoud and Leger, 2011).

There is a growing body of evidence suggesting that amyloid
plaques and neurofibrillary tangles are not the first pathological
changes in AD. Remarkably, the glial involvement in the pathogene-
sis of AD was originally suggested by Alois Alzheimer when he dem-
onstrated that the neuritic plaque included glial cells (Heneka et al.,
2010). Later, the close association between astroglia and brain pa-
thology was recognized in a wide range of conditions, including
AD, cerebral ischemia and epilepsy among others (Nagele et al.,
2004; Nedergaard and Dirnagl, 2005; Tian et al., 2005; Giaume et
al., 2007). Both acute and chronic brain damage are accompanied
by a specific morpho-functional remodeling of astrocytes that tend
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to isolate the damaged area, rebuild the blood–brain barrier and fa-
cilitate the adaptation of brain circuits in damaged areas, a process
known as astrogliosis (Pekny and Nilsson, 2005).

Astrogliosis is a universal feature of AD brains and of transgenicmice
modeling the disease. Reactive GFAP+ astrocytes surround amyloid
plaques and participate in neuritic plaque formation as well as in a
local inflammatory response (Nagele et al., 2004; Heneka et al., 2010;
Rodriguez et al., 2009). A number of reports demonstrated that astro-
cytes can accumulate substantial amounts of Aβ 1–42 intracellularly
(Akiyama et al., 1999; Nagele et al., 2004; Thal et al., 2000). Comple-
mentary, in vitro studies showed that astrocytes can be activated by
Aβ 1–42 oligomers and secrete inflammatory molecules such as IL-1β
(Hou et al., 2011). This evidence strongly suggests a key role of astro-
cytes in the modulation of amyloid β-induced cell toxicity in the brain.

In the particular context of neurodegeneration, astrocytes can pro-
gressively lose their neuroprotective functions associated to energyme-
tabolism (Li et al., 1997), glutamate recycling (Masliah et al., 1996) and
glutathione supply (Fuller et al., 2010; Newman et al., 2007; Steele and
Robinson, 2012). Some studies have suggested that glial dysfunction
may be an early event in the neurodegenerative process (Rodriguez et
al., 2009). In one study, Yeh et al. reported premature glial atrophy in
hippocampus and entorhinal cortex of the triple transgenic (3xTg-AD)
AD model before plaque deposition, in association with changes in the
expression of inflammatory mediators (Yeh et al., 2011). Astroglial
ERK activation and astrogliosis were described in mid-frontal cortex of
post-mortem samples from early AD patients (Webster et al., 2006).
Another study found that patients with mild cognitive impairment
present astrogliosis in cortical and subcortical regions, evidenced by
PET scanning, suggesting it as an early phenomenon in the development
of AD (Carter et al., 2012).

Environmental enrichment (EE) provides physical activity, learning
experiences, increased somatosensorial and visual inputs and social inter-
action (van Praag et al., 2000; Hebb, 1947; Krech et al., 1962) and, in ro-
dents, it is able to increase neuro- and gliogenesis, enhance cognition,
and to promote the recovery from brain injury and/or neurodegeneration
in association with changes in lymphocyte functional activities and cyto-
kine and interleukin profile (Beauquis et al., 2010; Bindu et al., 2007;
Kempermann et al., 1997; Kempermann et al., 1998; Nithianantharajah
and Hannan, 2006; Arranz et al., 2011). Interestingly, astrocytes could
also be able to react to environmental stimuli, jointly with neurons
(Sirevaag and Greenough, 1991; Viola et al., 2009). The environment
plays a fundamental role in neurodegenerative and psychiatric diseases,
though the effect of EE in ADmodels is a matter of controversy. Environ-
mental enrichment was associated with increased adult hippocampal
neurogenesis in APP23 mice (Mirochnic et al., 2009) and also improved
learning and memory in APPswInd mice (Valero et al., 2011). However,
EE had no effect on these parameters in APP/PS1K1 mice (Cotel et al.,
2012). The cognitive reserve hypothesis explains that previous brain ac-
tivity associated to educational duration and attainment may allow the
brain to cope with the pathology by neural and reserve compensation
(Murray et al., 2011).

While EE in animal models and a high educational level in humans
are known to be implicated in the improvement of cognitive reserve
and neuronal plasticity, thus delaying the onset of clinical symptoms
in different neurodegenerative diseases, these strategies are probably
also associated with the modulation of degenerative changes and amy-
loid pathology throughmultiple pathways (Briones et al., 2009; Costa et
al., 2007; Herring et al., 2008; Lazarov et al., 2005).

To our knowledge, this is the first study to assess the influence of EE
on astroglial morphology in an animal model of AD. Given its potential
significance for neural protection, we hypothesized that EE may modu-
late the glial phenotype in hippocampus of transgenic PDAPP-J20 mice,
a well established model of AD. To this aim, we studied morphological
changes of GFAP+ astrocytes in the stratum radiatum of 5 and
8 month-old transgenic and non transgenic PDAPP-J20 mice before
and after exposure to an enriched environment.
Materials and methods

Animals

The derivation and characterization of PDAPP-J20 [hAPP(J20)] mice
have been described elsewhere (Galvan et al., 2006; Hsia et al., 1999;
Mucke et al., 2000; Roberson et al., 2007; Selkoe, 2000). PDAPP-J20
mice carrying the Swedish and Indiana APP human mutations were
maintained by heterozygous crosseswith C57BL/6J mice (Jackson Labo-
ratories, Bar Harbor, ME) in our animal facility (Institute of Biology and
Experimental Medicine, UBA–CONICET; NIH Assurance Certificate #
A5072-01) and were housed under controlled conditions of tempera-
ture (22 °C) and humidity (50%) with 12 h/12 h light/dark cycles
(lights on at 7:00 am). PDAPP-J20micewere heterozygouswith respect
to the transgene, verified by RT PCR using specific primers. All animal
experiments followed the NIH Guide for the Care and Use of Laboratory
Animals andwere approved by the Ethical Committee of the Institute of
Biology and Experimental Medicine. All efforts were done to reduce the
number of mice used in the study as well as to minimize animal suffer-
ing and discomfort.

Female transgenicmice (Tg) and their non-transgenic siblings (NTg)
were housed in an enriched environment (EE) or in standard conditions
(SC) during 3 months (5 to 8 months of life, n=5 per group). Addition-
ally, a group of 5 month-old Tg and NTgmice (n=5 per group) housed
in SCwas analyzed separately to evaluate brain changes at a time-point
matching the starting age of animals under the EE protocol (Fig. 1). In
both SC and EE conditions, water and regular rodent chow were avail-
able ad libitum and the floor was covered with 2 cm of wooden chips.
The dimensions of standard cages were X=17.5 cm, Y=27.5 cm,
(481.25 cm2) and Z=15 cm (height) with 2–3 mice per cage. The
enriched environment consisted of larger cages measuring X=40 cm,
Y=33 cm (1320 cm2) and Z=15 cm with 5 mice per cage. Toys,
extra nesting material, small plastic houses and tubes were available
in the enriched condition (Fig. 1), with a rearrangement of elements
every 2 days. Running wheels were not provided. At the end of the ex-
periment, animals were anesthetized with ketamine (80 mg/kg BW,
i.p.; Holliday-Scott, Argentina) and xylazine (10 mg/kg BW, i.p.; Bayer,
Argentina) and then transcardially perfused with 30 mL of 0.9% saline
followed by 30 mL of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. Brains were removed from the skull, dissected, fixed overnight
in the 4% paraformaldehyde solution at 4 °C and then cut coronally at
60 μm in a vibrating microtome (Vibratome 1000P). Sections were
stored in a cryoprotectant solution (25% glycerol, 25% ethylene glycol,
50% phosphate buffer 0.1 M, pH 7.4) at−20 °C until use. All immuno-
histochemical techniques and Congo red staining were performed on
free-floating sections.

Human Aβ 1–40 and Aβ 1–42 peptides in brain homogenates

Another experiment was carried out (n=4 mice per group) to
measure amyloid beta peptides (Aβ). Human Aβ 1–40 and Aβ 1–42
peptide levels were measured in guanidine hemi-brain homogenates
using specific sandwich ELISA assays (Invitrogen, USA) as previously
described (Galvan et al., 2006; Spilman et al., 2010) and following
the manufacturer's instructions. Briefly, the wet mass of each mouse
hemibrain was determined, and cold 5 M guanidine HCl/50 mM Tris
HCl was added (final concentration: 100 mg/mL), thoroughly homog-
enized, sonicated and followed by gentle shaking during 6 h at room
temperature (RT). Then, the samples were diluted with cold reaction
buffer (1:50; Dulbecco's phosphate buffered saline with 5% BSA and
0.03% Tween-20) supplemented with 1× Protease Inhibitor Cocktail
(Calbiochem, USA) and centrifuged at 16,000×g for 20 min at 4 °C.
The supernatants were stored on ice. Amyloid β 1–40 and 1–42 pep-
tides were separately measured. Fifty microliters of standards corre-
sponding to calibration curve or samples were added to the wells
preabsorbed with specific antibody against Aβ 1–40 or 1–42 made



Fig. 1. Experimental protocol. Transgenic and non-transgenic female PDAPP-J20 mice
were evaluated following three different experimental designs. A group of mice was
studied at 5 months of age (5 m), after housing in standard conditions (SC) since
birth (top timeline). The other 2 groups were studied at 8 months of age (8 m). One
group was housed in SC since birth (middle timeline) and the other was housed in
SC from birth to 5 m and in an enriched environment (EE) from 5 m to 8 m (bottom
timeline). The photographs at the bottom represent the 2 caging conditions. The SC
consisted in rearing mice in standard animal facility cages with 2 or 3 animals per
cage. The EE consisted in housing animals in cages of larger size, with toys, additional
nesting material, tunnels and shelters in groups of 5 mice per cage. The arrangement of
elements in the EE was changed 3 times per week and some objects were replaced by
novel ones.
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in rabbit. The following step included the addition of another specific
antibody developed in rabbit and incubation during 3 h. After aspira-
tion and washes, an incubation with HRP anti-rabbit antibody was
performed for 30 min at RT. After washes and exposure to a stabilized
chromogen, the reaction was stopped and absorbance of standards
and samples was read at 450 nm. The performance characteristics of
the ELISA assays including precision, linearity of dilution, recovery and
antigenic specificitywere determined and informed by themanufactur-
er. The minimum detectable amount of human Aβ 1–40 was 6 pg/mL;
while for Aβ 1–42 was 13 pg/mL.

Congo red staining

The number and size of amyloid plaques in strata radiatum and
lacunosum-moleculare, corresponding to the CA1 subfield, were assessed
in brain sections stainedwith Congo red (protocol available inWilcock et
al., 2006). Briefly, coronal brain sections were incubated for 5 min at
room temperature (RT) in a solution containing 0.2% Congo red (Biopack,
Argentina), 3% NaCl (to saturation) and 0.01% sodium hydroxide in 80%
ethanol. After rinsing, sections were put on gelatin-coated slides,
air-dried overnight, dehydrated using ethanol and cleared in xylene.
Slides were coverslipped using Canada balsam (Biopack, Argentina).

Analysis of sections stained with Congo red

Specific staining of amyloid deposits with Congo red was con-
firmed by performing an immunohistochemistry for amyloid β in
parallel sections from the same animals, yielding similar plaque
counts. Congo red-stained sections were preferred to quantify
plaque density and area as they provided a higher specific signal/
background ratio than immunohistochemistry. The protocol used
for amyloid β immunohistochemistry is described in the following
section. Images from Congo red stained sections were obtained
under a 40× magnification in a Nikon Eclipse E200 microscope. The
number of plaques and their area were measured using the Optimas
6.5 software (Media Cybernetics). On each section, an area including
strata radiatum and lacunosum-moleculare under CA1 of the dorsal
hippocampus was delimited. Using an appropriate user-defined
threshold, red stained amyloid plaques were identified in number and
size inside this region of interest. Total number of plaques in the CA1 re-
gion was estimated using Cavalieri principle (V=T×∑A). Plaque load
was expressed as the percent of CA1 area covered by Aβ plaques.

Immunohistochemistry

Immunohistochemistry was done to determine number, volume
and morphology of GFAP+ cells. Double immunohistochemistry for
GFAP and amyloid β allowed us to evaluate the association of GFAP+
astrocytes with amyloid β deposits. Additionally, NeuN immunohisto-
chemistry was done to estimate the volume of the analyzed hippocam-
pal regions. For the double GFAP/amyloid β immunohistochemistry,
antigen retrieval was achieved by heating sections in 0.01 M citrate
buffer in a thermostatic bath at 85 °C. After blocking with 2% non-fat
milk, sections were incubated overnight at 4 °C with the following pri-
mary antibodies: rabbit polyclonal anti-GFAP (1:300, G-9269, Sigma)
and mouse monoclonal anti-amyloid β (1:700, 4G8, MAB 1561,
Chemicon). After incubation with secondary fluorescent antibodies
(anti-rabbit Alexa 488 and anti-mouse Alexa 555, Invitrogen), sections
were put on gelatin-coated slides and mounted with Fluoromount G
(SouthernBiotech, USA). For NeuN immunohistochemistry, unspecific
binding sites were blocked with 1% normal horse serum before the
overnight incubation with mouse monoclonal anti-NeuN antibody
(1:250, MAB 377, Chemicon, USA) at 4 °C. For detection we used a
biotinylated anti-mouse secondary antibody (Vector Laboratories)
followed by processing with the ABC kit (Vector Laboratories) and de-
velopment with 2 mM diaminobenzidine (Sigma, USA) and 0.5 mM
H2O2 in 0.1 M Tris buffer at RT. Sections were put on gelatin-coated
slides, air-dried overnight, dehydrated in graded solutions of ethanol,
cleared in xylene and mounted with Canada balsam.

Analysis of GFAP+ cells

The number of GFAP immunopositive cells was assessed in the
CA1 hippocampal subfield, using a modified version of the optical
disector method (Gundersen et al., 1988). Images were obtained
from anatomically matched areas from coronal brain sections, repre-
sentative of the whole extension of the dorsal hippocampus, using a
Nikon Eclipse E80 confocal microscope with a 40× air objective. Se-
rial confocal images were obtained along the Z axis (0.65 μm step)
of each analyzed section to make a three-dimensional reconstruction
of the tissue using NIH software ImageJ (Abramoff et al., 2004). The
density of GFAP+ cells (number of cells/unit of volume) was quanti-
fied using a randomly-placed 0.0024 mm3 counting probe. A mini-
mum of 100 cells was counted per animal. For the calculation of the
total number of cells, the volume of the studied regions was estimated
using the Cavalieri principle (V=T×∑A) on serial sections processed
for NeuN immunohistochemistry. Areas (A) were measured using Op-
timas image analysis software (Media Cybernetics) and the T value
was obtained by multiplying the number of sections and the distance
between planes.

Volume and morphology of GFAP+ cells were evaluated in 2 dif-
ferent cell populations: those cells that were located near amyloid
plaques (plaque-associated cells) and those that were far from



Fig. 2. Amyloid β (Aβ) content. Panels A and B show the levels of Aβ peptides 1–42 and
1–40 measured with ELISA in total brain homogenates. At 5 months (5 m), Tg mice
showed low levels of both peptides while at 8 months (8 m) high levels were detected.
The exposure of Tg mice to environmental enrichment (Tg EE) reduced the content of
peptides (*pb0.05 Tg SC vs. NTg and Tg EE; one-way ANOVA, Bonferroni's post hoc test).
Panel C shows a representative image of Congo red staining in the hippocampus of an
8 m old Tg mouse. Arrowheads point at amyloid plaques located in strata radiatum and
lacunosum-moleculare. The scale bar represents 200 μm. Panel D shows a confocal
image of an amyloid plaque detected by immunofluorescence. The scale bar represents
50 μm. Quantifications of total number of plaques (panel E) and Aβ plaque load (panel
F), determined in CA1 region on Congo-red stained sections, are shown in panels E and
F. Very fewplaqueswere found in 5 mTgmice. At 8 months, Tgmice presented numerous
plaques while the exposure to an enriched environment did not have a significant effect.
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plaques (non-plaque-associated cells). Plaque-associated (PA) cells
were those found in close apposition to amyloid plaques while
non-plaque-associated (NPA) cells were those that were located at
least at 50 μm from the edges of plaques.

The volume of individual GFAP+ cells was estimated on three-
dimensional reconstructed images obtained from confocal Z-stacks
using ImageJ software. Cells entirely located inside the analyzed sections,
presenting a complete staining and not overlapping with other cells or
blood vesselswere considered for counting. Aminimumof 25 cells evenly
distributed across sectionswere analyzed per animal. A thresholdwas ap-
plied to images to exclude eventual unspecific staining. After the
binarization of images, the cell volume was estimated using Cavalieri
principle as described above. Results are presented in μm3.

Sholl analysis of GFAP+ cells was done on averaged images of con-
focal Z-stacks following a previously published protocol (Beauquis et al.,
2010). The criterion for the selection of cellswas the same as for the vol-
ume estimation. Each cell wasmanually traced to obtain a binary image
devoid of background staining. A minimum of 25 GFAP+ cells per ani-
mal were included in this analysis. Binarized images were scaled and
analyzed with ImageJ running Sholl Analysis Plugin v1.0 (written by
Tom Maddock and available at http://www-biology.ucsd.edu/labs/
ghosh/software/index.html). Briefly, this technique (Sholl, 1953) con-
sists in superimposing a grid with concentric rings or shells distributed
at equal distances that are centered on the soma of the cell. The number
of processes intersected per shell is computed and branching/shape
complexity is evaluated. Results are presented as the mean number of
intersections per each radius-defined circle.

Statistical analysis

Data are expressed as the mean±SEM. Statistical analyses were
performed using unpaired two-tailed Student's t test, one-way
ANOVA, two-way ANOVA and RM ANOVA, as indicated in Results
section. Bonferroni's post hoc test was applied after ANOVA. Vari-
ables considered were “genotype” (NTg or Tg mice) and “housing”
(standard caging or enriched environment). Values of pb0.05 for dif-
ferences between groupmeans were significant. Analyses were done
using Prism 3.02 software (GraphPad Software Inc.).

Results

Environmental enrichment is associated with diminished levels of Aβ
1–40 and 1–42 peptides in transgenic mice

To determine whether environmental enrichment affects the levels
of Aβ 1–40 and 1–42 in PDAPP-J20 mouse brains, human Aβ 1–40 and
1–42 peptides were measured in brain homogenates by specific sand-
wich ELISA (Figs. 2A and B). In NTg mice these peptides were
undetectable. In 5-month-old (5 m) Tg mice, low levels of both pep-
tides were measured. Amyloid β 1–40 and 1–42 were significantly in-
creased in Tg mice at 8 months (8 m; pb0.05 vs. NTg; one-way
ANOVA, Bonferroni's post hoc test). After a 3-month exposure to EE,
levels of both peptides were significantly decreased in Tg mice com-
pared with Tg mice housed in standard caging (SC; pb0.05).

Number of amyloid plaques and plaque load in the hippocampus

To determine whether amyloid deposition would be affected by EE
in PDAPP-J20 mice, number and area of Congo red-stained amyloid
plaques were quantified (Figs. 2C, E, and F) in CA1 hippocampal region.
Very few plaques were found in hippocampus of 5 m Tg mice
maintained in SC (12.04 plaques per CA1 region of the hippocampus).
In contrast, 173.2±37.9 plaques were present in hippocampus of 8 m
Tg mice. A trend to decreased numbers of Congo red-positive deposits
was observed, however, in 8 m Tg mice exposed to EE (124±19.98
plaques; p=0.31, unpaired two-tailed Student's t test). A similar
trend was observed in the analysis of CA1 hippocampal plaque load
(p=0.24 Tg SC vs. Tg EE). The reference areas were similar in all groups
(Tg 5 m 1.38±0.2×106, Tg 8 m SC 1.37±0.4×106, Tg 8 m EE 1.03±
0.15×106; mm2). Complementary, an immunofluorescence study to
specifically detect the amyloid β deposits (fragment 17–24) revealed
and confirmed the presence of extracellular plaques in the hippocam-
pus of Tg mice (representative image shown in Fig. 2D).

Transient decreased number of hippocampal astrocytes at an early
pathological stage in transgenic mice

To determine whether differences in astrocyte number in the hip-
pocampus existed across genotype and housing conditions, astrocytic
cell bodies and processes were identified in the hippocampus of
PDAPP-J20 mice by expression of GFAP, a frequently used marker
for astroglia (Fig. 3A). Astrocyte number was measured using stereo-
logical analyses of confocal Z-stacks. The number of GFAP+ cells in
5 m Tg mice was significantly reduced in comparison to that corre-
sponding to age-matched NTg control animals (pb0.01 Tg vs. NTg,
unpaired two-tailed Student's t test; Fig. 3B). At 8 m, a trend towards
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Fig. 3. Number of GFAP+ astrocytes in stratum radiatum of CA1 hippocampal region.
Confocal images were obtained from the CA1 region in brain sections processed for
GFAP immunohistochemistry. In panel A, an averaged and inverted image of multiple
confocal planes is shown (Str Pyr, stratum pyramidale; Str Rad, stratum radiatum;
Str LMol, stratum lacunosum-moleculare). Scale bar represents 50 μm. At 5 months
of age (5 m), Tg animals showed a decrease in the number of GFAP+ astrocytes com-
pared with NTg (pb0.01; unpaired two-tailed t test; panel B). At 8 months (8 m) no
differences were found between the experimental groups (panel C). Results are
expressed as the percentage of cells compared to the control group.
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decreased numbers of GFAP+ cells in Tg animals was observed
when comparing with NTg of the same age (p=0.06; two-way
ANOVA). The reference volume of the stratum radiatum and
lacunosum-moleculare was obtained from a set of sections processed
in parallel and reacted with NeuN antibody as a marker for neurons.
No significant differences were found between experimental groups at
either age (5 m: NTg 21.36±0.74×108, Tg 19.67±0.18×108, p=
0.42; 8 m: NTg 17.5±0.47×108, NTg EE 16.75±2.26×108, Tg 17.47±
1.58×108, Tg EE 14.09±1.21×108, μm3, p=0.39 for genotype, p=
0.20 for housing; two-way ANOVA).

Volume changes in hippocampal astrocytes depend on the proximity to
amyloid deposits. Effect of enriched environment

To determinewhether astrocytic volumewasmodified by genotype
and housing variables, we determined volumes of GFAP+ astrocytes in
the CA1 hippocampal region using three-dimensional projections of
confocal stack images (Fig. 4A). As shown in Fig. 4E, no differences in as-
trocytic volumes were observed in Tg as compared to NTg mice at 5 m
(p=0.65, unpaired two-tailed Student's t test). At 8 m, however, astro-
cytic volumes depended on the proximity to amyloid deposits. To assess
whether proximity to amyloid plaques would differentially affect the
volume of astrocytes in 8 m Tg mice, we calculated cellular volumes
of GFAP immunoreactivity in two cell populations discriminated
according to their distance to at least one amyloid plaque in the CA1 re-
gion of Tg mice. Fifty micrometers was set as the maximal distance be-
tween an astrocyte and at least one amyloid deposit that would grant
inclusion of this astrocyte in the “plaque-associated” group (Figs. 4C
and D). When analyzing astrocytes from Tg and NTg mice at 8 m,
plaque-associated astrocytes displayed an increased volume in contrast
with control astrocytes (pb0.001; two-way ANOVA, Bonferroni's post
hoc test) whereas volume of non-plaque associated astrocytes was de-
creased (pb0.05 vs. NTg). The differential effect of the proximity to
plaques was evident when comparing both cell populations in Tg
mice: astrocytic volumewas increased in areas surrounding extracellu-
lar amyloid deposits, in relation to that of astrocytes not associated to
plaques (pb0.001 “proximity” effect, two-way ANOVA; Fig. 4F). To de-
termine whether the observed changes were affected by EE, we com-
pared astrocytic volume discriminating plaque-associated from
non-plaque associated astrocytes. Exposure to EE did not significantly
affect plaque-associated astrocyte volume (p=0.13). In contrast, the
volume of non-plaque-associated astrocytes in Tgmice increased in re-
sponse to EE (pb0.01 Tg EE vs. Tg in SC), reaching volumes that were
similar to control astrocytes from NTg mice. In NTg mice we found no
effect of the exposure to EE (Fig. 4F).

Altered astrocytic complexity in the hippocampus of APP mice. Effect of
enriched environment

To determine the morphological complexity of GFAP+ cells, the de-
gree of branching of processes was measured using Sholl analysis as pre-
viously described (Beauquis et al., 2010). Based on three-dimensional
projections of confocal stack images through complete astrocytic exten-
sion, profiles of GFAP+processwere evaluated using image analysis soft-
ware. The number of intersections for each concentric circle was
calculated (Fig. 5). Processes of GFAP+ cells in 5 m Tg mice showed
higher complexity than those of NTg animals (pb0.0001, genotype effect,
two-way RMANOVA). In 8 m animals, the complexity of processes of as-
trocytes that was not associated to plaques was higher in Tgmice than in
NTg mice, regardless of the housing condition (pb0.05 for SC and
pb0.0001 for EE, two-way ANOVA, Bonferroni's post hoc test). However,
animals thatwere housed in an enriched environment showed decreased
ramification of astrocytic processes (pb0.0001, housing effect, two-way
RM ANOVA; Fig. 5C). Consistent with these observations, a trend to de-
creased complexity in processes of GFAP+ cells that was associated
with plaques in 8 m Tg mice was detected with EE, but this difference
did not reach statistical significance (p=0.07 housing effect, two-way
RM ANOVA; Fig. 5D).

Discussion

Our results provide evidence regarding the effect of cognitive, social
and sensorial stimulation on amyloid levels and astrocyte morphology
in an animal model of Alzheimer's disease. We determined brain levels
of amyloid β peptides, the presence of amyloid deposits in the hippo-
campus and the number and morphology of GFAP+ astrocytes in
PDAPP-J20 transgenic mice, overexpressing a human APP gene carrying
the Swedish and Indiana familial ADmutations at 5 m, before the onset
of the overt amyloid brain pathology, and at 8 m when the presence of
amyloid plaques has been previously described (Galvan et al., 2006).
Exposure of PDAPPmice to EE for 3 months, overlapping the early pro-
gression of neuropathology in this mouse model, modulates the levels
of Aβ 1–40 and 1–42 peptides in the brain and the morphology of
glial cells in the hippocampus.

Exposure to EE lowered Aβ levels to levels comparable to those
present in 5 mmice. The number and size of amyloid plaques in the hip-
pocampus, however, did not change significantly after EE though a ten-
dency towards a reductionwas noted, suggesting that brain levels of Aβ
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Fig. 4. Analysis of the volume of GFAP+ astrocytes in CA1 region. Panels A and B illustrate the reconstruction of GFAP+ astrocytes from serial confocal planes across each cell. Scale
bar in panel B represents 20 μm. In panels C and D both channels of averaged confocal images are split to show GFAP cells in the vicinity of an amyloid plaque in stratum radiatum of
hippocampus. The dotted-lined circle represents the criteria to separate cells associated to plaques (inside) from non-plaque-associated cells (outside). The perimeter is located at
50 μm from the border of the plaque. Scale bar in panel D represents 50 μm. At 5 months (5 m; panel E), no differences were found regarding the volume of GFAP+ astrocytes
between both groups. At 8 months however (8 m; panel F), astrocytic volumes varied according to the distance to amyloid plaques. Plaque-associated astrocytes (PA) showed
an increased volume compared with non-plaque associated cells (NPA; ##pb0.01 vs. Tg NPA and **pb0.01 vs. NTg; two-way ANOVA, Bonferroni's post hoc test; panel F).
Non-plaque-associated astrocytes from Tg mice in SC displayed a decreased volume when compared with NTg (**pb0.01 vs. NTg 8 m) and the exposure of Tg mice to EE increased
this parameter to control levels (##pb0.01 vs. Tg NPA).
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peptides could correlate with hippocampal amyloid load and that a
modulation of plaque deposition might be achieved with this strategy,
as previously reported (Verret et al., in press).

There is evidence for the toxicity of Aβ peptides concerning synaptic
alterations, abnormal tau phosphorylation, glial activation and neuronal
loss (Tomiyama et al., 2010; Klein et al., 2001). Amyloid β peptides
could be implicated in the cognitive and synaptic dysfunction present
at early stages of AD (Lue et al., 1999). Available data indicates that
the beneficial effects of EE on cognition could be associated with effects
on the evolution of amyloid pathology, though conflicting results have
been reported on animal modeling AD. This controversymight be relat-
ed to differences in the models used. Not only does each model portray
different aspects of the disease and its progression, but there are also
variations related to the protocol of enrichment employed. For instance,
Lazarov et al. reported decreased Aβ deposition together with dimin-
ished levels of soluble peptides and high Aβ degrading protease activity
in APPsw×PS1ΔE9mice after 5 months of EE that included physical ac-
tivity. Increased spontaneous running time correlated with less plaque
deposition in the brain (Lazarov et al., 2005). Herring et al. also reported
fewer Aβ deposits in hippocampus of TgCRND8 mice after 4 m of EE
that included exercise, without changes in Aβ peptides (Herring et al.,
2008). In contrast, Jankowsky et al. reported increased plaque deposi-
tion and levels of Aβ after EE in APP/PS1 transgenic mice (Jankowsky
et al., 2003; Jankowsky et al., 2003), whereas other group reported no
changes in amyloid β load in parietal cortex and hippocampus, but im-
proved cognitive function in APPsw transgenic mice (Arendash et al.,
2004). In a recent study it was reported that exposure to EE induces a
decreased amyloid plaque load in hippocampus and forebrain of
Tg2576 mice only when started at an early age (3 months) and not at
advanced ages (Verret et al., in press) suggesting that an early interven-
tion is necessary to prevent the progression of amyloid pathology. Mul-
tiple mechanisms can be involved in lowering Aβ levels and thus
improving cognitive and neuronal outcomes as a result of EE. Decreased
amyloidogenic processing of APP has been described in response to EE
in a model of ischemia-induced amyloidogenesis (Briones et al.,
2009). In the same model and also in APP-PS1 transgenic mice an in-
crease in the levels of Aβ degrading enzymes like insulin-degrading en-
zyme and neprilysinwas reported after EE (Briones et al., 2009; Lazarov
et al., 2005). Another pathway that could be implicated in Aβ clearance
is the transport through the blood–brain barrier. Molecules implicated
in the movement across the brain are known to be regulated by EE.
Using TgCRND8 APP transgenic mice, Herring et al. found that EE,
through increased neuronal activity, upregulates LRP1 and its ligands,
ApoE and A2M, and downregulates RAGE thus facilitating the clearance
of Aβ from the brain (Herring et al., 2008). Also, perivascular astrocytes
could contribute to the clearance of ApoE-associated Aβ as demonstrat-
ed by Rolyan et al. (2011), probably participating in the modulation of
AD pathogenesis. As it was lately emphasized, glial endocytic activity
could play a relevant role (Mulder et al., 2012; Thal, 2012). In conso-
nance with Rodriguez et al. in the 3xTg mice (Rodriguez et al., 2009),
we observed specific cytoplasmic Aβ immunoreactivity in GFAP+ as-
trocytes surrounding plaques in PDAPPmice (colocalization study illus-
trated in Supplementary Fig. 1). Available data also indicates that
activated phagocytic microglia could contribute to Aβ peptides endocy-
tosis (Wyss-Coray et al., 2001). Also, mechanisms associated with the
autophagic process can be mediating this effect. Galvan et al. reported
a considerable diminution of Aβ 1–42 levels subsequent to mTOR path-
way inhibition by rapamycin in PDAPP-J20 mice (Spilman et al., 2010).

In the presentwork, at 5 m, an early temporal point of the disease in
the studied animal model, we found a reduction in number of GFAP+
astrocytes in the hippocampus. The observed decrease could represent
an early event in the progression of AD-like pathology; however, this re-
duction was not seen at 8 m, suggesting that the astrocytic population
decreases early during the pathogenesis of AD-like deficits in PDAPP
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mice but some compensatingmechanism is activated later on. The early
and transient reduction in cell number could be due to decreased
gliogenesis and/or to increased cell death in PDAPP mice. At 8 months,
when amyloid plaques are present in the hippocampus, reactive
astrogliosis could implicate proliferation of GFAP+ astrocytes as it has
been described previously (Vijayan et al., 1991; Beach et al., 1989)
and thus compensate the baseline decreased cell number. In
PDAPP-J20 Tg mice, a 4.5 fold increase in the number of GFAP+ astro-
cytes has been described in the hippocampus at 12 months of age
(Galvan et al., 2006). Also, in human postmortem brain samples, it has
been reported that astroglial proliferation is present in the presenile
hippocampus (Boekhoorn et al., 2006). The 8-month age point studied
in the present work represents an intermediate stage in the progression
of the disease. Although GFAP+ cells represent more than 90% of total
hippocampal astrocytes (Jinno, 2011), thus constituting a reliablemark-
er of astroglia, the representation of other astroglial phenotypes could
be altered in a pathological condition such as AD-like pathogenesis.
Studies and preliminary data including other markers show us that a
high proportion of GFAP positive astrocytes are also positive for s100B
(Supplementary Fig. 2; Jinno, 2011). The decreased number of GFAP+
astrocytes seen at 5 months could be due to a shift in the glial marker
expressed and not to a net decrease in the total number of astrocytes.
Different cell maturation dynamics rather than absolute cell number
decrease could underlie the difference in GFAP+ astrocyte number
(Raponi et al., 2007).

A reduction of GFAP+ cell volume in astrocytes distant from amy-
loid deposits was found in Tg mice at 8 months. In contrast, astroglia
in close associationwith amyloid plaques displayed an augmented reac-
tivity characterized by a 3-fold increase in the cellular volume in com-
parison with control astrocytes. Astrocyte pathology occurs in
association with AD and other CNS pathologies and a large number of
studies have been reported on this topic (Kuchibhotla et al., 2009;
Nagele et al., 2004; Parpura and Verkhratsky, 2012). How changes in
astroglial phenotype morphology are related to AD pathogenesis, how-
ever, is still incompletely understood. Interestingly, Rodriguez et al.
reported concomitant glial atrophy and astrogliosis in 3xTg-AD mice,
a mouse model harboring mutations in APP, PS1 and tau genes
(Olabarria et al., 2010). In that study, GFAP+ astrocytes showed a
dual behavior depending on the distance to Aβ plaques: astrogliosis, de-
scribed as an increase in the surface and volume of GFAP+ cells, was
found in the proximity of amyloid plaques whereas astrocytes located
away from Aβ deposits showed atrophic changes, in a similar fashion
to that found in the present work. These results and ours, showing
glial abnormalities linked to AD pathology and shared by 3xTg-AD and
PDAPP transgenic mice, could suggest an association of astrocytic alter-
ations to the amyloidogenic pathway more than to tau pathology.

We found an increased branching of GFAP+ astroglial processes in
the hippocampus of Tg mice both at 5 and 8 months. However, this
change was present even in astrocytes located far from Aβ plaques
that also showed decreased GFAP+ cell volume. This apparently para-
doxical result could be originated by a differential regulation of
astroglial branching and volume. Alterations in the glial cytoskeleton
could be a secondary reaction to premature neuronal changes, as synap-
tic perturbations, that occur before plaque formation (Scheff et al.,
2007). In an electron microscopy study by Geinisman et al., an increase
in the ramification and/or elongation of astroglial processes was found
in the hippocampus of senescent rats, potentially constituting a com-
pensating mechanism for dendritic loss (Geinisman et al., 1978). De-
creased astrocytic volume could be secondary to impaired synaptic
connectivity and altered transcription of cytoskeleton-related genes,
Fig. 5. Sholl analysis of GFAP+astrocytes in CA1 region. Panel A shows an averaged image of
multiple confocal planes across a GFAP+ astrocyte (left), the traced profile of the same cell
(middle) and a figure to illustrate the position of the concentric circles used for Sholl analysis
(right). Scale bar inpanel A represents 20 μm.At 5 months (5 m;panel B), Tgmice presented
astrocytes with an increased ramification compared with NTg (pb0.0001; 2-way RM
ANOVA). When evaluating non-plaque-associated astrocytes in 8-month-old (8 m) Tg
mice (panel C), cell morphology was more complex than in NTg regardless of the housing
condition (pb0.05 for SC and pb0.0001 for EE). Housing in the enriched environment deter-
mined a decrease in the astrocytic ramification in both genotypes (pb0.0001). In the analysis
of plaque-associated astrocytes, we did not find significant differences between Tg in SC and
Tg in EE though a tendency towards a decrease with EE was noted (panel D).

image of Fig.�5


35J. Beauquis et al. / Experimental Neurology 239 (2013) 28–37
phenomena described in the context of AD (Scheff et al., 2007; Simpson
et al., 2011).

In our study, the exposure to EE prevented astroglial morpholog-
ical and volume changes associated with the progression of AD-like
pathogenesis in PDAPP mice, resulting in parameters similar to
those of non-transgenic animals. This fact could be a result of the sig-
nificant decreases in Aβ levels following EE (Lazarov et al., 2005;
Herring et al., 2008; Valero et al., 2011). Previous reports also
showed morphological changes in glia as a result of EE in young
and healthy mice (Viola et al., 2009). Astrocytes can modify their
morphology in response to neurotrophins acting through TrkB T1 re-
ceptor (Ohira et al., 2007) and these morphological alterations might
be essential for synaptic plasticity andmaintenance (Benediktsson et
al., 2005). Also, receptors for different types of neurotransmitters
were found in astrocytes, suggesting a possible pathway through
which they can respond to neuronal activity (Murphy and Pearce,
1987). Also, the effects of EE preventing astroglial morphological al-
terations could be mediated through a mitigation of the inflammato-
ry response. Williamson et al. showed an attenuation of the glial
pro-inflammatory profile in hippocampi from rats exposed to a rich
environment (Williamson et al., 2012). Neuroinflammatory changes
have been identified as a key component of the disease, together
with amyloid β deposition and neurofibrillary tangles. Based on
existing data, this reactive astrocytic population found surrounding
plaques could be able to secrete, in concert withmicroglia, a wide va-
riety of pro-inflammatory molecules (Krause and Muller, 2010).

Multiple protocols of EE have been reported and themain difference
can be found regarding physical exercise, with someof them including a
device for physical activity (e.g. running wheel) and others not. In the
present work and in a previous study (Beauquis et al., 2010), we did
not include physical activity in order to isolate the effect of ‘pure’ EE.
In animalmodels of diabetesmellitus and Parkinson's disease, exposure
to treadmill exercise prevents the decrease of hippocampal GFAP opti-
cal density associated with the pathology (de Senna et al., 2011; Dutra
et al., 2012). Also, it has been reported that running, but not enrichment,
strongly induced net astrogliogenesis in adult mice (Steiner et al.,
2004). Effects of physical activity on neuronal plasticity could be differ-
ent from those of EE and may not always implicate the same pathways
(Olson et al., 2006).

Our results demonstrate that glial changes in the context of AD-like
progression can be prevented by the exposure to EE and thus contribute
to our understanding of the high complexity of the neuro-glial plasticity
in response to environmental stimuli. The observed rescue of GFAP+
astroglial volume and process complexity in 8 m PDAPP transgenic
mice suggests that EE induced increases in volume of the soma while
decreasing process complexity. Thus, our results suggest that glia in
PDAPPmice can respond to environmental stimuli adopting amorphol-
ogy similar to that found in control mice. This phenomenon could be as-
sociated with a recovery in their neuroprotective function, regarding
energy metabolism, recycling of neurotransmitters and antioxidant ca-
pacity (Li et al., 1997;Masliah et al., 1996; Fuller et al., 2010; Newman et
al., 2007; Steele and Robinson, 2012). The effect of EE promoting
neuroprotection in AD Tg mice was demonstrated in multiple studies
(Valero et al., 2011; Arendash et al., 2004; Costa et al., 2007;
Jankowsky et al., 2005), and probably implicates simultaneous cellular
and molecular responses that take place in a plastic brain area as the
hippocampus. Our results show that exposure to environmental stimuli
can also induce glial changes that could be translated, as mentioned,
into an improved neuronalmetabolic support and clearance of proteins,
including Aβ, from extracellular space, among other effects. The possi-
bility to enhance or potentiate endogenous protective pathways that
allow the organism to resist the neurodegenerative process in a more
successful manner is strongly attractive. The fact that this strategy in-
volves modulation of glial cells, that seem to be affected early in AD,
and a potential restoration of function in astrocytes, that constitute
the predominant cell type in the brain, adds a remarkably amplifying
effect. Another relevant point of this study is the nature of the proposed
strategy, employing a nonpharmacological approach promoting and
reinforcing the cognitive reserve as an endogenous system of protec-
tion. In conclusion, the modulation of glial functionality through envi-
ronmental intervention may constitute an attractive and relatively
simple target for therapy.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.expneurol.2012.09.009.
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