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1 | INTRODUCTION

Summary

Aims: Social isolation increases the onset of Alzheimer’s disease (AD). Environmental
enrichment, a complicated social and physical construct, plays beneficial effects on
brain plasticity and function. This study was designed to determine whether physical
enrichment can reduce the deleterious consequences of social isolation on the onset
of AD.

Methods: One-month-old APPswe/PS1dE? transgenic AD model mice were singly
housed in the enriched physical environment for 8 weeks and then received behavio-
ral tests, neuropathological analyses, and Western blot of the hippocampus.

Results: The enriched physical environment reversed spatial cognitive decline of so-
cially isolated APPswe/PS1dE9 mice. The functional reversal was associated with de-
creases in cellular apoptosis, synaptic protein loss, inflammation, and glial activation in
the hippocampus, without changes in amyloid  neuropathology.

Conclusion: These results suggest that the enriched physical environment may serve
as a nonpharmacological intervention for delaying the onset of AD accompanied with

social isolation.

KEYWORDS
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tasks might be therapeutic that activate the brain and slow the prog-

ress of dementia.%12

Alzheimer’s disease (AD) is the most common form of demen-
1

tia.® Despite extensive investigation into potential therapies for
AD, no effective pharmacological treatment is currently available.?
Nonpharmacological intervention strategy may be a pragmatic ap-
proach to the treatment of dementia.>* To achieve this, one needs to
identify factors that aggravate or mitigate the onset of AD.

Social isolation (Sl) is defined as a state lacking communication
with family, acquaintances or friends, and/or willfully avoiding any
contact with others.® Sl is a known risk factor of AD that exacerbates

cognitive impairments.é'9 Avoiding Sl by participating various social

Enriched environment (EE) has been proved consistently that re-
duce memory decline in aged animals via improving hippocampal plas-
ticity and neurogenesis.’>*> Despite variable outcomes of amyloid i
(Ap) plague deposition, EE has been shown to mitigate hippocampal-
dependent spatial memory impairment in AD mouse models.'¢?* The
experimental paradigm of EE includes housing more animals in a large
cage to increase their social interactions and providing physical condi-
tions to facilitate sensory, cognitive, and motor activities.??

In this designed study, we aimed to distinguish the beneficial

effects on AD mice whether from physical or social aspect of EE. We
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also determined whether the enriched physical environment along is
sufficient to slow the AD progression under Sl condition. To address
these issues, one-month-old APPswe/PS1dE9 transgenic (APP/

1,22 were used in this

PS1) mice, the most extensively used AD mode
study. APP/PS1 mice were housed in designed environments for
8 weeks and then compared with the behavioral outcomes, neuro-
pathology, and molecular changes in the hippocampus that affected

by the conditions.

2 | MATERIALS AND METHODS

2.1 | Animal groups

On postnatal day 28, weaned, male APP/PS1 mice from each litter
were randomly assigned to four groups: group housing in a standard
environment (GR+SE), socially isolated housing in a standard environ-
ment (SI+SE), group housing in an enriched environment (GR+EE), and
socially isolated housing in an enriched environment (SI+EE). Mice in
GR+EE and SI+EE groups were raised in large plastic cages (length:
47 cm; width: 30 cm; height: 23 cm), with a variety of contents, such
as toys, wooden houses, tunnels, ladders, running wheels, nesting ma-
terials.®> The items were renewed and rearranged per 3-4 days for
ensuring the novelty and spatial variability. Animals in the GR+SE and
SI+SE groups were reared in standard plastic cages (length: 31 cm;
width: 22 cm; height: 15 cm) without any exposure to stimulation.
Four mice in each cage in GR+SE or GR+SE group, while only one
mouse per cage was housed in SI+SE or SI+EE group. Mice in each
group were maintained in their respective experimental conditions
until behavioral experiments were performed 8 weeks later.

Mice were maintained at a constant room temperature (18-22°C),
with a controlled illumination (12:12-h light/dark cycle), relative hu-
midity of 30%-50%, and food and water were available ad libitum. All
animal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of Nanjing Medical University.

2.2 | Y-maze test

The Y-maze test contains two 5-min stages, training stage and testing
stage, with an interval of 2 hours.?* During the first stage, one arm
named as the novel arm was blocked by a black baffle, and mouse
moved only in the other two arms for 5 minutes. During the second
stage, the novel arm was opened, and the mouse could freely move
throughout all 3 arms for 5 minutes. The percentage of time spent in

the novel arm and the numbers of entries were calculated.

2.3 | Morris water maze (MWM)

As previously described,?® the MWM training was conducted over 5
consecutive days, with 4 trials per day. The escape latency and swim-
ming speed were analyzed. On the 6th day, the hidden platform was
removed, allowing mice to swim in the pool for 60 s. The percentage
of total time spent in the target quadrant and the platform crossing
times were counted.
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The above activities of mice were captured by a digital video
camera connected to a computer-controlled system (Beijing Sunny
Instruments Co. Ltd, Beijing, China). All tests were performed by two
independent experimenters who were each blinded to the experimen-
tal schedule.

2.4 | Section preparation

Following deep anesthesia, mice were transcardially perfused with
0.9% saline by perfusion pump for 5 minutes, followed by 4% para-
formaldehyde for 15 minutes. Brains were removed, postfixed over-
night at 4°C, and embedded in paraffin following standard procedures.
Coronal brain sections containing the hippocampus were serially cut
at 5 pm, using a paraffin slicing machine, for immunohistochemistry,

Thioflavin-S staining or Congo red staining.

2.5 | Immunohistochemistry

Immunohistochemical staining was performed as previously de-
scribed.?® Brain sections were incubated with one of the following
primary antibodies: rabbit anti-6E10 (1:1000; Covance, Denver, PA,
USA), rabbit anticaspase-3 (1:1000; CST, Danvers, MA, USA), mouse
antiglial fibrillary acidic protein (GFAP) (1:1000; Millipore, Bedford,
MA, USA), rabbit anti-ionized calcium-binding adaptor molecule 1
(Iba-1) (1:1000; Wako, Osaka, Japan), or rabbit anti-NeuN (1:400;
Millipore) at 4°C overnight. Following PBS rinsing, sections were in-
cubated with biotinylated-conjugated goat anti-mouse or rabbit 1gG
(1:200, Vector Laboratories, Burlingame, CA, USA) for 1 hour at 37°C
and then visualized with DAB (Sigma-Aldrich, St. Louis, MO, USA).

2.6 | Image analysis and cell counting

The images of the hippocampus were captured at x 100 magnification
and analyzed using NIH ImageJ software (NIH Image, Bethesda, MD,
USA). The area of positive signal for GFAP or Iba-1 was quantified by the
interest grayscale threshold analysis.?> The percentage area of positive
signal was then calculated by dividing the area of positive signal to the
total area in the region of interest. Caspase-3-positive apoptotic cells and
total hematoxylin-positive cells in the pyramidal layer of CA1-3 and the
granular layer of dentate gyrus (DG) were also counted, and the results
were expressed as the percentage of cellular apoptosis. The neuronal
number and area of CA1-3 pyramidal layer and DG granular cell layer on
each section were measured, respectively. Total number of NeuN cells in
the pyramidal layer of the CA1-3 subregions and granule cell layer of the
dentate gyrus was quantified using the formula: T = (N x V)/t, where N,
V, and t are the cell density, volume of the structure, and thickness of the
section, respectively.?® Five sections per mouse, and four mice per group,
were averaged to provide a mean value for each group.

2.7 | Western blotting

The homogenized protein samples of hippocampus were loaded
into 10%-16% Tris/tricine SDS gels and transferred to PVDF



CAO ET AL

204
Wl L EY_ C N S Neuroscience & Therapeutics

membranes using a Bio-Rad miniprotein-Ill wet transfer unit.?®
After blocking for 1 hour in 5% nonfat milk/TBST, the membranes
were incubated at 4°C overnight with one of the primary antibod-
ies listed in Table 1. Horseradish peroxidase-conjugated second-
ary antibodies (Vector Laboratories) were used, and bands were
visualized using ECL plus detection system. GAPDH was used as an

internal control for protein loading and transfer efficiency.

2.8 | Statistical analysis

Data were expressed as mean + SEM. Statistical analyses were con-
ducted using SPSS software, version 19.0 (SPSS Inc., Chicago, IL,
USA). The MWM platform training data were analyzed by repeated-
measures ANOVA with day of training as the within-subject variable,
and housing (group housing vs isolated housing) and environment
(standard environment vs enriched environment) as the between-
subject factors. The other data were analyzed by two-way ANOVA
with housing and environment as factors, followed by Newman-
Keuls post hoc multiple comparison test. A value of P < 0.05 was

considered statistically significant.

Antibodies MW (kDa) Clone Dilution Source
AByan 87 Rabbit, monoclonal 1:1000 Abcam
ADAM10 82 Rabbit, polyclonal 1:1000 Millipore
APP 100 Rabbit, polyclonal 1:1000 Sigma
ASC 24 Rabbit, polyclonal 1:500 Santa Cruz
BACE1 70 Mouse, monoclonal 1:1000 Millipore
Caspase 1 20 Rabbit, polyclonal 1:1000 Millipore
GAPDH 37 Rabbit, polyclonal 1:800 Bio world
IKKpB 88 Rabbit, polyclonal 1:1000 Cell
Signaling
IL-1p 17 Rabbit, polyclonal 1:1000 Millipore
IL-6 22 Rabbit, polyclonal 1:1000 Abcam
NLRP3 106 Mouse, polyclonal 1:1000 AdipoGen
p-IKKp 88 Rabbit, polyclonal 1:1000 Cell
Signaling
p-P65 65 Rabbit, polyclonal 1:1000 Cell
Signaling
P65 65 Rabbit, polyclonal 1:1000 Cell
Signaling
Procaspase 1 46 Rabbit, polyclonal 1:500 Millipore
PSD95 85 Rabbit, polyclonal 1:1000 Abcam
Pro-IL-1p 34 Rabbit, polyclonal 1:1000 Millipore
PS1 45 Rabbit, polyclonal 1:1000 Sigma
SAPP-a 98 Rabbit, monoclonal 1:800 IBL
SYP 70 Rabbit, polyclonal 1:500 Abcam
TNF-a 17 Rabbit, polyclonal 1:1000 Abcam
6E10 4-100 Mouse, monoclonal 1:1000 Convance

3 | RESULTS
3.1 | Physical EE rescued spatial cognitive deficits of
socially isolated APP/PS1 mice

The hippocampus-dependent spatial learning and memory ability were
tested by the MWM and Y-maze. Repeated-measures ANOVA revealed
that SI+SE mice had significantly prolonged escape latency compared
with GR+SE mice during the 5 days of training (F4’70 =8.172,P=0.017).
However, treatment with EE significantly alleviated the poor spatial
learning task induced by SI (F4'70 =12.055, P =0.001, SI+EE mice vs
SI+SE mice). Group housing in enriched environments also improved
spatial learning performance (F4y70 = 6.357, P=0.04, GR+EE mice vs
GR+SE mice) (Figure 1A). Swimming speed was not affected by hous-
ing (F4,140 =0.671, P =0.426), environment (F4’140 =0.363, P =0.556),
or housing x environment (F41140 =0.011, P=0.917) (Figure 1B).

On the 6th day, a probe trial was performed to assess the spa-
tial memory ability. Two-way ANOVA revealed that the percent-
age of time spent and numbers of platform area crossings in the
target quadrant were significantly decreased by SI (Fi,zs =8.247,

TABLE 1 Antibodies used in the

Catalog number Western blot

ab10148
AB19026
SAB4300464
sc-22514-R
MAB5308
06-503-1
BS60630
8943s

AB1832P
ab83339
AG-20B-0006
2694

3033s
8242s

06-503-1
ab18258
AB1832P
PRS4203
11088
ab64581
ab9739
SIG-39320-200
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P=0.011; F1,28 =4.862, P=0.043, respectively) and increased by
EE (Fy 5 = 30.892, P<0.001; F, 54 = 26.184, P < 0.001, respectively),
but were not affected by their interaction (F, 4 =4.34, P=0.053;
Fi08= 1.262, P=0.279, respectively). The enriched physical environ-
ment arrested Sl-induced spatial memory dysfunctions, revealed by
increases in the percentage of time spent and numbers of platform
area crossings in the target quadrant (P = 0.0005, P = 0.0016, respec-
tively) (Figure 1C,D).

Similarly, in the Y-maze test, the percentage of time in the NA
and numbers of NA entrances were increased by EE (F1,2s = 6.887,
P=0.012; F1,28 =11.993, P=0.001, respectively), but not affected
by SI (F1,28 =2.094, P=0.156; F, ,g = 2.438, P=0.126, respectively)
or their interaction (F1,28 =2.131, P=0.152; F1,28 =1.687, P=0.201,
respectively). Time stayed in and numbers entered into the NA in-
creased in SI+EE mice, compared to those in SI+SE mice (P = 0.0034,
P =0.0011, respectively; Figure 1E,F).

3.2 | Physical EE rescued cellular apoptosis and
synaptic loss in the hippocampus of socially isolated
APP/PS1 mice

We determined whether EE and/or Sl affected the number of hip-
pocampal neurons of APPswe/PS1dE9 transgenic mice. There were

no differences in NeuN-positive neurons in the CA1-3 pyramidal layer

(housing: F1,12 =1.25, P = 0.296; environment F1,12 =1.255,P =0.295;
interaction F, ;, = 0.002, P = 0.964) and DG granular cell layer (hous-
ing: Fy4,=1.070, P=0.331; environment: F,,,=1.358, P=0.277;
interaction: F, ,, = 0.275, P = 0.614) among four groups (Figure 2A,B).
This result is consistent with the previous studies that apparent neu-
ronal death occurs in the aged but not adult APP/PS1 mice.?+?”

Isolation stress exposure has been shown to cause cellular apop-
tosis in the hippocampus.28 Thus, we determined whether an enriched
physical environment rescued hippocampal neuronal apoptosis of
socially isolated APP/PS1 mice. The immunohistochemistry revealed
that caspase-3 labeled cells were mainly located at the subgranular
layer of DG in each group (Figure 2A). Quantify data further demon-
strated that a marked enhancement of caspase-3 labeled cells in the
DG region, but not the CA1-3 regions of SI+SE mice (P=0.0476;
P=0.5981 vs GR+SE mice), indicating a region-specific feature of
cellular apoptosis. The enriched physical environment rescued social
isolation-induced cellular apoptosis in the DG region (P =0.0044,
SI+EE mice vs SI+SE mice) (Figure 2C).

We also examined the protein expression levels of cleaved
caspase-3, a key activator of downstream apoptotic signal trans-
duction pathways, in the hippocampus.29 As expected, cleaved
caspase-3 levels were increased by Sl (F1'12= 10.13, P =0.003),
whereas decreased by EE (F1,12 = 6.693, P=0.013), with a signif-
icant interaction effect (F1,12 =7.738, P=0.009). Compared to
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FIGURE 2 Analyses of cellular apoptosis and synaptic protein expression in the hippocampus. (A) Immunohistochemical staining for NeuN
(upper panel) and caspase-3 (lower panel) in the hippocampus. Arrowheads show caspase-3-positive apoptotic cells. (B) NeuN-positive neuronal
count in the CA1-3 and DG. (C) The percentage of apoptotic cells in the CA1-3 and DG. (D,E) Representative bands of Western blot and
densitometry analysis of cleaved caspase-3, Bax, and Bcl-2 protein levels. (F,G) Representative bands of Western blot and densitometry analysis
of SYP and PSD-95 protein levels. Data represent mean + SEM from 4 mice per group. The statistical analysis was performed by ANOVA with
post hoc Student-Newman-Keuls test. *P < 0.05, GR vs SI; #P < 0.05, ##P < 0.01, EE vs SE

SI+SE mice, SI+EE mice showed low levels of cleaved caspase-3
protein (P = 0.024; Figure 2D,E). In addition, Sl increased proapop-
totic Bax (F1,12= 8.124, P=0.006), but decreased antiapoptotic
Bcl-2 expression (F1,12 =5.464, P=0.035), while EE decreased
Bax (F1,12 =15.708, P<0.001), but increased Bcl-2 expression
(F1’12=22.003, P <0.001), and no significant interaction effects
were observed (F,,,=0.559, P=0.466; F,,,=0.192, P=0.673,
respectively). SI+SE mice showed low levels of Bax and high levels
of Bcl-2 when compared to SI+EE mice (P =0.0192; P=0.0137, re-
spectively; Figure 2D,E).

Our previous study showed that S| exacerbates loss of synapse
in the hippocampus, contributing to the severe cognitive declines
of isolated aged APP/PS1 mice.?* To address whether the enriched
physical environment rescues synaptic loss of socially isolated
young APP/PS1 mice, we examined expression levels of presyn-
aptic vesicle protein synaptophysin (SYP) and postsynaptic density

protein-95 (PSD-95) in the hippocampus among different experi-
mental groups. EE increased (F1,12 =6.432, P=0.015; Fi1p= 42.03,
P < 0.001, respectively), whereas S| decreased SYP and PSD-95 lev-
els (F1,12 =5.381, P=0.028; F1,12 =9.878, P =0.004, respectively),
without significant interaction effects (sz =4.225, P=0.072;
F1,12 =4.465, P=0.067). SI+EE mice showed high levels of SYP and
PSD-95 compared to SI+SE mice (P =0.0134; P =0.0038, respec-
tively; Figure 2F,G).

3.3 | Neither physical EE nor Sl affected APP
processing in the hippocampus of APP/PS1 mice

APP/PS1 mouse model begins to Af plaque deposition by 5-6 months
of age.30 In agreement with this, neither Congo red-positive plaques
nor Thioflavin-S-positive dense core plaques were observed in the
hippocampus of 3-month-old APP/PS1 mice in each group (Figure 3A).
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To further evaluate the effect of different environmental exposures
on APP production and processing of APP/PS1 mice, the hippocam-
pal expression levels of APP and its nonamyloidogenic peptide soluble
amyloid precursor protein a (sAPPa) and amyloidogenic peptide Ap, _,,
were determined by Western blotting. The two-way ANOVA revealed
no significant effects of housing, environment or their interaction
on levels of APP (F,,,=0.27, P=0.617; F,,=0.021, P=0.889;
F1,12 =0.000, P = 0.988, respectively), sSAPPa (F1,12 =0.273,P =0.615;
sz =0.263, P=0.622; F1,12 =0.000, P=0.988, respectively) and
ABy 4, (Fy 4, =042, P=0.531; F, ,, = 0.000, P=0.988; F, ,, = 0.016,
P =0.904, respectively; Figure 3B,D). Subsequently, APP hydrolases,

including two amyloidogenic enzymes, presenilin 1 (PS1) and p-site

(A) GR+SE SI+SE

Congo red

Thioflavin-S
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amyloid precursor protein-cleaving enzyme 1 (BACE1), and a nonamy-
loidogenic enzyme, a-disintegrin and metalloproteinase 10 (ADAM10)
were detected in the hippocampus of each group.1 No significant
effects of housing, environment, or their interaction on ADAM10
(F11,=2705 P=0.126; F,,,=3493, P=0.086; F,,,=0.545
P =0.475, respectively), BACE1 (F1,12 =0.682,P = 0.433;F, ,, = 2.816,
P=0.132; F1,12 =0.572, P=0.471, respectively) and PS1 expres-
sion (F; 4, =023, P=0.644; F,,,=3.132, P=0.115; F,,, =0.005,
P =0.947, respectively) were observed (Figure 3B,D). Additionally,
we performed Western blot to assess APP, sAPP«, transmembrane
peptide C-terminal fragments (CTFp),and AB,_,, protein expression
levels with 6E10 antibody, and densitometry analysis showed that
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FIGURE 3 Analyses of AB burden and metabolism in the hippocampus. (A) 6-E10 immunohistochemical staining and Thioflavin-S staining.
Neither 6E10-immunopositive diffuse plagues nor Thioflavin-S-positive fibrillar plaques were observed in the hippocampus of all groups.
Immunoreactivity for 6-E10 was present at the somata of CA1 pyramidal neurons and granular DG neurons. (B,D) Representative bands of
Western blot and densitometry analysis of APP, and its nonamyloidogenic product sAPPa and amyloidogenic product AB, _,,, as well as APP
secretases ADAM10, BACE1, and PS1. (C,E) Western blotting using 6-E10 and densitometry analysis showed expression levels of APP, sAPPa,
CTFp, and AB,_,,- Data represent mean + SEM from 4 mice per group. The statistical analysis was performed by ANOVA with post hoc Student-

Newman-Keuls test. *P < 0.05, GR vs SI; #P < 0.05, ##P < 0.01, EE vs SE
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none of the above parameters displayed difference among the four
groups (Figure 3C,E). Taken together, these results suggest that nei-
ther enriched physical environment nor isolated housing affects APP
production and processing before the onset of A plaque load in the
hippocampus of APP/PS1 mice.

3.4 | Physical EE rescued neuroinflammation, NLRP3
inflammasome signaling pathways and glial activation
in the hippocampus of socially isolated APP/PS1 mice.

It has been shown that stress through its interaction with the immune
system increases the levels of proinflammatory cytokines and neuro-
inflammation, contributing to neurodegeneration in AD.3! To further
address whether the enriched physical environment restores neuro-
inflammation caused by SI, expression levels of pro-interleukin-1p
(pro-IL-1p), IL-1B, IL-6 and tumor necrosis factor alpha (TNF-a) in the
hippocampus of APP/PS1 mice were determined by Western blotting.
Environment, housing, and their interaction had significant effects
on the levels of pro-IL-1p (F1,1z =27.649, P<0.001; F1,12 =27.257,
P <0.001;F, ;, = 30.405,P < 0.001, respectively), IL-1p (F, ;, = 35.981,
P<0.001; Fy,,=20262, P<0.001; F,,,=13.641, P=0.001, re-
spectively), IL-6 (F, 1, = 47.671, P<0.001; F, ;, = 27.712, P <0.001;
Fi1,=26.116, P<0.001, respectively) and TNF-a (F,,, = 52.043,
P<0.001; F,,,=30.534, P<0.001; F,,,=27.374, P<0.001, re-
spectively). SI+SE mice showed higher levels of the above parameters
than GR+SE mice (P =0.007; P=0.009; P =0.0048; P =0.0043, re-
spectively). However, they were greatly attenuated by the enriched
physical environment (P = 0.0014; P = 0.0037; P = 0.0025; P = 0.0024,
respectively, SI+EE mice vs SI+SE mice) (Figure 4A,B).

Inflammasomes are multiprotein complexes that induce inflamma-
tion in response to cellular infection or stress.®? Several types of inflam-
masomes have been identified involving different sensors/receptors in
the NOD-like receptor (NLR) family that initiates the assembly of the
complex, among which the NLR protein 3 (NLRP3) inflammasome is well
documented in mediating inflammatory molecular expressions in a va-
riety of neurological diseases including AD.>*%> NLRP3 inflammasome
signaling pathways include NF-xB activation and inflammasome for-
mation.®® Thus, we examined levels of p-IKKB, IKKB, p-P65, and P65,
several key markers involved in the NF-xB pathway, in the hippocam-
pus among different groups of APP/PS1 mice. p-IKKp/IKKp and p-P65/
P65 ratios were increased by SI (F, ;, = 17.43, P < 0.001; F, ;, = 5.847,
P=0.02, respectively), whereas decreased by EE (F1,12 =35.215,
P <0.001; F1,12 =5.84, P=0.02, respectively), with significant interac-
tion effects (FL12 =12.177, P=0.001; FL12 =5.805, P=0.023, respec-
tively; Figure 4C,D). The enriched physical environment inhibited NF-xB
signaling pathway activation, as revealed by decreased p-IKKp/IKKp
and p-P65/Pé65 ratios in SI+EE mice, compared with those in SI+SE mice
(P=0.003; P=0.0269, respectively). We also investigated NLRP3 in-
flammasome signaling pathway, including NLRP3, apoptosis-associated
speck-like protein containing card (ASC), procaspase-1, and caspase-1
expression levels in the hippocampus. Sl increased the above parameters
in the hippocampus of APP/PS1 mice (NLRP3: F1,12 =32.98, P<0.001;
ASC: F,,,=6811, P=0.012; caspase-1: F,,,=12.111, P=0.001,

respectively), but EE decreased (NLRP3: F1,12 = 63.906, P < 0.001; ASC:
F1,12 = 32.244, P<0.001; caspase-1: F1,12 =7.904, P=0.009, respec-
tively), and significant interaction effects were also observed (NLRP3:
Fi.,=5805 P=0023; ASC: F,,,=7.347, P=0.009; caspase-1:
Fi1p= 11.61, P=0.001, respectively). Compared to SI+SE mice, SI+EE
mice showed low levels of NLRP3 (P =0.0012), ASC (P = 0.0058) and
caspase-1 (P = 0.0195; Figure 4E,F).

Astrocytes and microglia are strongly affected in individuals with
social stress-induced psychotic disorders and in animal models of
chronic psychosocial stress.®” Activated glial cells are main contrib-
utors to NF-kB-NLRP3 inflammasome-mediated inflammatory pro-
cess.® Thus, we evaluated whether an enriched physical environment
inhibited glial activation of SI mice. EE decreased the percentage of
GFAP-positive astrocytes area in the hippocampus (F1‘12 =13.143,
P =0.001), while Sl increased (F1,12 =10.957, P =0.001), and a statisti-
cally significant effect of SI x EE interaction was identified (F, ,, = 5.59,
P =0.025). SI+SE mice had an increased area percentage of GFAP ex-
pression compared with GR+SE controls (P = 0.033), indicating a mild
activation of astrocytes. Nevertheless, the enriched physical environ-
ment rescued this change (P = 0.0113, SI+EE vs SI+SE) (Figure 4G,H).
Activation of microglia was unchanged after Sl, and effects of hous-
ing, environment, or their interaction were not significant on the
percentage of Iba-1-positive area in the hippocampus (F1,12 =0.846,
P=0.385; F; 4, =0.566,P=0473; F, ;, = 0.063, P = 0.808).

4 | DISCUSSION

Due to the continuing depth of global population aging, the incidence
of AD is reaching epidemic levels with tremendous social and financial
burdens. Most AD cases are sporadic, and their occurrences are influ-
enced by both genetic and environmental factors.” Precise analysis
of various environmental factors that affect the occurrence of AD is
of great significance for alleviating the current severe situation of the
disease prevention and control. In the present study, by the use of
different rearing environments, we have systematically investigated
the interaction between physical and social factors of EE on AD-like
pathophysiological changes in the early stages of APP/PS1 mice.

We demonstrated that 8 weeks of exposure to EE improves spa-
tial learning and memory of young APP/PS1 mice housed in a stan-
dard environment. In line with this, previous studies have revealed
that enrichment has a beneficial effect on cognitive function of var-
ious AD mouse models, such as APPswe transgenic mice,'® APP23
transgenic mice,?! Tg2576 mice,%? APPswe/PS1dE9 mice,*”“%*! and
PS1/PDAPP mice.'? However, effects of EE on the levels of A in AD
transgenic mice are controversial, showing three different results: de-

19,3941 increases,16’23 18,40

creases, and no changes.

Apart from different genetic animal models of AD utilized,” these
discrepancies may be due to the different time points at which enrich-
ment is initiated. For example, Verret et al®? reported that EE train-
ing before the onset of Ap-deposition does not affect AB expression,
but attenuates Ap-deposition in the aged APP23 transgenic mice.

Consistently, in the present study, we demonstrated that exposure to
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FIGURE 4 Analyses of proinflammatory factor expression, activation of NLRP3 signaling pathway, and reactive gliosis in the hippocampus.
(A,B) Representative bands of Western blot and densitometry analysis of pro-IL-18, IL-1, IL-6, and TNF-« protein levels. (C-F) Representative
immunoblot of proteins involved in the first (C,D) and second (E,F) signaling pathways of NLRP3 inflammasome activation. (G,H)
Immunohistochemical staining and semiquantitative analysis for GFAP and Iba-1 expression in the hippocampus. Data represent mean + SEM
from 4 mice per group. The statistical analysis was performed by ANOVA with post hoc Student-Newman-Keuls test. *P < 0.05, GR vs SI;

#P < 0.05, ##P < 0.01, EE vs SE
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EE does not affect Ap production in the hippocampus of young APP/
PS1 mice. There is also no difference in hippocampal apoptosis and
neuroinflammation between GR+EE and GR+SE groups. However,
synaptic proteins SYP and PSD-95 are increased in the hippocampus
of GR+EE mice relative to those of GR+SE mice. Similarly, previous

1640 1342 31s0 showed

studies on AD transgenic mice or wild-type mice
an improving effect of EE on hippocampal expression of genes/pro-
teins related to synaptic plasticity. Together, these results suggest
that the spatial cognition reserved by EE is associated with increased
experience-dependent synaptogenesis in young APP/PS1 mice prior
to the amyloidosis onset.

Social withdraw aggravates the onset and development of vari-
ous neuropsychological disorders including AD.*® S| has been shown

to induce brain oxidative and nitrosative stress “4*°

and impair or in-
hibit immune response.‘“‘”47 Notably, isolated housing increases Ap
levels and y-secretase activity in the hippocampus of adult APP/PS1
mice.*®*? Our previous studies reported that 17-month-old male APP/
PS1 mice received Sl for 3 months showed severe Ap plaque accumu-
lation in the hippocampus, with increased y-secretase and decreased
neprilysin expression.?* In the present study, 1-month-old APP/PS1
mice were subjected to S| conditions for 8 weeks and did not show Ap
accumulation and changes in the protein expressions of three APP hy-
drolases and hydrolysates. However, S| exposure exacerbates spatial
cognitive dysfunction, synapse protein loss, and neuroinflammation in
the two different stages. This clue high indicates that social stress-
related inflammation may play vital roles in the onset stage of AD.

Indeed, levels of inflammatory mediators, such as C-reactive pro-
tein, complement factors, chemokines, and inflammatory cytokines,
are elevated long before the clinical symptoms of AD.%%%! Statin use
can significantly reduce the incidence of AD, which is mainly associ-
ated with its anti-inflammatory effects.>? Simvastatin improves cogni-
tive impairment and attenuates synaptic loss in AD mouse models, and
these beneficial effects are related to its anti-inflammation and inde-
pendent of A load.>® In addition, accumulative evidence suggests that
inflammatory response caused by social stress is the principal mecha-
nism of secondary pathological changes, such as neuronal apoptosis
and synaptic loss.’*>¢ Together, the present study provided new evi-
dence for Sl as a deteriorative factor in the onset of AD.

As mentioned above, the current literature mainly focuses on ef-
fects of single EE or SI during AD progression.”” In the present study,
we organically combine these two factors together and determine
how enriched physical environment influences pathology of socially
isolated APP/PS1 mice. We demonstrated that enriched physical
environment counteracts hippocampus-related spatial learning and
memory caused by Sl before the amyloidosis onset in young adult
APP/PS1 mice. These beneficial effects are mainly associated with
reduced inflammation, cell apoptosis, and synaptic loss. Our re-
sults suggest that improving living environment such as larger living
spaces, furnishings, reading, intelligence games, and training may
help to delay the process of mild cognitive impairment or early AD
patients who live alone. This finding will help establish nonpharma-
cological interventions via providing enrich physical environment to

slow or even prevent the occurrence of AD even under Sl situation.
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