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Aquaporin 4 deficiency eliminates the beneficial effects 
of voluntary exercise in a mouse model of Alzheimer’s 
disease
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Abstract  
Regular exercise has been shown to reduce the risk of Alzheimer’s disease (AD). Our previous study showed that the protein aquaporin 4 
(AQP4), which is specifically expressed on the paravascular processes of astrocytes, is necessary for glymphatic clearance of extracellular 
amyloid beta (Aβ) from the brain, which can delay the progression of Alzheimer’s disease. However, it is not known whether AQP4-
regulated glymphatic clearance of extracellular Aβ is involved in beneficial effects of exercise in AD patients. Our results showed that after 
2 months of voluntary wheel exercise, APP/PS1 mice that were 3 months old at the start of the intervention exhibited a decrease in Aβ 
burden, glial activation, perivascular AQP4 mislocalization, impaired glymphatic transport, synapse protein loss, and learning and memory 
defects compared with mice not subjected to the exercise intervention. In contrast, APP/PS1 mice that were 7 months old at the start of the 
intervention exhibited impaired AQP4 polarity and reduced glymphatic clearance of extracellular Aβ, and the above-mentioned impairments 
were not alleviated after the 2-month exercise intervention. Compared with age-matched APP/PS1 mice, AQP4 knockout APP/PS1 mice had 
more serious defects in glymphatic function, Aβ plaque deposition, and cognitive impairment, which could not be alleviated after the exercise 
intervention. These findings suggest that AQP4-dependent glymphatic transport is the neurobiological basis for the beneficial effects of 
voluntary exercises that protect against the onset of AD. 
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Introduction 
Alzheimer’s disease (AD) is a common neurodegenerative disease 
that is characterized by extracellular amyloid beta (Aβ) plaques and 
intracellular neurofibrillary tangles of hyperphosphorylated tau 
in the brain (Querfurth and LaFerla, 2010; Li et al., 2021; Manna 
et al., 2021). Given the lack of effective therapeutic drugs and/or 
vaccines for AD, non-pharmacological interventions are increasingly 
a research focus (Caselli et al., 2017). Results from epidemiological 
and interventional studies have demonstrated that regular exercise 
improves cognition in older adults (Richards et al., 2003; Larson et al., 
2006; Zhang et al., 2018), as well as in individuals with mild cognitive 

impairment (Blondell et al., 2014; Law et al., 2014, 2020). However, 
exercise therapy has not been shown to exert explicitly beneficial 
outcomes in patients with AD (Forbes et al., 2013; de Oliveira Silva et 
al., 2019). In several transgenic mouse models of AD, both voluntary 
and forced exercise has been shown to reduce extracellular brain 
Aβ levels (Adlard et al., 2005; Xia et al., 2019; Zhang et al., 2019; 
Francis et al., 2020). However, there is also considerable evidence 
suggesting that exercise does not reduce the Aβ burden in mice 
with mid- to late-stage AD-like pathology (Wolf et al., 2006; Ke et al., 
2011; Xu et al., 2013; Robison et al., 2019). These findings indicate 
that the beneficial effects of exercise in promoting Aβ clearance 
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may be dependent on the timing of the intervention, although the 
underlying mechanisms remain unclear. Imaging techniques may be 
particularly useful to dynamically evaluate the protective effect of 
aerobic exercise on glymphatic function in normal elderly individuals 
or those with mild cognitive impairment.

A variety of clearance pathways are implicated in the removal 
of Aβ from the brain, including enzymatic degradation, cellular 
uptake, and transport across the brain barriers (Tarasoff-Conway 
et al., 2015). Recent findings suggest that the glymphatic system 
may significantly contribute to extracellular Aβ clearance (Iliff et 
al., 2012). The glymphatic system, also known as the perivascular 
space, is surrounded by continuous incomplete astrocyte endfeet, 
which contain large amounts of aquaporin 4 (AQP4) (Nedergaard 
and Goldman, 2016). AQP4 deletion in mice impairs the glymphatic 
clearance of soluble macromolecular substances including Aβ from 
the brain (Iliff et al., 2012; Xu et al., 2015). Aβ accumulation is also 
linked to the loss of AQP4 polarization at the perivascular endfeet 
of reactive astrocytes in several models of AD, including double 
transgenic mice with a mutation in the Swedish amyloid precursor 
protein gene and the exon-9-deleted variant of the presenilin-1 
gene (APPswe/PS1dE9, APP/PS1) (Xu et al., 2015; Wang et al., 
2019), transgenic mice with human APP with the Arctic (E693G) 
and Swedish (K670N, M671L) mutations (Tg-ArcSwe) (Yang et al., 
2011), and transgenic mice with five familial AD mutations (5xFAD) 
(Da Mesquita et al., 2018). Moreover, a recent study has shown that 
voluntary exercise promotes glymphatic clearance of Aβ in aged 
mice, which is associated with improved astrocyte AQP4 polarization 
(He et al., 2017). These results suggest that astrocyte AQP4 polarity is 
involved in modulating the beneficial effects of exercise interventions 
according to timing in AD pathology. Thus far, however, there is no 
direct evidence for this hypothesis.

APP/PS1 mice are extensively used as a mouse model of AD. In these 
mice, Aβ-associated long-term memory malfunctions occur from 
approximately 6–7 months of age, reflecting moderate-stage AD 
(Trinchese et al., 2004). At 3 months old, despite the absence of Aβ 
plaques, this AD mouse line exhibits mild activation of astrocytes 
with slight impairments of AQP4 polarity and glymphatic transport 
(Peng et al., 2016; Feng et al., 2020). Therefore, in the present study, 
we used APP/PS1 mice at 3 and 7 months old to systematically 
investigate the benefits of voluntary exercise on AD-like pathology 
according to the intervention timing. Additionally, to further explore 
the underlying mechanisms, we used AQP4–/–/APP/PS1 mice to 
examine the role of AQP4 in the exercise-mediated beneficial effects 
in this AD model.
 
Materials and Methods   
Animals
Compared with male littermates of the same age, AD-like pathological 
changes in female mice were milder, and the individual differences 
were more obvious. Accordingly, only male mice were used in the 
present study. AQP4–/–/APP/PS1 mice were generated by crossing 
APPswe/PS1-dE9 mice (Jackson Laboratories, Philadelphia, PA, USA) 
with AQP4–/– mice that were established in our laboratory (Fan et al., 
2005), as described previously (Xu et al., 2015). We randomly divided 
3- and 7-month-old male AQP4–/–/APP/PS1 mice, APP/PS1 mice, 
and their wild-type (WT) littermates (license No. SCXK (Su) 2021-
0001; Animal Core Facility of Nanjing Medical University, Nanjing, 
China) into exercise and sedentary groups (n = 12–13 per group), and 
then exposed those in the exercise groups to 2 months of voluntary 
exercise followed by behavioral testing (Figure 1A). The mice were 
housed 3 or 4 per cage in a room with a constant room temperature 
(18–22°C), a relative humidity of 30–50%, and controlled illumination 
(12:12 hours light/dark cycle). Food and water were available ad 
libitum. The animal experiments were approved by the Institutional 
Animal Care and Use Committee of Nanjing Medical University (No. 
IACUC-1912002) in November 2019. All experiments were designed 
and reported according to the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020). 

Voluntary exercise 
Mice were habituated for 1 week prior to the commencement of 
voluntary exercise training, referred to as the “pre-intervention” 
period. Each mouse in the exercise groups had free access to a 12.5 
cm-diameter running wheel (Ji Biao Aquarium Co., Ltd., Jinhua, 
China) in a standard plastic cage (31 cm × 22 cm × 15 cm; Tecniplast 
Laboratory Equipment Trading (Shanghai) Co., Ltd., Shanghai, China) 
for 4 hours every day, 5 days per week, for 8 weeks (Wang et al., 

2013). For each exercise group, one mouse was randomly assigned 
to be placed in a cage with a modified pedometer (Pu Ning Electric 
Co., Ltd., Leqing, China). This enabled us to count the number of 
rotations during each training session (Additional Figure 1A). The 
running distance was calculated (rotation number × 39.270 cm), and 
the average value per week was obtained (Additional Figure 1B). 
The control group cage was equipped with a locked running wheel, 
and treatment procedures were identical to those of the mice in the 
exercise groups. The mice were returned to their home cages after 
each training session.  

Morris water maze test
We used the Morris water maze (MWM) task to assess spatial 
learning and memory function. The MWM apparatus (Beijing Sunny 
Instruments Co. Ltd., Beijing, China) was a black plastic pool with 
a diameter of 100 cm and a height of 50 cm. It was housed in a 
light-controlled room with surrounding distal cues and maintained 
at a temperature of 22 ± 2°C. The MWM tank was divided into 
four quadrants, and every quadrant had a proximal cue that was 
a different shape, i.e., triangle, circle, square, and star. The mice 
received 6 days of training with a probe test on the 7th day (Xu et al., 
2015). In each training trial, the mice were given up to 60 seconds to 
find a dark-colored cylindrical platform submerged 1 cm beneath the 
surface of water. The water was made opaque using milk so that the 
platform would be invisible to the mice, and the mice were required 
to remain on the platform for 5 seconds for a trial to be scored as 
successful. After each trial, the mice were dried and returned to their 
cage to rest for 15 minutes before the next trial. Mice underwent 
four trials per day, starting from each of the four different locations in 
the pool. The amount of time taken to find the hidden platform was 
analyzed (escape latency). During the probe trial, the platform was 
removed from the pool, and the mice were allowed to swim in the 
pool for 60 seconds. We determined the amount of time spent in the 
target quadrant as well as the number of times the mice crossed the 
location where the platform had been located. 

Y-maze test 
We used the Y-maze test to evaluate short-term working memory 
(Feng et al., 2020). We conducted two trials, separated by a 1-hour 
interval. The three identical arms of the maze (Beijing Sunny 
Instruments Co. Ltd., Beijing, China) were randomly designated as 
“start,” “novel,” or “other.” In the first trial, the novel arm was blocked 
by a removable door. The mouse was placed in the start arm and 
allowed to explore the two open arms for 5 minutes. In the second 
trial, the removable door was absent, and the mice had access to all 
three arms for 5 minutes. We analyzed the number of time spent in 
the novel arm, as well as the percentage of novel arm entries during 
the second trial.

Novel object recognition task
We used the novel object recognition task to assess object 
recognition memory (Lueptow, 2017). Mice were placed in an 
open field box (Beijing Sunny Instruments Co. Ltd., Beijing, China) 
for a 30-minute adaption period, and then subjected to two trials. 
During the first trial, the mice were placed in the center of the area 
with two identical objects and allowed to explore for 5 minutes. 
Following a 2-hour interval, the mice were placed back in the familiar 
arena, where one of the identical objects had been exchanged for 
a novel object. They were then allowed to freely re-explore for 5 
minutes. The time spent exploring the familiar and novel objects was 
recorded and used to make a discrimination index where the time 
spent exploring the novel object was divided by the total time spent 
exploring both objects.

Mouse activity in the above behavioral apparatuses was recorded 
using a digital video camera connected to a computer-controlled 
system (Beijing Sunny Instruments Co. Ltd., Beijing, China). All tests 
were performed by authors YL and PPH, who were blind to the 
treatment schedule. 

Cisterna magna injection with a fluorescent tracer
On the second day after behavioral testing, six mice in each group 
were given a cisterna magna injection with fluorescent tracer, as 
described previously (Iliff et al., 2012; Feng et al., 2020). The mice 
were anesthetized using 1% pentobarbital sodium (40 mg/kg body 
weight, MilliporeSigma, St. Louis, MO, USA; Cat# P-009) and fixed in 
a stereotaxic apparatus (Stoelting Stereotaxic Instrument, Stoelting, 
IL, USA) in the Trendelenburg position before surgically exposing 
the posterior atlanto-occipital membrane. Texas Red-dextran-3 
(5 μL; TR-d3, molecular weight: 3 kDa, Invitrogen, Carlsbad, CA, 
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USA, Cat# D3328) was injected at a concentration of 0.5 mg/mL  
into the cisterna magna (Paxinos and Franklin, 2013) via a 
microsyringe (Shanghai Guangzheng Medical Instrument Co. Ltd., 
Shanghai, China) with a flow rate of 1 μL/min. The needle was left in 
place for an additional 10 minutes to prevent leakage of the tracer. 
Forty minutes after the start of the infusion, the animals were given 
an overdose of anesthetic. Their brains were then removed and post-
fixed overnight in 4% paraformaldehyde at 4°C. 

Tissue preparation
Following behavioral testing, the mice were intraperitoneally injected 
with 1% pentobarbital sodium (60 mg/kg body weight; Cat# P-009; 
MilliporeSigma) and perfused transcardially with 0.9% saline from 
the left ventricle using a perfusion pump (BT100-2J; Longer Pump, 
Baoding, China). The entire brain was carefully removed from the 
skull and divided into two hemispheres. One hemisphere was 
postfixed in 4% paraformaldehyde at 4°C overnight and subsequently 
dehydrated in a series of graded ethanol solutions. The brain tissue 
was embedded in paraffin and cut into 5-μm thick sagittal sections 
using a sliding microtome (SM2000R; Leica, Solms, Germany). 
Serial sections containing the hippocampus and cerebral cortex 
were placed on gelatin-coated slides for immunohistochemistry, 
immunofluorescence, and Thioflavine-S staining. The other 
hemisphere was immediately frozen in liquid nitrogen and then 
stored at –80°C until being subjected to a Western blot or enzyme-
linked immunosorbnent assay (ELISA). For cerebrospinal fluid 
(CSF) tracer experiments, paraformaldehyde post-fixed forebrain 
tissues were sliced using a vibrating microtome (VT1200; Leica) at 
a thickness of 100 μm, and mounted onto gelatin-coated slides in 
sequence. 

Immunohistochemistry
Brain sections were deparaffinized, hydrated, and microwaved 
in citric acid buffer to achieve antigen retrieval, and then treated 
with 3% H2O2 for 20 minutes to reduce endogenous peroxidase 
activity. The sections were incubated with the following primary 
antibodies: mouse monoclonal anti-glial fibrillary acidic protein 
(GFAP; 1:1000; Millipore, Burlington, MA, USA; Cat# MAB360, 
RRID:AB_11212597), rabbit polyclonal anti-AQP4 (1:400; Millipore; 
Cat# AB3594, RRID:AB_91530), mouse monoclonal anti-6E10 (Aβ1–16; 
1:1000; Biolegend (Covance), San Diego, CA, USA; Cat# 803001, 
RRID:AB_2564653), rabbit polyclonal anti-ionized calcium binding 
adaptor molecule 1 (Iba1; 1:1000; Fujifilm Wako Shibayagi, Japan; 
Cat# 019-19741, RRID:AB_839504), rabbit polyclonal anti-postsynaptic 
density protein 95 (PSD95; 1:200; Abcam, Cambridge, UK; Cat# 
ab18258, RRID:AB_444362), and rabbit polyclonal anti-synapsin I 
(1:200, Abcam; Cat# ab64581, RRID:AB_1281135) at 4°C overnight. 
The next day, the sections were incubated for 1 hour at room 
temperature with horseradish peroxidase-conjugated goat anti-rabbit 
IgG (1:200, ZSGB-BIO, Beijing, China; Cat# ZB2301, RRID_2747412) 
or horseradish peroxidase-conjugated goat anti-mouse IgG antibody 
(1:200, ZSGB-BIO; Cat# ZB2305, RRID_2747415) and developed 
with a diaminobenzidine horseradish peroxidase color development 
kit (Millipore; Cat# DAB150). Partial AQP4 stained sections were 
counterstained with Congo red (MilliporeSigma; Cat# C6767).

Immunofluorescence 
Brain sections were blocked for 1 hour at room temperature with 
5% BSA and incubated with primary antibodies mouse monoclonal 
anti-GFAP (1:1000; Millipore; Cat# MAB360, RRID:AB_11212597) 
and rabbit polyclonal anti-AQP4 (1:400; Millipore; Cat# AB3594, 
RRID:AB_91530) at 4°C overnight. The next day, all sections were 
rinsed three times and incubated for 2 hours at room temperature 
in a mixture of Alexa Flour 555 donkey anti-mouse IgG (1:1000; 
Thermo Fisher Scientific (China) Co., Ltd., Shanghai, China; Cat# 
A31570, RRID:AB_2536180) and Alexa Flour 488 donkey anti-rabbit 
IgG (1:1000; Thermo Fisher Scientific (China) Co., Ltd.; Cat# A21206, 
RRID:AB_2534073). After rinsing, the sections were incubated for 6 
minutes in 4′,6-diamidino-2-phenylindole (1:1000; Thermo Fisher 
Scientific (China) Co., Ltd.; Cat# D1306) and coverslipped with anti-
fluorescent quencher.

Thioflavine-S staining
Thioflavine-S staining was used to detect Aβ plaques (arrowheads) in 
the hippocampus and adjacent cortex. Deparaffinized sections were 
incubated with 1% thioflavine-S (MilliporeSigma; Cat# 1326-12-1) for 
5 minutes. Tissue was differentiated in 70% ethanol for 5 minutes, 
followed by rinsing with distilled water. The brain sections were then 
coverslipped with anti-fluorescent quencher.

Image analysis
Brain sections were captured using a digital microscope (DM4000B, 
Leica Microsystems, Wetzlar, Germany) with a constant exposure 
time, offset, and gain for each staining marker. The positive signal 
area was measured using ImageJ 1.52a (National Institutes of Health, 
Bethesda, MD, USA). The percentage of the area with a positive 
signal for GFAP, Iba1, 6E10 (Aβ1–16), AQP4, and thioflavine-S was 
calculated by dividing the area with a positive signal by the total area 
in the hippocampus and adjacent cortex, respectively. Thioflavine-
S-positive plaques and 6E10-positive plaques in the above brain 
regions per section were also counted. The mean integrated optical 
density (integrated optical density/total area) was measured to 
assess the immunostaining intensity of synapsin I and PSD95 in 
the hippocampus. To analyze AQP4 polarization, images at 400× 
magnification were randomly captured from the superficial layers 
of the frontal cortex (Kress et al., 2014; Xu et al., 2015). The mean 
immunohistochemical intensity of AQP4 at the regions immediately 
neighboring vessels or pia mater and adjacent parenchyma domains 
was measured. AQP4 polarization was calculated by comparing 
the expression ratios of AQP4 within perivascular domains or 
that abutting pia mater versus adjacent parenchymal domains 
(Kress et al., 2014; Xu et al., 2015). For analyzing the diffusion 
of intracisternally injected TR-d3 into the brain parenchyma, the 
percentage of the area with a positive TR-d3 signal was measured on 
three coronal sections at +0.86, 0, and –1.06 mm from anterior to 
posterior, relative to bregma. TR-d3 penetration along perivascular 
spaces was quantified using images of the frontal cortex at 400× 
magnification. The fluorescence intensity within the perivascular 
space was measured along microvessels (diameter = 30–50 μm) 
extending 250 μm below the brain surface. All quantification 
procedures were done by investigators who were blinded regarding 
animal genotype and treatment.

Western blot assay
Hippocampal t issue samples were lysed in ice-cold radio 
immunoprecipitation assay lysis buffer (Beyotime, Shanghai, China; 
Cat# P0013B) containing protease inhibitors (Beyotime; Cat# 
st506) and phosphatase inhibitors (Roche, Basel, Switzerland; Cat# 
04906837001) for 30 minutes. The homogenate was centrifuged 
at 12,000 × g for 15 minutes at 4°C, and the resulting supernatant 
fraction was collected. Protein fractions were quantitated using 
a bicinchoninic acid protein assay kit (Thermo Fisher Scientific 
(China) Co., Ltd.; Cat# 23225). Homogenous samples were loaded 
onto 10–12% Tris sodium dodecyl sulfate gels and transferred onto 
polyvinylidene fluoride membranes (Millipore). After blocking via 5% 
skim milk diluted with Tris-buffered saline with Tween-20 buffer for 
1 hour, these membranes were incubated at 4°C overnight with one 
of the following primary antibodies: Aβ1–40 (1:1000, Cat# ab20068, 
RRID: AB_445308, Abcam), Aβ1–42 (1:1000, Cat# ab201060, RRID: 
AB_2818982, Abcam), mouse monoclonal anti-GFAP (1:1000, Cat# 
MAB360, RRID: AB_11212597, Millipore), rabbit polyclonal anti-Iba1 
(1:1000, Cat# 019-19741, RRID: AB_839504, Fujifilm Wako, Shibayagi, 
Japan), rabbit polyclonal anti-synapsin I (1:1500, Cat# ab64581, 
RRID: AB_1281135, Abcam), rabbit polyclonal anti-PSD95 (1:1000, 
Cat# ab18258, RRID: AB_444362, Abcam), rabbit monoclonal anti-
brain-derived neurotrophic factor (BDNF; 1:1000, Cat# Ab108319, 
RRID: AB_10862052, Abcam), rabbit monoclonal anti-BDNF receptor 
tyrosine kinase B (TrkB; 1:1000, Cat# ab187041; RRID: AB_2892613, 
Abcam), rabbit monoclonal anti-cAMP-response element binding 
protein (CREB; 1:1000, Cat# 9197S, RRID: AB_331277, CST, Danvers, 
MA, USA), rabbit monoclonal anti-phospho-CREB (1:1000, Cat# 
9198S, RRID: AB_2561044, CST), mouse monoclonal anti-β-actin 
(1:500, Cat# BM0627, RRID: AB_2814866, Boster, Wuhan, China), and 
rabbit polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase 
(1:3000, Cat# AF7021, RRID: AB_2839421, Affinity Biosciences, 
Cincinnati, OH, USA). After washing the membranes with Tris-
buffered saline with Tween-20, they were incubated with horseradish 
peroxidase-conjugated goat anti-rabbit IgG (1:200, Cat# ZB2301, 
RRID: AB_2747412, ZSGB-BIO) or horseradish peroxidase-conjugated 
goat anti-mouse IgG (1:200, Cat# ZB2305, RRID: AB_2747415, 
ZSGB-BIO) for 1 hour at room temperature. The protein bands were 
visualized via enhanced chemiluminescence plus detection reagents 
(Cat# P1050-200, Applygen Technologies Inc., Beijing, China). The 
signal intensity of each band was quantified using ImageJ 1.52a and 
normalized to the corresponding loading controls, glyceraldehyde-3-
phosphate dehydrogenase or β-actin.

Enzyme linked immunosorbent assay 
The frontal cortex was homogenized in Tris-buffered saline with 
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protease inhibitors and 1% Triton X-100, followed by centrifugation 
at 20,000 × g  for 1 hour. Supernatants were set aside for 
measurements of soluble Aβ1–40 (R&D Systems; Minneapolis, MN, 
USA; Cat# DAB140B), Aβ1–42 (R&D Systems; Cat# DAB142), interleukin 
1 beta (IL-1β; Excell Biotech Corporation, Shanghai, China; Cat# 
EM001-96), interleukin 6 (IL-6; Excell Biotech Corporation; Cat# 
EM004-96), or tumor necrosis factor-α (TNF-α; Excell Biotech 
Corporation; Cat# EM008-96). The above indexes were quantified 
using the corresponding ELISA kits according to the manufacturer’s 
instructions. The optical density of each well at 450 nm was 
measured using a microplate reader (Biotek Instruments, Winooski, 
VT, USA), and the concentrations were determined using a standard 
curve created by a standardized protein. 

Statistical analysis
No statistical methods were used to predetermine sample sizes; 
however, our sample sizes are similar to those reported in previous 
publications (Xu et al., 2015; Feng et al., 2020). All data, expressed 
as mean ± standard error of the mean (SEM), were analyzed using 
GraphPad Prism, version 5.02 software (GraphPad Prism Software 
Inc., San Diego, CA, USA). The MWM platform training data were 
analyzed using a three-way analysis of variance (ANOVA) with the 
training day, genotype, and treatment (voluntary exercise) as factors. 
The data regarding TR-d3 diffusion within the perivascular space 
were also analyzed using a three-way ANOVA with the distance from 
the pia surface, genotype, and treatment as factors. The other data 
were analyzed using a two-way ANOVA with genotype and treatment 
as factors. If effects were significant, further analysis was performed 
using Tukey’s post hoc test for multiple comparisons. The analysis 
method for each dataset is indicated in the figure legends. P < 0.05 
was considered to represent statistical significance.
 
Results
Deficient AQP4 eliminates the benefits of voluntary exercise on 
cognitive function in APP/PS1 mice
We assessed spatial learning and memory in mice using the MWM 
test. For the 5-month-old group, voluntary exercise reduced the 
escape latency in WT mice (F(1, 137) = 59.56, P < 0.0001) and APP/
PS1 mice (F(1, 132) = 39.16, P < 0.0001), but not AQP4–/–/APP/PS1 
mice (F(1, 134) = 0.9870, P = 0.3223; Figure 1B). For the 9-month-
old group, exercise shortened the escape latency in WT mice (F(1, 

143) = 36.81, P < 0.0001), but not in APP/PS1 mice (F(1, 139) = 0.6231, 
P = 0.4312) or AQP4–/–/APP/PS1 mice (F(1, 136) = 0.2689, P = 0.6049; 
Figure 1C). The time spent in the target quadrant and the number 
of platform crossings during the probe trials on day 7 were highest 
in the 5-month-old WT mice (target quadrant: P = 0.0213, number 
of platform crossings: P = 0.02, WT-Exe vs. WT-Con, respectively) 
and APP/PS1 mice in the voluntary exercise group (target quadrant: 
P = 0.0429, number of platform crossings: P = 0.0442, APP/PS1-
Exe vs. APP/PS1-Con, respectively). For the 9-month-old group, the 
above parameters were only increased in the WT mice exposed to 
the exercise intervention (target quadrant: P = 0.0126; number of 
platform crossings: P = 0.027, WT-Exe vs. WT-Con, respectively). 
Notably, exercise did not improve spatial memory performance in the 
5-month-old or 9-month-old AQP4–/–/APP/PS1 mice (5-month-old: 
target quadrant: P = 0.6146, number of platform crossings: P = 0.9853; 
9-month-old: target quadrant: P = 0.7589, number of platform 
crossings: P = 0.9439, AQP4–/–/APP/PS1-Exe vs. AQP4–/–/APP/PS1-Con, 
respectively; Figure 1D and E). 

We performed the Y-maze test to measure short-term working 
memory.  For the 5-month-old group, compared with the 
corresponding sedentary controls, both WT and APP/PS1 mice in 
the exercise group exhibited higher percentages of time spent in 
the novel arm (P = 0.0225, WT-Exe vs. WT-Con; P = 0.0324, APP/PS1-
Exe vs. APP/PS1-Con) and a higher number of entrances into the 
novel arm (P = 0.00146, WT-Exe vs. WT-Con; P = 0.0172, APP/PS1-
Exe vs. APP/PS1-Con). Nevertheless, the performance of the AQP4–/–/
APP/PS1 mice was similar between the exercise and sedentary 
groups (time spent: P = 0.9174; number of entrances: P = 0.9610, 
respectively). For the 9-month-old group, exercise increased the 
amount of time spent in the novel arm and the number of entrances 
of the WT mice (time spent: P = 0.03; number of entrances: P = 
0.0211, vs. WT-Con, respectively), but failed to reverse working 
memory deficits in APP/PS1 mice (time spent: P = 0.8324; number of 
entrances: P = 0.7561, vs. APP/PS1-Con, respectively) and AQP4–/–/
APP/PS1 mice (time spent: P = 0.9285; number of entrances: P > 
0.9999, vs. AQP4–/–/APP/PS1-Con, respectively; Figure 1F and G).

Figure 1 ｜ Effects of voluntary exercise on cognitive function in 5- and 
9-month-old APP/PS1 mice with or without AQP4.
(A) Schematic representation of the experimental design. At 3 and 7 months 
old, WT, APP/PS1, and AQP4–/–/APP/PS1 mice were randomly assigned to 
voluntary exercise or sedentary groups. The mice in each group received 
the corresponding treatment for 2 months and then were tested using the 
Y-maze, NORT, and MWM followed by pathological and biochemical analyses. 
(B, C) The escape latency during the hidden platform training period of the 
MWM in the 5- (B) and 9-month-old groups (C). (D, E) The time spent in the 
target quadrant (D) and the number of crossings over the platform area (E) 
in the probe trial of the MWM. (F, G) The time spent in the novel arm (F) and 
number of entrances into the novel arm (G) of the Y-maze. Data represent 
mean ± SEM from 12–13 mice per group. Data in B and C were analyzed 
using a three-way analysis of variance with Tukey’s post hoc test, and data 
in D–G were analyzed using a two-way analysis of variance with Tukey’s post 
hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. APP/PS1: Amyloid precursor 
protein/presenilin-1 transgenic mice; AQP4–/–/APP/PS1: aquaporin 4 gene 
knockout and amyloid precursor protein/presenilin-1 transgenic mice; Con: 
sedentary group; CSF: cerebrospinal fluid; Exe: exercise group; ELISA: enzyme 
linked immunosorbent assay; MWM: Morris water maze; NORT: novel object 
recognition task; WT: wild-type mice.
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We also performed the novel object recognition task to assess the 
effect of exercise on recognition memory in mice. For the 5-month-
old group, exercise improved the discrimination index in WT and 
APP/PS1 mice (WT: P = 0.0094; APP/PS1: P = 0.0028, respectively) 
but not AQP4–/–/APP/PS1 mice (P = 0.7399). For the 9-month group, 
exercise improved recognition memory in WT mice (P = 0.0467), but 
not APP/PS1 mice (P = 0.9934) or AQP4–/–/APP/PS1 mice (P = 0.7073; 
Additional Figure 2). Together, these behavioral results demonstrate 
that voluntary exercise has a beneficial effect on cognition in the 
early stage but not the middle stage of the APP/PS1 mouse model of 
AD, and that this improvement does not occur when the mice have 
an absence of AQP4.

AQP4 deficiency abolishes the beneficial effect of voluntary 
exercise on glymphatic transport in APP/PS1 mice
We assessed glymphatic transport by quantifying TR-d3 penetration 
into the brain parenchyma following a cisterna magna injection 
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(Figure 2A). We found that APP/PS1 mice had a smaller percentage 
of the TR-d3-positive area and a decreased paravascular fluorescence 
intensity compared with WT mice at the age of 5 months (area 
percentage: P = 0.0042; fluorescence intensity: F(1, 29) = 42.98, P < 
0.0001) and 9 months (area percentage: P = 0.0022; fluorescence 
intensity: F(1, 30) = 91.07, P < 0.0001, respectively). Both 5- and 
9-month-old WT mice exposed to voluntary exercise exhibited an 
increased fluorescence penetration area (5 months: P = 0.0022; 
9 months: P = 0.0029, vs. control, respectively) and an increased 
intensity (5 months: F(1, 28) = 39.05, P < 0.0001; 9 months: F(1, 30) 
= 21.12, P < 0.0001, vs. control, respectively). However, for APP/
PS1 mice, the beneficial effect of exercise on penetration of TR-

d3 into the brain parenchyma was observed in the 5-month group 
only (area percentage: P = 0.0033; fluorescence intensity: F(1, 29)  
= 39.27, P < 0.0001, vs. control, respectively). Neither 5- nor 
9-month-old AQP4–/–/APP/PS1 mice treated with exercise showed 
an increase in the percentage of the TR-d3 positive area (5 months: 
P = 0.8651; 9 months: P = 0.9786) or the paravascular fluorescence 
intensity (5 months: F(1, 30) = 0.3178, P = 0.5771; 9 months: F(1, 30) =  
1.693, P = 0.2031; Figure 2B–F and Additional Figure 3). These 
results suggest that the ameliorating effect of exercise on glymphatic 
transport malfunction in APP/PS1 mice is timing-dependent, and 
that AQP4 deletion eliminates the beneficial effect of exercise on 
glymphatic transport.
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Figure 2 ｜ Effect of voluntary exercise on glymphatic transport in 5- and 9-month-old APP/PS1 mice with or without AQP4. 
(A) Schematic diagram showing intracisternal injection of TR-d3 tracer and experiment schedule. (B) Representative images of coronal brain sections of each 
group at bregma 0 mm showing the TR-d3 influx into the brain at 40 minutes after the cisterna magna injection. (C) High magnification micrographs of the 
frontal cortex showing TR-d3 distribution on the brain surface (arrowheads) and within the perivascular space (stars). Exercise improved the penetration of TR-
d3 into the brain parenchyma in the 5- and 9-month-old WT mice and 5-month-old APP/PS1 mice, but not in the 9-month-old APP/PS1 mice or 5- and 9-month-
old AQP4–/–/APP/PS1 mice. Scale bars: 1 mm in B, 100 μm in C. (D) Quantification of the area percentage of TR-d3 fluorescence in the brain section. (E, F) 
Quantification of the mean fluorescence intensity of TR-d3 along the perivascular space in the 5- (E) and 9-month-old groups (F), respectively. Data represent 
mean ± SEM from 4 sections (in D) or 6–8 microvessels (in E and F) per mouse, with 6 mice per group. Data in D were analyzed using a two-way factor analysis 
of variance with Tukey’s post hoc test. Data in E and F were analyzed using a three-way analysis of variance with Tukey’s post hoc test. **P < 0.01, ***P < 0.001. 
APP/PS1: Amyloid precursor protein/presenilin-1 transgenic mice; AQP4–/–/APP/PS1: aquaporin 4 gene knockout and amyloid precursor protein/presenilin-1 
transgenic mice; Con: sedentary group; Exe: exercise group; TR-d3: Texas red-dextran-3; WT: wild-type mice.

AQP4 deficiency negates the reduction in brain Aβ load induced by 
voluntary exercise in APP/PS1 mice
We further evaluated whether voluntary exercise offered at different 
time points had unique effects on the reduction of the brain Aβ 
burden in APP/PS1 mice. Compared with age-matched APP/PS1 
mice, both 5- and 9-month-old AQP4–/–/APP/PS1 mice showed an 
increased Aβ load in the hippocampus and frontal cortex, as revealed 
by quantification of the area percentage and number of thioflavine-S 
positive fibrillar plaques and 6E10-immunopositive diffuse plaques 
(all P < 0.05). Exercise decreased Aβ plaque accumulation in the 
above two brain regions in APP/PS1 mice at 5 months (all P < 0.05 
for the above indexes). We did not observe a beneficial effect of 
exercise on Aβ load in the AQP4–/–/APP/PS1 mice at either of the 
two different time points (all P > 0.05; Figure 3A–F). Consistent with 
this, the Western blot and ELISA revealed that voluntary exercise 
only decreased Aβ1–40 and Aβ1–42 levels in the forebrain samples of 
5-month-old APP/PS1 mice (all P < 0.05) rather than the 9-month-
old APP/PS1 mice (all P > 0.05). Voluntary exercise failed to decrease 
brain Aβ1–40 and Aβ1–42 levels in both 5- and 9-month-old AQP4–/–/
APP/PS1 mice (all P > 0.05; Figure 3G–I and Additional Figure 4A and 
B). The above data indicate that voluntary exercise reduces brain Aβ 
load in APP/PS1 mice in a timing-dependent manner, and that this 
effect is reliant on the presence of AQP4.

AQP4 deficiency dampens the ameliorating effect of voluntary 
exercise on reactive gliosis and neuroinflammation in APP/PS1 
mice
In addition to Aβ deposition, reactive gliosis is a pathological hallmark 
of AD (Lopategui Cabezas et al., 2014; Acosta et al., 2017). We 
determined the effects of voluntary exercise and/or AQP4 deletion 
on the activation of astrocytes and microglia in APP/PS1 mice at 
different stages of AD-like progression. Both GFAP-positive astrocytes 
and Ibal-positive microglia were activated in the frontal cortex 
and hippocampus of APP/PS1 mice at 5 months old, and this was 
ingreasingly apparent at 9 months old. AQP4 deletion in 5-month-
old APP/PS1 mice mildly increased the activation of microglia and 
astrocytes in the frontal cortex and hippocampus. Microglia activation 
was also more pronounced in AQP4–/–/APP/PS1 mice at 9 months, 
as revealed by the high percentages of Iba1 positive areas in the 
frontal cortex (P = 0.0011) and hippocampus (P = 0.0168) compared 
with that in age-matched APP/PS1 mice. However, a considerable 
proportion of astrocytes underwent atrophy, characterized by a 
breakdown of the cell body with residual processes, in 9-month-
old AQP4–/–/APP/PS1 mice (Figure 4A and Additional Figure 5A). 
There was no overall change in immunohistochemical labeling 
patterns of GFAP or Ibal in the frontal cortex and hippocampus 
in 5- and 9-month-old WT-exercise mice compared with that in 
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age-matched sedentary controls. As for APP/PS1 mice, exercise 
reduced the percentages of the positive areas for GFAP (cortex: P 
= 0.0416; hippocampus: P = 0.0331) and Iba1 (cortex: P = 0.0027; 
hippocampus: P = 0.0107) in the 5-month-old group but not the 
9-month-old group (GFAP: cortex, P = 0.9704; hippocampus, P = 
0.9993; Iba-1: cortex, P = 0.9887; hippocampus, P > 0.9999). Exercise 
did not mitigate the reactivation of astrocytes or microglia in AQP4–/–/
APP/PS1 mice in either age group (5 months: GFAP: cortex, P = 0.9991; 
hippocampus, P = 0.3894; Iba-1: cortex, P > 0.9999; hippocampus, 
P = 0.9745; 9 months: GFAP: cortex, P = 0.5592; hippocampus, P = 
0.9685; Iba-1: cortex, P = 0.9579; hippocampus, P = 0.9994; Figure 
4B and C and Additional Figure 5B). The Western blot results also 
showed that the AQP4 deficiency eliminated the time-dependent 
effects of voluntary exercise on GFAP and Ibal expression levels in 
the hippocampus of APP/PS1 mice (5 months: GFAP: P = 0.9986; Iba-
1: P = 0.9931; 9 months: GFAP: P > 0.9999; Iba-1: P = 0.9602; Figure 
4D–F). Consistent with this, voluntary exercise partially reduced 
neuroinflammatory factor levels in APP/PS1 mice at 5 months (IL-1β: 
P = 0.0121; IL-6: P = 0.0184; TNF-α: P = 0.0191), but not at 9 months 
old (IL-1β: P = 0.9883; IL-6: P > 0.9999; TNF-α: P = 0.9964). The AQP4 
deletion in APP/PS1 mice completely abolished the mitigating effect 
of the exercise intervention on neuroinflammation (5 months: IL-
1β: P = 0.8353; IL-6: P = 0.7361; TNF-α: P = 0.9959; 9 months: IL-
1β: P = 0.9966; IL-6: P = 0.7856; TNFα: P = 0.9983; Additional Figure 
5C). The above results indicate that voluntary exercise ameliorates 
reactive gliosis and neuroinflammation in the onset stage but not the 
mid-stage of APP/PS1 mice, and that this timing effect is absent in 
AQP4–/–/APP/PS1 mice.

Voluntary exercise ameliorates impaired polarization of astrocyte 
AQP4 in the onset stage but not mid-stage in APP/PS1 mice 
Substantial evidence suggests that reactive astrogliosis results in the 
mislocalization of AQP4 from the endfeet to the entire cell surface 
of astrocytes, subsequently contributing to dysfunctional glymphatic 
clearance (Iliff et al., 2012; Kress et al., 2014; Wang et al., 2019). 
Here, immunohistochemical staining revealed that AQP4 expression 
selectively bordered the subarachnoid space and microvessels 
with very low intensity in the adjacent brain parenchyma in 
WT mice. AQP4 was abnormally expressed at the non-vascular 
domains, especially those surrounding Congo-red positive plaques, 
in 5-month-old APP/PS1 mice (Figure 5A). The mislocalization of 
AQP4 was further discernible in the brain parenchyma of 9-month-
old APP/PS1 mice, causing a total loss of AQP4 polarity. Voluntary 
exercise decreased AQP4 expression at the non-vascular domains in 
5-month-old APP/PS1 mice but not 9-month-old APP/PS1 mice. Semi-
quantitative analysis demonstrated that voluntary exercise decreased 
the percentage of the AQP4-positive area (P = 0.0078) and improved 
AQP4 polarity around microvessels (P = 0.0398) and pia mater (P 
= 0.0148) in 5-month-old APP/PS1 mice exposed to exercise. In 
contrast, these changes were not apparent in 9-month-old APP/PS1 
mice exposed to exercise (percentage of the AQP4-positive area: P 
= 0.8609; AQP4 polarization around microvessels: P = 0.9586; AQP4 
polarization around pia surface: P = 0.0944; Figure 5B–D). Double 
immunofluorescence labeling for GFAP and AQP4 further confirmed 
the presence of activated astrocytes with impaired AQP4 polarization 
in the brain parenchyma of both 5- and 9-month-old APP/PS1 mice, 
indicating that voluntary exercise ameliorated the mislocalization of 
astrocyte AQP4 in the onset stage but not mid-stage of progression 
in APP/PS1 mice (Additional Figure 6A and B).

AQP4 deficiency eliminates the beneficial effect of voluntary 
exercise on the expression levels of proteins related to the BDNF 
signaling pathway and synaptic plasticity in APP/PS1 mice 
The BDNF signaling pathway is associated with synaptic function 
and regulates the expression of synaptic proteins (Poo, 2001; Chao, 
2003). Down-regulation of the BDNF signaling pathway and synaptic 
protein loss occur in AD patients (Peng et al., 2005; Kim et al., 
2017) as well as animal models of AD (Poon et al., 2011; Bartolotti 
et al., 2016). Moreover, the BDNF signaling pathway is involved 
in the neuroprotective effects of exercise in AD (Vaynman et al., 
2004; Liu and Nusslock, 2018), stroke (Ferrer et al., 2001; Liu et al., 
2020), and depression (Duman and Monteggia, 2006; Martinowich 
et al., 2007). The present study measured the activation of the 
BDNF-TrkB-CREB pathway and the expression levels of PSD95 and 
synapsin I in the forebrain. We found that the expression levels 
of BDNF (mature form), TrkB, and p-CREB generally decreased in 
APP/PS1 mice compared with those in WT controls at 5 (BDNF: P < 
0.0001; TrkB: P = 0.0004; p-CREB: P = 0.0002, respectively) and 9 
months old (BDNF: P < 0.0001; TrkB: P = 0.6340; p-CREB: P = 0.0014, 

respectively). Voluntary exercise activated this signaling pathway in 
WT mice aged 5 (BDNF: P = 0.0001; TrkB: P = 0.4700; p-CREB: P = 
0.0002, respectively) and 9 months old (BDNF: P < 0.0001; TrkB: P < 
0.0001; p-CREB: P < 0.0001, respectively), but this was only the case 
in APP/PS1 mice at 5 months old (BDNF: P < 0.0001; TrkB: P = 0.0090; 
p-CREB: P = 0.0329, respectively; Figure 6A and B). Consistent with 
this, voluntary exercise significantly up-regulated synapsin I and 
PSD95 levels in the hippocampus of 5-month-old WT and APP/
PS1 mice (all P < 0.05), but not AQP4–/–/APP/PS1 mice (all P > 0.05), 
as revealed by immunohistochemical staining and Western blot 
analysis. For the 9-month-old group, a beneficial effect of voluntary 
exercise on synaptic protein levels was only observed in WT mice 
(immunohistochemistry: synapsin I: P = 0.0146; PSD95: P = 0.0494; 
Western blot: synapsin I: P < 0.0001; PSD95: P = 0.0309, respectively; 
Figure 6C and D and Additional Figure 7A–C). Together, these results 
indicate that voluntary exercise improves BDNF signaling activation 
and synaptic plasticity in the hippocampus of APP/PS1 mice in a 
timing-dependent manner, which is eliminated in the absence of 
AQP4. 

Discussion
Epidemiological evidence suggests that regular exercise may reduce 
the risk or delay the onset of AD, yet clinical trials demonstrate no 
cognitive benefits of exercise therapy in patients with AD (Forbes et 
al., 2013; Blondell et al., 2014; Law et al., 2014, 2020; Zhang et al., 
2018; de Oliveira Silva et al., 2019). The current study was designed 
to address the underlying mechanisms of exercise in mitigating Aβ-
related pathology and cognitive dysfunction in APP/PS1 mice. The 
results show that APP/PS1 mice with access to voluntary exercise 
exhibit different effects depending on how old they were during the 
exercise. The early exercise intervention improved AQP4 polarization 
at the perivascular endfeet of astrocytes in the brains of 5-month-
old APP/PS1 mice, subsequently promoting glymphatic transport 
and reducing brain Aβ load. This in turn decreased glial activation, 
inflammatory factor production, and alterations of synapse-related 
signaling pathways. However, during the mid-stage of AD-like 
pathology, AQP4 polarity is disrupted because of reactive astrogliosis 
(Iliff et al., 2014; Kress et al., 2014). Therefore, the structural basis for 
the beneficial effect of exercise on glymphatic clearance is damaged, 
which subsequently leads to a failure to prevent Aβ-related 
pathological cascades. In addition, 5- and 9-month-old AQP4–/– 

/APP/PS1 mice showed more severe glymphatic malfunction, Aβ 
burden, and cognitive defects compared with age-matched APP/PS1 
mice. Voluntary exercise had no beneficial effects on AQP4–/–/APP/
PS1 mice, further suggesting that AQP4 may be a critical therapeutic 
target for the potential use of exercise to delay the onset of AD.

Increasing evidence supports the idea that the glymphatic system 
plays a central role in the clearance of macromolecular substances 
from the brain (Nedergaard and Goldman, 2016). The notion of 
this clearance mechanism has opened up new perspectives in 
understanding the pathogenesis of AD (Valenza et al., 2019; Reeves 
et al., 2020), stroke (Goulay et al., 2020; Mestre et al., 2020), 
brain injury (Piantino et al., 2019), and other neurological diseases 
(Rasmussen et al., 2018; Nikolenko et al., 2020). It suggests that 
the AQP4-mediated rapid transport of intercellular water is a 
main “driving force” for glymphatic clearance of interstitial solutes 
from the brain parenchyma into the blood and CSF (Mestre et al., 
2018). In an AQP4 gene knockout, the clearance of exogenous 
Aβ from the brains of mice following an intrastriatal injection was 
significantly delayed (Iliff et al., 2012). Our present and previous 
studies consistently demonstrate that AQP4 deletion in APP/PS1 mice 
exacerbates impaired glymphatic clearance and Aβ accumulation (Xu 
et al., 2015; Feng et al., 2020).

The current results further support the view that glymphatic 
clearance not only depends on the presence of AQP4, but also on its 
specific localization at perivascular astrocyte endfeet and astrocyte 
processes of the glial limitans (Iliff et al., 2012; Kress et al., 2014). 
This distribution pattern of AQP4 facilitates the influx of subarachnoid 
CSF from para-arterial spaces into the brain interstitium, as well as 
the subsequent clearance of interstitial fluid (ISF) via convective 
bulk flow (Nedergaard and Goldman, 2016; Rasmussen et al., 2018). 
Reactive astrogliosis, a feature of the aging brain and one of the 
hallmarks of AD (Lopategui Cabezas et al., 2014; Acosta et al., 2017), 
results in the loss of perivascular AQP4 polarization (Iliff et al., 2014; 
Kress et al., 2014). AQP4 relocalizes from the perivascular feet to 
the soma, and nonperivascular astrocyte processes hamper the 
clearance of brain waste. The loss of perivascular AQP4 polarization 
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Figure 3 ｜ Effects of voluntary exercise on Aβ accumulation in 5- and 9-month-old APP/PS1 mice with or without AQP4. 
(A, B) 6E10 immunostaining and thioflavine-S staining showing Aβ plaques (arrowheads) in the hippocampus and adjacent 
cortex, respectively. Exercise decreased brain Aβ load in the 5- and 9-month-old WT mice and 5-month-old APP/PS1 mice, 
but not in the 9-month-old APP/PS1 mice or 5- and 9-month-old AQP4−/−/APP/PS1 mice. Scale bars: 500 μm. (C, D) The area 
percentage (C) and number (D) of 6E10-immunopositive diffuse plaques. (E, F) The area percentage (E) and number (F) 
of thioflavine-S positive fibrillary plaques. (G-I) Representative bands of Western blot and densitometry analysis of Aβ1–40 
and Aβ1–42 expression levels in the hippocampus. Data represent mean ± SEM from 5 sections per mouse (in C–F) or three 
independent experiments (in H, I) with 6 mice per group. Data were analyzed using a two-way analysis of variance with 
Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. Aβ: Amyloid beta; APP/PS1: amyloid precursor protein/presenilin-1 
transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and amyloid precursor protein/presenilin-1 transgenic mice; 
Con: sedentary group; Exe: exercise group; WT: wild-type mice.
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APP/PS1: Amyloid precursor protein/presenilin-1 
transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 
gene knockout and amyloid precursor protein/
presenilin-1 transgenic mice; Con: sedentary 
group; Exe: exercise group; WT: wild-type mice.
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Figure 6 ｜ Effects of voluntary exercise on BDNF-TrkB 
signaling activation and synaptic protein levels in the 
hippocampus of 5- and 9-month-old APP/PS1 mice with or 
without AQP4. 
(A, B) Representative bands of Western blot and densitometry 
analysis of BDNF, TrkB, and p-CREB levels. (C, D) Representative 
bands of Western blot and densitometry analysis of synapsin 
I and PSD95 expression levels in the hippocampus. Data 
represent mean ± SEM from three independent experiments 
with six mice per group, and were analyzed using a two-way 
analysis of variance with Tukey’s post hoc test. *P < 0.05, **P 
< 0.01, ***P < 0.001. APP/PS1: Amyloid precursor protein/
presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 
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Con: sedentary group; CREB: cAMP-response element binding 
protein; Exe: exercise group; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; p-CREB: phospho-CREB; PSD95: 
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is associated with glymphatic pathway impairment, which has been 
demonstrated in aged mice (Kress et al., 2014) and mouse models of 
AD (Yang et al., 2011; Xu et al., 2015; Da Mesquita et al., 2018; Wang 
et al., 2019). These results imply that specific expression of AQP4 on 
the perivascular endfeet of astrocytes is necessary for glymphatic 
system-mediated bulk flow of ISF.

Consistent with the results of animal experiments, alterations 
in AQP4 expression and localization in the fronto-temporal lobe 
are associated with AD status and pathology, which is related to 
noncoding Aqp4 single-nucleotide polymorphisms (Burfeind et 
al., 2017; Zeppenfeld et al., 2017). Notably, perivascular AQP4 
localization is preserved among individuals older than 85 years who 
remain cognitively intact. The loss of perivascular AQP4 localization 

is associated with increased Aβ deposition (Burfeind et al., 2017; 
Zeppenfeld et al., 2017). Assessments of perivascular fluid movement 
via diffusion tensor magnetic resonance imaging have indicated that 
lymphatic transport ability is lower in AD patients than in healthy 
controls of the same age (Taoka et al., 2017). Together, the results 
from both animal and human studies indicate that AQP4 is vital for 
glymphatic clearance, thus playing a critical role in regulating the 
pathological progress of AD. AQP4 has broad tissue distribution and 
is involved in a variety of cellular and organ functions. Therefore, 
there are a series of challenges for the establishment of AQP4-target 
therapeutics in protecting against the onset of AD. Further studies 
are needed to examine the efficacy of AQP4 modulators in protecting 
glymphatic function in transgenic mouse models of AD. 
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Evidence from recent studies strongly indicates that glymphatic 
clearance mediates the neuroprotective effects of voluntary 
exercise. Voluntary exercise has been shown to increase cerebral 
arterial pulsation and enhance paravascular CSF-ISF exchange in 
young, freely behaving, and awake mice (von Holstein-Rathlou et 
al., 2018). Moreover, aged mice taking part in voluntary exercise 
exhibit decreased astrocyte activation, improved AQP4 polarity and 
glymphatic transport, and low brain Aβ concentration compared 
with sedentary controls (He et al., 2017). Consistent with this, the 
present results confirm that in the onset stage of AD-like pathology 
in APP/PS1 mice, voluntary exercise attenuates reactive astrogliosis 
and the mislocalization of AQP4 at the nonperivascular processes of 
astrocytes, subsequently reducing Aβ plaque accumulation. However, 
in the mid-stage of progression in APP/PS1 mice, there is prominent 
Aβ plaque deposition in the brain parenchyma, accompanied by 
extensive activation of astrocytes and mislocalization of AQP4 
(Xu et al., 2015; Peng et al., 2016). In this case, the increased 
cerebral perfusion induced by exercise may result in ISF turbulence, 
which may inhibit the removal of Aβ from the brain parenchyma 
through the paravenous approach. This conclusion is supported 
by nonsignificant increases in Aβ1-40 levels in the hippocampus of 
9-month-old APP/PS1 mice that received voluntary exercise for 2 
months. 

In agreement with the present findings, previous studies have 
reported an age-dependent beneficial effect of a continuous non-
shock treadmill exercise paradigm on the pathogenic characteristics 
of APP/PS1 transgenic mice. Five weeks of exercise reduced Aβ1–40 
and Aβ1–42 levels in the hippocampus of adult (7–8-month-old) APP/
PS1 mice, but not aged (24-month-old) APP/PS1 mice. Furthermore, 
exercise did not reduce plaque loading in either adult or aged 
APP/PS1 mice (Ke et al., 2011). In contrast, a 4-month treadmill 
exercise intervention significantly improved spatial learning and 
memory ability, reduced amyloid plaques in the hippocampus, and 
induced neurogenesis in the dentate gyrus of 12-month-old APP/
PS1 mice (Chao et al., 2018). This indicates that a longer exercise 
intervention period may have a more beneficial effect in delaying 
the pathological progression in AD mice. In addition, exercise at 
different intensities may have varying effects on APP/PS1 mice. 
Moderate exercise intensity (60–70% of max oxygen uptake) seems 
to be more effective in increasing lipid metabolism and reducing 
soluble Aβ levels compared with low-intensity exercise (45–55% of 
max oxygen uptake) (Zeng et al., 2020). Future studies are needed 
to clarify the effects of exercise intensity and duration on glymphatic 
clearance. Particularly, non-invasive imaging techniques are valuable 
for dynamically evaluating the protective effect of aerobic exercise on 
glymphatic function in normal elderly individuals or those with mild 
cognitive impairment.

One limitation of the current study is that AQP4–/– mice were not 
included. This was to reduce the number of animal groups. Previous 
studies, including those from our laboratory, have revealed that an 
AQP4 deficiency does not change brain Aβ levels under baseline 
conditions. AQP4–/– mice have normal expression levels of enzymes 
and proteins related to Aβ production and degradation, as well as 
an intact meningeal lymphatic draining pathway (Iliff et al., 2012; 
Xu et al., 2015; Mestre et al., 2018; Feng et al., 2020). However, 
exercise plays a variety of neuroprotective roles, including promoting 
neurogenesis, reducing neuroinflammation, improving mitochondrial 
energy metabolism, and promoting neurotrophic factor secretion 
(Jahangiri et al., 2019; Quan et al., 2020). Thus, the effect of 
voluntary exercise on AQP4–/– mice remains unclear, and further 
research is needed. Further research is also needed to determine 
whether the over-expression of AQP4 or enhanced AQP4 polarity 
could enhance neuroprotection induced by aerobic exercise. 

In addition to AQP4, human astrocytes increase the expression 
of AQP1 under various pathological conditions such as cerebral 
infarction (Satoh et al., 2007), multiple sclerosis (Satoh et al., 2007), 
Gerstmann-Sträussler-Scheinker disease (Sadashima et al., 2020), 
Creutzfeldt-Jakob disease (Rodríguez et al., 2006), Parkinson’s 
disease (Hoshi et al., 2017), and AD (Pérez et al., 2007; Hoshi et al., 
2012). AQP1-expressing fibrillary astrocytes are closely associated 
with Aβ plaques in the brains of AD patients (Misawa et al., 2008) 
and prion plaques in patients with Gerstmann-Sträussler-Scheinker 
disease (Sadashima et al., 2020), suggesting an involvement in 
plaque formation. Neuronal AQP1 accumulation is also observed in 
the brains of AD patients as well as 3xTg-AD and 5xFAD mice (Park et 
al., 2021). Upregulated AQP1 in neurons may inhibit Aβ production 
by reducing the interaction between APP and β-secretase (Park et al., 

2021). Previous studies have revealed increased expression of AQP4, 
but not AQP1, in subpial and subependymal regions as well as around 
blood vessels in the brains of AD patients (Moftakhar et al., 2010). 
These data suggest that an upregulation of AQP1 might contribute to 
the inhibition of brain Aβ production, while mislocalization of AQP4 
might hinder glymphatic clearance of Aβ during AD progression. 
Further studies are required to determine whether AQP1 is involved 
in the timing-dependent effects of voluntary exercise on AD 
pathology. 

In conclusion, this study revealed that long-term voluntary exercise 
promotes the removal of Aβ, attenuating its aggregation, and 
subsequently reducing astrocyte activation, which is conducive to 
the maintenance of AQP4 polarity. This effect, in turn, maintains 
glymphatic transport capability, thereby effectively improving 
cognitive function in adult WT mice and delaying the onset of AD-
like pathogenesis in APP/PS1 mice. However, a voluntary exercise 
intervention failed to enhance Aβ clearance and alleviate AD-like 
pathology under the condition of AQP4 deficiency or AQP4 polarity 
damage. These results reveal that astrocyte AQP4 mediates the 
beneficial effect of voluntary exercise on Aβ-related pathology, 
potentially offering a new target for the early prevention of AD. 
Furthermore, our findings regarding the molecular pathological 
mechanisms of AD explain why exercise might help to prevent AD, 
but not cure AD, which has been a long-standing dilemma in the field 
of AD research. 
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Additional Figure 1 Running distance measurement.

(A) The pedometer showing the number of laps of a mouse had run in a voluntary exercise. (B) The exercise

distance of one mouse per group was measured randomly. With the increase of exercise weeks, the distance of

voluntary exercise generally increased (5 months: F(7, 96) = 34.12, P < 0.0001; 9 months: F(7, 96) = 26.91, P <

0.0001). Moreover, the performance of the 9-month groups (F(2, 96) = 0.3797, P = 0.6851) was better than that of

the 5-month group (genotype effect: F(2, 96)= 55.69, P < 0.0001). Data from 5 days in a week are expressed as

mean ± SEM, and were analyzed by the two-way factor analysis of variance with Tukey’s post hoc test. APP/PS1:

Amyloid precursor protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and

amyloid precursor protein/presenilin-1 transgenic mice; WT: wild-type mice.



NEURAL REGENERATION RESERACH www.nrronline.org

Additional Figure 2 Effects of voluntary exercise on recognition ability in 5- and 9-month-old APP/PS1 mice

with or without AQP4.

The discrimination index in the novel object recognition task was calculated by the time spent exploring the novel

object divided by the total time spent exploring both objects. Data represent mean ± SEM from 12-13 mice per

group and were analyzed by the two-way analysis of variance with Tukey’s post hoc test. *P < 0.05, vs. Con group;
#P < 0.05, ##P < 0.01, ###P < 0.001, vs. WT group; &P < 0.05, vs. APP/PS1 group. APP/PS1: Amyloid precursor

protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and amyloid precursor

protein/presenilin-1 transgenic mice; Con: sedentary group; Exe: exercise group; WT: wild-type mice.
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Additional Figure 3 Effects of voluntary exercise on glymphatic transport in 5- and 9-month-old APP/PS1

mice with or without AQP4.

Representative images of coronal brain sections of each group at bregma -0.86, 0 and 1.06 mm showing TR-d3

influx (arrowheads) into the brain at 40 minutes after cisterna magna injection. Exercise improved penetration of

TR-d3 into the brain parenchyma in the 5- and 9-month-old WT mice and 5-month-old APP/PS1 mice, but not in

the 9-month-old APP/PS1 mice and 5- and 9-month-old AQP4−/−/APP/PS1 mice. Scale bars: 1 mm. APP/PS1:

Amyloid precursor protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and

amyloid precursor protein/presenilin-1 transgenic mice; Con: sedentary control group; Exe: Exercise group; TR-d3:

Texas red-dextran-3; WT: wild-type mice.
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Additional Figure 4 Effects of voluntary exercise on brain Aβ levels in 5- and 9-month-old APP/PS1 mice

with or without AQP4.

(A, B) ELISA analysis of the concentrations of Aβ1-40 (A) and Aβ1-42 (B) in the frontal cortex, respectively. Data

are represented mean ± SEM from three independent experiments and four mice per group and were analyzed by

the two-way analysis of variance with Tukey’s post hoc test. *P < 0.05, vs. Con group; ##P < 0.01, ###P < 0.001, vs.

WT group; &P < 0.05, &&P < 0.01, &&&P < 0.001, vs. APP/PS1 group. Aβ1-40: Amyloid beta peptide 1-40; Aβ1-42:

amyloid beta peptide 1-42; APP/PS1: amyloid precursor protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1:

aquaporin 4 gene knockout and amyloid precursor protein/presenilin-1 transgenic mice; Con: sedentary group; Exe:

exercise group; WT: wild-type mice.
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Additional Figure 5 Effects of voluntary exercise on reactive gliosis and inflammatory factor levels in the

frontal cortex of 5- and 9-month-old APP/PS1 mice with or without AQP4.

(A) Immunohistochemical staining for GFAP and Iba1 in the frontal cortex. Exercise reduced activation of

GFAP-positive astrocytes (arrowheads) and Ibal-positive microglia (arrowheads) in the 5-month-old APP/PS1

mice, but not in the 9-month-old APP/PS1 mice and 5- and 9-month-old AQP4−/−/APP/PS1 mice. Scale bars: 10

μm. (B) Quantification of the percentage of GFAP and Iba1 positive area in the frontal cortex. (C) ELISA analysis

of the levels of inflammatory factors including IL-1β, IL-6 and TNF-α in the frontal cortex. Data in B are

represented mean ± SEM from five sections per mouse and four mice per group and data in C are represented

mean ± SEM from three independent experiments and six mice per group. All data were analyzed by the two-way

analysis of variance with Tukey’s post hoc test. *P < 0.05, vs. Con group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs.

WT group; &P < 0.05, &&P < 0.01, &&&P < 0.001, vs. APP/PS1 group. APP/PS1: Amyloid precursor

protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and amyloid precursor

protein/presenilin-1 transgenic mice; Con: sedentary group; Exe: exercise group; IL-1β: interleukin 1 beta; IL-6:

interleukin 6; TNF-α: tumor necrosis factor-α; WT: wild-type mice.
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Additional Figure 6 Immunofluorescence staining showing the effects of voluntary exercise on

AQP4 expression and polarity in 5- and 9-month-old APP/PS1 mice.

(A) AQP4 (green, Alexa Flour 488) and GFAP (red, Alexa Flour 555) double immunofluorescence in

the frontal cortex. Immunofluorescence intensity of AQP4 was specifically located at the regions

immediately abutting pia maters (large arrowheads) and microvessels (small arrowheads) in WT mice.

Exercise ameliorated abnormal expression of AQP4 in the parenchymal domains (stars) of APP/PS1

mice at 5 months old, but not at 9 months old. Scale bars: 50 μm. (B) Quantitative analyses of

immunofluorescence intensity of AQP4 at the regions immediately abutting pia maters and

microvessels as well as correspondingly adjacent parenchymal domains. (C) Quantitative analyses of
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AQP4 polarization abutting pia maters and microvessels. Data are represented mean ± SEM from four

sections (16-20 microvessels) per mouse and six mice per group and were analyzed by the two-way

analysis of variance with Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, vs. Con group; #P

< 0.05, ###P < 0.001, vs. WT group. APP/PS1: Amyloid precursor protein/presenilin-1 transgenic mice;

AQP4−/−/APP/PS1: aquaporin 4 gene knockout and amyloid precursor protein/presenilin-1 transgenic

mice; Con: sedentary control group; Exe: exercise group; GFAP: glial fibrillary acidic protein; WT:

wild-type mice.
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Additional Figure 7 Effect of voluntary exercise on synapsin I and PSD95 expression in the

hippocampus of 5- and 9-month-old APP/PS1 mice with or without AQP4.

(A) Immunohistochemical staining for synapsin I and PSD95 in the hippocampus. Scale bars: 50 μm.

(B, C) Quantification of synapsin I (B) and PSD95 (C) immunoreactive intensity in the hippocampus,

respectively. Exercise enhanced the synapsin I and PSD95 expression levels in the 5-month-old

APP/PS1 mice, but not in the 9-month-old APP/PS1 mice and 5- and 9-month-old AQP4−/−/APP/PS1

mice. Data are represented mean ± SEM from four sections per mouse and four mice per group and

were analyzed by the two-way analysis of variance with Tukey’s post hoc test. *P < 0.05, vs. Con

group; #P < 0.05, vs. WT group; &P < 0.05, vs. AQP4−/−/APP/PS1 group. APP/PS1: Amyloid precursor

protein/presenilin-1 transgenic mice; AQP4−/−/APP/PS1: aquaporin 4 gene knockout and amyloid

precursor protein/presenilin-1 transgenic mice; Con: sedentary group; Exe: exercise group; PSD95:

postsynaptic density protein 95; WT: wild-type mice.


