
Vol.: (0123456789)
1 3

https://doi.org/10.1007/s11357-022-00534-2

ORIGINAL ARTICLE

Long‑term exercise pre‑training attenuates Alzheimer’s 
disease–related pathology in a transgenic rat model 
of Alzheimer’s disease

Luodan Yang · Chongyun Wu · Yong Li · Yan Dong · Celeste Yin‑Chieh Wu · Reggie Hui‑Chao Lee · 
Darrell W. Brann · Hung Wen Lin · Quanguang Zhang

conducted to measure Aβ plaques, tau hyperphospho-
rylation, neuronal damage, neuronal degeneration, 
dendritic spine density, synapses, synaptic vesicles, 
mitochondrial morphology, mitochondrial dynamic, 
oxidative stress, and neuroinflammation. Behavio-
ral tests revealed that long-term exercise pretreatment 
significantly alleviated learning and memory dysfunc-
tion and anxious-depressive–like behaviors in AD 
animals. In addition, exercise pretreatment attenuated 
amyloid-β deposition and tau hyperphosphorylation 
and preserved spine density, synapses, and presynap-
tic vesicles. Exercise also inhibited neuronal damage, 
neuronal apoptosis, and neuronal degeneration. Addi-
tional studies revealed the imbalance of mitochondrial 
dynamics was significantly inhibited by exercise pre-
treatment accompanied by a remarkable suppression of 
oxidative stress and neuroinflammation. Our findings 
suggest that long-term exercise pretreatment alleviated 
behavioral deficits and typical pathologies of the AD 
rat model, supporting long-term exercise pretreatment 
as a potential approach to delay the progression of AD.
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Introduction

Alzheimer’s disease (AD), an irreversible, progressive 
brain disease, is the most common form of dementia 

Abstract  Alzheimer’s  disease (AD) is the most 
common form of dementia. Despite enormous efforts 
around the world, there remains no effective cure for 
AD. This study was performed to investigate the effects 
of long-term exercise pretreatment on the typical 
pathology of AD in a novel transgenic AD rat model. 
Male 2-month-old animals were divided into the fol-
lowing groups: wild-type (WT) rats, AD rats, and AD 
rats with treadmill exercise pretreatment (AD-Exe). 
After exercise pretreatment, the Barnes maze task, pas-
sive avoidance task, and cued fear conditioning test 
were performed to test learning and memory func-
tion. The elevated plus maze, open field test, sucrose 
preference test, and forced swim test were conducted 
to measure anxious-depressive–like behavior. Immu-
nofluorescence staining, Golgi staining, transmission 
electron microscopy, Western blot analysis, F-Jade C 
staining, TUNEL staining, and related assay kits were 
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and is clinically characterized by progressive cogni-
tive deficits, neurofibrillary tangles (NFTs), and amy-
loid plaques [1–3]. As the fifth leading cause of death 
for adults aged 65 years and older in the USA [4], AD 
exerts a high health, socioeconomic, and emotional 
burden to both society and patients [5]. Although 
many long and expensive clinical trials have been con-
ducted, there is currently no cure for AD [6].

The failure of clinical trials to yield effective new 
therapies for AD has led many to reconsider the amy-
loid and tau hypotheses, which have been the corner-
stone for much of AD research conducted in the past 
decades [2, 7]. In fact, a growing body of research sup-
ports AD as being a multifactorial disease caused by 
multiple etiological factors involving numerous genes, 
environmental factors, or the interactions between them 
[8, 9]. Therefore, studies targeting one etiological fac-
tor or single pathway may not slow down or reverse the 
progression of AD [9]. In addition, inappropriate AD 
animal models may impede the successful translation 
of findings to clinical trials [10]. As reported in previ-
ous studies, most mouse AD models cannot mimic all 
the features of AD without additional human transgenes 
that are not related to familial AD [10–12]. Further-
more, the use of an inappropriate therapeutic time 
window has been considered as another reason for the 
failure of many clinical trials[10]. It is widely accepted 
that AD is an irreversible brain disorder, and it would 
be difficult for a treatment performed after neuronal and 
synaptic loss to improve learning and memory abilities 
[13–16]. Therefore, increasing research has focused 
on AD prevention and interventions before the brain 
undergoes irreversible damage [3, 5, 17–19].

In an attempt to address these concerns and short-
comings, this study focused on the effects of exercise, 
a nonpharmacological treatment that targets multiple 
factors and pathways. In addition, we used a novel 
AD rat model of familial AD with all the typical 
features of human AD, including amyloid plaques, 
NFTs, synapse loss, neuronal loss, neuronal degen-
eration, gliosis, and cognitive impairment [5, 12]. 
Notably, the present study was conducted to analyze 
the effects of long-term exercise pretreatment on AD 
before pathological features were detected rather than 
post-treatment. Taken together, the current study was 
designed to investigate the effect of exercise pretreat-
ment on multiple AD pathologies using a novel AD 
rat model with the hope of providing more evidence 
for the preventive effect of exercise.

Materials and methods

Animals

TgF344-AD rats and wild-type rats (2  months old) 
were used in the current study. AD rats were origi-
nally genetically engineered at Emory University 
[12]. Rat genotyping was performed to distinguish the 
transgene-negative rats from transgene-positive rats 
following our previously published procedures [5]. 
The wild-type rats had the same genetic background 
hybrid as TgF344 rats. Male experimental animals 
were randomly divided into the following three 
groups: (1) WT rats (n = 12), (2) AD rats (n = 12), 
and (3) AD rats with long-term exercise training 
(AD-Exe, n = 13). All animals used in this study were 
housed in standard caging with ad  libitum access to 
food and water. Animal environment, housing, man-
agement, and other procedures were approved by 
our Institutional Animal Care and Use Committee 
(IACUC) of Augusta University and complied with 
National Institutes of Health guidelines.

Treadmill exercise

As reported in our previous study [5], 8  months of 
treadmill exercise training initiated at 2  months old 
and ended at 10  months old. The treadmill exercise 
training included a 2-week adaptive training stage 
followed by an exercise training stage. The adaptive 
training stage was initiated at 4 m/min for 15 min and 
then 6 m/min for 30 min, 8 m/min for 45 min, 12 m/
min for 45  min, and finally 18  m/min for 45  min. 
During the following exercise training stage, exer-
cise training was performed with constant intensity at 
18 m/min for 45 min three times a week from the 3rd 
week of training until the rats were 10  months old. 
The behavioral tests were performed at 18 months of 
age following by 8 months of detraining.

Behavioral tests

Barnes maze task

The Barnes maze is a well-established behavioral 
test to assess spatial learning and memory in rodents 
[20]. As described by our group previously, this 
behavioral task consists of 3  days of training trials 
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and a probe trial [3]. During the 3-day training trial, 
animals were given a maximum of 3 min to explore 
freely, and an overhead video camera connected with 
ANY-maze video tracking software (Stoelting, Wood 
Dale, IL, USA) was used to record the motion traces 
of the animals. The latency to find the hidden chamber 
beneath a target hole and the total number of errors 
were recorded and analyzed. The hidden chamber was 
removed on the probe day, and the target hole was 
blocked with a small black plastic board. The time the 
animal spent in the target zone where the target hole 
was previously located and the numbers of target zone 
entries were recorded during the 90-s probe trial.

Passive avoidance task

The passive avoidance task is a fear-motivated test 
commonly used to measure learning and memory 
in rodents [5, 21]. The apparatus used for the passive 
avoidance task is divided into a lit compartment (white 
and illuminated by a 24 V–10 W bulb) and a dark com-
partment with a gate between them. During the 5-min 
acquisition/conditioning phase (training phase), the rat 
is placed in the lit compartment and allowed to explore 
both compartments freely. During this stage, after the 
rat enters the dark compartment, the rat was given a 2-s 
mild foot shock with the gate closed. On the following 
day (test phase), the rat was placed back in the lit com-
partment similar to the training phase but without elec-
tric foot shock in the dark compartment. The latency 
from the lit compartment to the dark compartment was 
recorded and analyzed by ANY-maze tracking software.

Cued fear conditioning test

The cued memory test is a fear-based learning task 
to assess associative fear learning and memory in 
rodents [22]. The apparatus used for the cued fear 
conditioning task includes a chamber to deliver a 
mild electric foot shock and a totally different cham-
ber without foot shock. During the conditioning 
phase, rats were placed in the conditioning chamber 
for 6 min, and 2-s foot shocks were given at the end 
of every 2 min with a 30-s tone before the foot shock. 
On the cued test day, the rats were placed in another 
chamber similar to the conditioning phase but without 
electric foot shock after 30-s tones. The total freezing 
time was recorded and analyzed by ANY-maze track-
ing software.

Elevated plus maze

The elevated plus maze is a widely used behavioral 
assay to detect anxiety-like behavior in rodents [5, 
23]. A plus-shaped apparatus elevated 50  cm above 
the floor with two opposite closed arms opposite to 
two open arms were used for the test. During the test, 
rats were placed on the central platform and given a 
maximum of 5 min to explore the apparatus. The ani-
mal’s total time in the open arms, movement tracking 
plot, and the total number of open arm entries were 
recorded and quantified using ANY-maze software.

Open field test

The open field test is a widely used test to assess 
anxiety-related behavior, activity, and exploratory 
behavior in rodents [5, 24]. The apparatus used in 
the test is a wall-enclosed area (56 cm × 56 cm) sur-
rounded by 50-cm-tall walls. The enclosed black area 
is marked with square grid lines. During the test, the 
rats were placed at the corner of the apparatus and 
given a maximum of 5 min to explore the field freely. 
The number of line crossings, motion tracking plot, 
and defecations in the open field were recorded and 
analyzed.

Sucrose preference test

The sucrose preference test is a widely used behav-
ioral task used to investigate depression-like behavior 
based on rats’ natural preference for sweets [25]. It 
was performed as described previously by our group 
[5]. Prior to beginning testing, rats were habituated 
with two bottles of plain water for 2 days, followed by 
2% sucrose solution for another 2 days in their home 
cage. Thereafter, the rats were deprived of water and 
sucrose solution for 24 h. On the testing day, animals 
were singly housed in their home cage with ad  libi-
tum access to the 2% sucrose solution and plain water 
for 8 h. Sucrose and water intake were calculated on 
an absolute basis. Sucrose preference was calculated 
using the following formula: Preference = (sucrose 
intake/ (water intake + sucrose intake)) × 100%.

Forced swim test

The forced swim test is a widely used rodent behav-
ioral test to investigate depressive-like behavior [5]. 
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Rats were allowed to swim in a plastic cylinder filled 
with 30-cm-deep water at 23–25 °C for 6 min. Immo-
bility time (no noticeable movement more than 1  s) 
was recorded by ANY-maze video tracking system.

Brain collection and tissue preparation

The brains were collected at 18  months of age fol-
lowing behavioral tests. As described in our previous 
study [26], the rat brains were quickly removed under 
deep anesthesia following transcardial perfusion with 
ice-cold saline. One side of the brain was post-fixed 
with 4% paraformaldehyde (PFA) and then cryopro-
tected with 30% sucrose solution. The hippocampus 
and cortex were quickly dissected from the remain-
ing hemisphere and frozen using liquid nitrogen. 
Brain sections were prepared using a Leica Rm2155 
microtome (25  μm each) and stored in stock solu-
tion (FD NeuroTechnologies, Inc., Columbia, MD, 
USA; Catalog number: PC101) until future analysis. 
For the preparation of the protein sample, the frozen 
samples stored at − 80° were homogenized in ice-cold 
homogenization buffer (50-mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES], 12-mM 
β-glycerophosphate, 150-mM NaCl, 1% Triton X-10, 
protease, and phosphatase inhibitors) using a motor-
driven Teflon homogenizer. Total protein fractions 
and mitochondrial protein fractions from the cortex 
and hippocampus were measured using a Modified 
Lowry Protein Assay kit (Pierce, Rockford, IL, USA) 
as described in our previous study [27].

Spine density analysis

Golgi staining was carried out to examine the 
changes in spine density according to the manufac-
turer’s protocol (FD Rapid GolgiStain™ kit, FD 
NeuroTechnologies, Inc.). In brief, rat brains were 
quickly removed under deep anesthesia without per-
fusion. Thereafter, the brains were immersed in a 
pre-prepared impregnation solution and stored at 
room temperature for 14 days in the dark. The brains 
were subsequently transferred into a manufacturer-
provided solution C and stored at room temperature 
for 96  h. A 200-μm-thick coronal whole-brain sec-
tions were mounted with solution C on gelatin-coated 
slides and allowed to dry naturally at room tempera-
ture for 2 days. After washes with distilled water, the 
brain sections were then incubated with a mixture 

consisting of manufacturer-provided solution D and 
E for 10 min. After washes, brain sections were sub-
sequently dehydrated and cleared with ethanol and 
xylene. An OLYMPUS IX70 microscope was used 
to capture the images at 100 × total magnification. 
Spine dendrites were processed and analyzed using 
ImageJ software. For the spine density analysis, spine 
densities from five individual neurons in both cortex 
and hippocampus were measured. The spine density 
analysis measured spine densities from five individual 
neurons in both the cortex and hippocampus. Three to 
four brain slices were randomly chosen and analyzed 
for each animal and presented as a single value for 
each brain slice. For each group, four animals were 
included in the spine density analysis. The experi-
menters were blind in conducting data analysis in all 
the tests.

Transmission electron microscopy

Rat brains were quickly removed under deep isoflu-
rane anesthesia followed by post-fixation in 2% glu-
taraldehyde and 2% paraformaldehyde for 2 h at 4 ℃. 
After three washes with phosphate buffer, the brains 
were post-fixed with 1% osmium tetroxide for another 
2 h and washed in phosphate buffer three times. After 
dehydration in ethanol and propylene oxide series, 
the brain tissues were then embedded in EmBed812. 
Ultrathin Sects.  (70  nm) were collected and treated 
with uranyl acetate and lead citrate. Images from low 
magnification to high magnification were visualized 
and captured using a JEM 1230 transmission elec-
tron microscope (JEOL USA Inc., Peabody, MA) at 
110 kV with an UltraScan 4000 CCD camera. Six to 
eight brain slices were randomly chosen and analyzed 
for each animal, with the mean value presented as a 
single value for each animal. For each group, four 
animals were included in the analysis.

Immunofluorescence staining

Immunofluorescence staining was performed as previ-
ously described by our group [28]. Briefly, brain sec-
tions were permeabilized with 0.4% Triton X-100 and 
blocked with 10% normal donkey serum for 1 h. There-
after, the sections were incubated with primary antibod-
ies for 24 h at 4 °C. The primary antibodies used in this 
study include the following: anti-4G8 β-amyloid anti-
body (BioLegend; San Diego, CA, USA); anti-PHF1 
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(Thermo Scientific; Rockford, IL, USA;), anti-Iba-1 
(Wako Chemicals; Richmond); anti-8-OHdG and 
PGC-1α (Abcam; Cambridge, MA, USA), anti-GFAP, 
MAP2 (Thermo Fisher Scientific, Waltham, MA, 
USA); anti- NeuN, MBP, Mfn1, Fis1, and Tom20 (Pro-
teintech, Rosemont, IL, USA); anti-SOD2 (Santa Cruz 
Biotechnology; Dallas, TX, USA). After three washes, 
the brain sections were incubated with Alexa Fluor 
donkey anti-goat/mouse/rabbit secondary antibodies 
(594/647/488, Thermo Fisher Scientific) for 1 h at room 
temperature. After washes with 0.1% Triton X-100 
solution, the brain sections were mounted and cover-
slipped using DAPI Fluoromount-G (SouthernBiotech; 
Birmingham, AL, USA). Confocal images of Tom 20 
staining were processed by ImageJ software according 
to our previous protocol [29]. For the immunofluores-
cence staining, 3–4 brain slices with intact hippocam-
pal subfields were randomly chosen from each rat. 
Each brain slice’s fluorescence intensity was averaged 
to provide a single value for each rat. Furthermore, all 
the images were acquired under the same image acqui-
sition parameters. Quantification of microglia morphol-
ogy was performed according to a previous study [30].

Western blotting analysis

Western blotting analysis was performed following 
the procedure described in previous studies [31, 32]. 
In brief, the protein samples were separated based on 
molecular weight using an electrophoresis apparatus 
(Bio-Rad, Hercules, CA, USA) with 4–20% sodium 
dodecyl sulfate–polyacrylamide gel (SDS) and trans-
ferred onto polyvinylidene difluoride (PVDF) mem-
brane. After blocking, the PVDF membranes were 
then incubated with the following antibodies over-
night at 4  °C: anti-PGC-1α (Abcam; Cambridge, 
MA, USA), anti- Mfn1, Fis1, and COX4 (Proteintech, 
Rosemont, IL, USA); anti-SOD2 (Santa Cruz Bio-
technology; Dallas, TX, USA). After washing, the 
PVDF membranes were then incubated with appro-
priate Horseradish Peroxidase (HRP)–conjugated 
secondary antibodies for 1  h at room temperature. 
Thereafter, the images of bound protein were cap-
tured by a cold CCD digital imaging system followed 
by semi-quantitative analyses using ImageJ software 
(Version 1.49, NIH). GAPDH and COX4 were used 
as a loading control. The intensity of the target bands 
was normalized to the corresponding loading controls 
and expressed as a percentage of the WT group.

TUNEL and F‑Jade C staining

TUNEL and Fluoro-Jade C (F-Jade C) staining were 
carried out to test cellular apoptosis and neuronal 
degeneration as previously described [20, 28]. The 
apoptotic cells in the cortex and hippocampus were 
detected using a Click-iT® Plus TUNEL assay kit 
(Thermo Fisher Scientific) according to the manu-
facturer’s protocol. F-Jade C staining was utilized to 
detect neuronal degeneration. Brain sections were 
incubated with F-Jade C (Sigma-Aldrich, St. Louis, 
MO, USA) working solution for 20 min according to 
the manufacturer’s protocol. After washes, the brain 
sections were mounted using DAPI Fluoromount-G 
(Southern Biotech; Birmingham, AL, USA). Images 
of the brain sections were captured using LSM700 
Meta confocal laser scanning microscope (Carl 
Zeiss).

Total antioxidant capacity assay

The total antioxidant capacity of protein samples 
from the cortex and hippocampus were determined 
by an antioxidant assay kit (709,001; Cayman Chemi-
cal; Ann Arbor, MI, USA) [3, 5]. In brief, 20 μg of 
protein samples were mixed with chromogen (150 µl) 
and metmyoglobin (10 µl) in the designated wells pro-
vided in the antioxidant assay kit. The working solu-
tion (40  µl of hydrogen peroxide) was added to the 
well and incubated for 5 min. Thereafter, the absorb-
ance of each sample was measured on a spectropho-
tometer at 750 nm. A Trolox standard curve was used 
to calculate the antioxidant capacity of each sample. 
Data was expressed as percentage changes compared 
to the WT group.

Protein carbonyls determination

Protein carbonyls in the cortex and hippocampus were 
determined using a Protein Carbonyl Colorimetric 
Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) 
as described in our previous studies [3, 5]. Briefly, 
20  µg of protein from each sample was denatured 
using 12% SDS and incubated with 1X DNPH solu-
tion for 15 min at room temperature. Thereafter, pro-
tein samples were mixed with neutralization solution 
(7.5  µl) and then loaded in PVC ELISA microtiter 
plate. The levels of protein carbonyls were measured 
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by ELISA analysis. The absorbance of each sample 
was measured on a plate reader at 370 nm.

Lipid peroxidation (MDA) assay

The malondialdehyde production in the cortex and 
hippocampus was measured using a lipid peroxidation 
(MDA) assay kit (Abcam, Cambridge, UK) following 
the manufacturer’s protocol. Briefly, protein samples 
(200 µl) were incubated with TBA reagent (600 µl) at 
95 °C for 60 min. After incubation, the samples were 
cooled to room temperature in an ice bath for 10 min. 
Thereafter, 200 µL of supernatant (containing MDA-
TBA adduct) was moved into a 96-well microplate 
and then measured at 532 nm on a microplate reader 
for colorimetric assay. Results were expressed as per-
centage changes compared to the WT group.

Proteome profiler rat cytokine analysis

Levels of inflammatory cytokines were measured 
using a Proteome Profiler Rat Cytokine Array Kit 
(R&D Systems, Inc., MN, USA) as previously 
described [26]. In brief, 800  μg of protein samples 
from the cortex and hippocampus were mixed with 
a reconstituted detection antibody cocktail and incu-
bated with the membrane provided in the assay kit. 
After washes, 2 mL of diluted streptavidin-HRP were 
incubated with the membrane for 30  min at room 
temperature. The images of protein in the membrane 
were captured by a cold CCD digital imaging system. 
The density of dots was analyzed by ImageJ software 
(Version 1.49, NIH). The acquired data was calcu-
lated as z-scores and expressed as a heat map using 
R package (R i386 3.6.2. lik). The fold change was 
calculated as the ratio of the difference between AD 
and WT group or AD-Exe and WT group. Log2 fold 
change was calculated as Log2(fold change) to com-
pare among groups for statistical differences.

Statistical analysis

SigmaStat (Systat Software; San Jose, CA, USA) 
were used to analyze all the data. One-way analysis 
of variance (ANOVA) followed by Student–New-
man–Keuls (S–N-K) post hoc tests were applied for 
all dependent variables between groups. Two-way 
(group*time) repeated measures of ANOVAs fol-
lowed by Tukey’s all pairwise comparisons test was 

applied for variables with multiple time points. All 
data were expressed as the mean ± SEM. For all test, 
P values < 0.05 were considered significant.

Results

Long‑term exercise training attenuates Aβ 
accumulation and tau hyperphosphorylation 
in TgF344‑AD rats

Aβ accumulation and tau hyperphosphorylation are 
hallmarks of AD [33]. Therefore, we first investigated 
the role of exercise pretreatment on Aβ accumulation 
and tau hyperphosphorylation using staining of cor-
tical and hippocampal sections for 4G8, a marker of 
amyloid deposition, and PHF for hyperphosphoryl-
ated tau. As shown in Fig. 1A, 4G8 staining revealed 
that both the cortex and hippocampus from AD ani-
mals exhibit substantial amyloid deposition, which 
was significantly attenuated in the exercise pretreat-
ment group. As shown in Fig. 1B, AD animals also 
exhibited abnormal tau hyperphosphorylation, as 
evidenced by increased phosphorylation of tau pro-
tein (PHF) fluorescent intensity in the cortex and hip-
pocampus, an effect that was significantly abated by 
long-term exercise training.

Long‑term exercise training attenuates memory 
impairment and anxious‑depressive–like behavior of 
TgF344‑AD rats

We next investigated the effect of long-term tread-
mill exercise training on cognitive function and anx-
ious-depressive–like behaviors in 18-month-old AD 
rats using a battery of behavioral tests. As shown 
in Fig.  2A, the  Barnes maze  was utilized to  meas-
ure spatial learning and memory. On the second and 
third day of training trials, AD  animals displayed a 
longer  escape latency compared with WT animals, 
suggesting that 18-month-old AD animals exhibit 
impaired learning and memory  abilities. In contrast, 
the learning and memory impairments in AD animals 
were significantly ameliorated by long-term exer-
cise training, as evidenced by significantly decreased 
escape latency on the second and third days of the 
training trials. Furthermore, AD animals exhibited 
significantly increased exploration errors before find-
ing the hidden box compared to WT animals, which 
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was notably decreased in the exercise training group. 
During the probe trial,  the quadrant occupancy and 
the number of field entries significantly decreased in 
AD animals (AD vs. WT). However, AD animals in 
the exercise group showed increased quadrant occu-
pancy and field entries (AD vs. AD-Exe).

The passive avoidance test and cued memory 
test were also performed to assess learning and 

memory based on negative reinforcement. As shown 
in Fig.  2B, there were no significant differences 
among the three groups in the latency of entrance 
to the dark boxes during the acquisition phase, sug-
gesting they were at the  same level before the elec-
trical shock. Intriguingly, during the test phase, both 
WT and AD animals in the exercise group displayed 
significantly increased latency to enter the dark box 

Fig. 1   Long-term exercise training attenuates Aβ accumu-
lation and tau hyperphosphorylation in TgF344-AD rats. A 
Representative confocal microscopy images of Aβ accumu-
lation using Aβ 4G8 antibody. Scale bar = 200  μm. B Repre-

sentative confocal microscopy images of phosphorylation of 
tau protein (PHF). Scale bar = 10  μm. All data are expressed 
as mean ± SEM (n = 6). *P < 0.05 versus WT group, #P < 0.05 
versus AD group
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as compared with AD animals, which suggests that 
exercise training significantly alleviated fear mem-
ory in AD animals. Furthermore, cued memory was 
impaired in AD animals, as evidenced by significantly 
decreased freezing time compared with WT, which 
was significantly attenuated by long-term exercise 
training (Fig.  2C). Taken together, our results show 
that long-term exercise training is capable of attenuat-
ing learning and memory impairment in AD rats.

Next, the elevated plus maze, open field test, 
sucrose preference test, and forced swim test were 
utilized to measure the anxious-depressive–like 
behavior of TgF344-AD rats. As shown in Fig. 2D, 
AD rats displayed significantly decreased time 
and total entries (AD vs. WT) in the open arms of 
the elevated plus maze, which was ameliorated by 
long-term exercise training. Furthermore, in the 
open field test (Fig. 2E), the number of line cross-
ings was significantly decreased in the AD group 
as compared to animals from the WT group and 
the long-term exercise group. However, the num-
ber of defecations in the open field after each test 
was significantly increased in the AD group but was 
attenuated substantially in the long-term exercise 
training group. Additionally, as shown in Fig.  2F, 
AD animals exhibited a significantly decreased 
preference for sucrose as compared to both WT 
animals and exercise, suggesting AD animals had 
depression-like behaviors that were alleviated by 
long-term exercise training. The forced swim test 

further confirmed the development of depression-
like behaviors in AD animals and the blunting of 
these changes in long-term exercise-treated AD ani-
mals, as evidenced by increased immobility of AD 
animals (AD vs. WT) and significantly decreased 
immobility of long-term exercise-treated AD ani-
mals (AD vs. Exe, Fig. 2G). These data indicate that 
long-term exercise pretreatment significantly atten-
uates anxious-depressive–like behavior of AD rats.

Long‑term exercise training preserves dendritic 
spine density, synapses, and synaptic vesicles of 
TgF344‑AD rats

It is known that functional deficits  are closely 
related to the structural alterations of the  synapse 
and dendritic spine density. Therefore, we next 
explored the effect of exercise training on den-
dritic spine density, synaptic vesicles, and syn-
apses of AD rats. As shown in Fig. 3A, apical den-
dritic spine density in CA1 region and cortex were 
selected for analysis. The results of Golgi staining 
revealed that the spine density in both the cortex 
and hippocampus was significantly decreased in 
AD animals as compared with WT animals. Intrigu-
ingly, the decrease of spine density in the cortex 
and hippocampus of AD rats could be significantly 
preserved by long-term exercise training. In line 
with this finding, the numbers of synapses and vesi-
cles per bouton were significantly decreased in AD 
animals (Fig.  3B, AD vs. WT). However, AD ani-
mals with long-term exercise pretreatment showed 
decreased synaptic loss and preserved synaptic vesi-
cles in the presynaptic terminal.

Long‑term exercise training alleviates neuronal 
damage, apoptosis, and degeneration in TgF344‑AD 
rats

Abnormal Aβ accumulation and tau hyperphospho-
rylation could result in neuronal damage, apoptosis, 
and degeneration in AD, according to previous stud-
ies [3, 34]. Therefore, we next investigated the effect 
of long-term exercise training on neuronal damage, 
apoptosis, and degeneration. MAP2 is an early and 
sensitive marker for neuronal damage. As shown in 
Fig.  4A, representative confocal microscopy images 
of MAP2 staining revealed that AD animals displayed 

Fig. 2   Long-term exercise training attenuates memory impair-
ment and anxious-depressive–like behavior of TgF344-AD 
rats. A The Barnes maze task was performed to measure learn-
ing and memory function. (a) Representative tracking plots 
of rats and results of escape latency and the total number of 
errors before finding the target box on the training days. (b) 
Representative tracking plots of rats and results of quadrant 
occupancy and number of field entries on probe trial day. B 
The passive avoidance task was conducted to test fear memory. 
Latency from the lit compartment to the dark compartment. C 
Cued fear conditioning test was performed to assess associa-
tive fear learning and memory. Freezing times were recorded 
and analyzed. D The elevated plus maze was performed to 
detect anxiety-like behavior. The time each rat stayed in the 
open arms and the entries to the open arms were analyzed. E 
The open field test was performed to assess anxiety-related 
behavior. Line crossing and defecations in the open field were 
recorded and analyzed. F The sucrose preference test and G 
forced swimming test were performed to measure depres-
sive-like behavior. All data are expressed as mean ± SEM 
(n = 9–12). *P < 0.05 versus WT group, #P < 0.05 versus AD 
group
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robustly decreased MAP2 fluorescent intensity com-
pared with WT animals, and this decrease could be 
significantly alleviated by long-term exercise pre-
treatment. Furthermore, MBP, a major protein of the 
myelin sheath of a neuron, was measured in both the 
cortex and hippocampus. As shown in Fig.  4B, AD 
animals exhibited a significantly decreased MBP 
fluorescent intensity compared to WT animals. In 
contrast, long-term exercise pretreatment of AD ani-
mals alleviated this decrease, indicating that exer-
cise training protects against damage to the myelin 
sheath of neurons. TUNEL staining was performed 
to determine whether long-term exercise training 
could inhibit neuronal apoptosis. As presented in 
Fig. 4C, neuronal apoptosis was detected in AD ani-
mals by the presence of a markedly increased num-
ber of TUNEL-positive cells in the cortex and hip-
pocampus. However, exercise treatment effectively 
decreased the number of TUNEL-positive cells, sug-
gesting that long-term exercise training significantly 
repressed neuronal apoptosis in AD animals. Finally, 
Fluoro-Jade C staining was performed to assess neu-
ronal degeneration. Results in Fig.  4D revealed that 
AD animals presented markedly increased neuronal 
degeneration, as evidenced by increased Fluoro-
Jade C–positive cells as compared with WT ani-
mals. Intriguingly, long-term exercise treatment sig-
nificantly attenuated neuronal degeneration in AD 
animals.

Long‑term exercise training preserves mitochondrial 
dynamics and mitochondrial morphology 
in TgF344‑AD rats

A healthy pool of mitochondria not only provides 
enough energy to support neuronal activity but also 
contributes to maintaining the oxidation–reduction reac-
tion balance [1, 35]. Therefore, we next investigated the 

effects of long-term exercise on mitochondrial morphol-
ogy and mitochondrial dynamics. As shown in Fig. 5A, 
representative confocal microscopy images of Tom20 
staining were processed and analyzed by ImageJ soft-
ware. Quantification of mitochondrial segments dem-
onstrated a markedly higher degree of mitochondrial 
fragmentation in AD animals, as evidenced by increases 
in both total mitochondrial fragmentation and small 
particles and decreases in continuous mitochondrial 
structures. By contrast, the degree of mitochondrial 
fragmentation was dramatically alleviated by exercise 
pretreatment. In addition, the levels of the fusion pro-
tein MFN1 were significantly decreased in both the 
cortex and hippocampus of AD animals (AD vs. WT), 
which was alleviated by exercise pretreatment (Fig. 5B). 
Consistent with these results, the levels of Fis1, a well-
known fission protein, were significantly increased in 
AD animals as compared with WT animals and long-
term exercise animals (Fig.  5C). Taken together, these 
results indicate that long-term exercise pretreatment 
effectively alleviated excessive mitochondrial frag-
mentation in AD animals. Furthermore, representative 
electron microscopy images showed that AD animals 
displayed a damaged mitochondrial morphology, as evi-
denced by mitochondrial intima structure blurring and 
disturbed or missing mitochondrial crest in AD animals 
(Fig.  5D). However, the disruption of mitochondrial 
morphology was alleviated by long-term exercise pre-
treatment. PGC-1α stimulates mitochondrial biogenesis 
and contributes to the regulation of energy metabolism 
[36]. Western blotting analyses of PGC-1 in the cor-
tex and hippocampus showed significantly decreased 
PGC-1 expression in AD animals compared to WT and 
exercise-treated AD animals (Fig. 5E), suggesting exer-
cise pretreatment contributes to the regulation of mito-
chondrial biogenesis in TgF344-AD rats.

Long‑term exercise training attenuates mitochondrial 
dysfunction‑induced oxidative stress

Several lines of evidence suggest that brain tissue in 
AD patients is exposed to mitochondrial dysfunc-
tion–induced oxidative stress [1, 37, 38]. Therefore, 
we next investigated the effects of long-term exercise 
training pretreatment on oxidative stress. As shown 
in Fig.  6A, total antioxidant capacity was markedly 
decreased in AD animals (AD vs. WT). Notably, 
long-term exercise pretreatment significantly attenu-
ated this decrease, suggesting that long-term exercise 

Fig. 3   Long-term exercise training preserves dendritic spine 
density, synapses, and synaptic vesicles of TgF344-AD rats. 
A Representative images of Golgi staining of cortex and hip-
pocampus. Selected dendritic segments from the cortex and 
hippocampus were skeletonized using ImageJ software and 
analyzed. B Representative images of synapses in cortex and 
hippocampus. The numbers of synapses and synaptic vesicles 
per pre-synaptic bouton were counted and analyzed. All data 
are expressed as mean ± SEM (n = 4). *P < 0.05 versus WT 
group, #P < 0.05 versus AD group
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training effectively preserved total antioxidant capac-
ity in AD animals. Furthermore, the expression of 
the antioxidant enzyme SOD2 was determined using 
Western blotting analysis. Figure  6B reveals that 
the expression of SOD2 decreased in AD animals 
as compared to WT animals. In contrast, long-term 
exercise training prevented this reduction in both the 
cortex and hippocampus as compared to AD animals. 
The release of ROS was then detected by dihydro-
ethidium (DHE) staining. As shown in Fig. 6C, AD 
animals displayed significantly increased ROS levels 
as compared with WT animals, which was markedly 
attenuated by long-term exercise pretreatment. Pres-
ervation of antioxidant capacity and SOD2 expres-
sion as well as alleviation of ROS production should 
correlate with reduced oxidative damage in the brain. 
Therefore, we next examined the effect of long-term 
exercise pretreatment on oxidative damage in the cor-
tex and hippocampus. The results in Fig.  6D and E 
revealed that long-term exercise pretreatment did sig-
nificantly reduce oxidative damage in the cortex and 
hippocampus of AD rats, as evidenced by decreased 
levels of lipid peroxidation product (MDA) and pro-
tein carbonyls. In addition, exercise pretreatment also 
decreased oxidative DNA damage, as evidenced by 
reduced 8-OHdG fluorescent intensity in AD animals 
receiving long-term exercise pretreatment.

Long‑term exercise training alleviates gliosis and 
suppresses neuroinflammation in TgF344‑AD rats

Reactive gliosis and neuroinflammation are closely 
associated with oxidative stress and contribute to 
the pathogenesis of Alzheimer’s disease [3, 39]. We 
thus examined for the presence of gliosis by per-
forming Iba-1 and GFAP fluorescent staining. As 
shown in Fig.  7A, the Iba-1 fluorescent intensity in 
both the cortex and hippocampus were significantly 
increased in AD animals as compared to that in WT 
animals, which was attenuated by long-term exercise 

pretreatment. Furthermore, we analyzed micro-
glial morphology using ImageJ software and found 
decreased endpoints and process length in AD ani-
mals, and this effect was significantly alleviated by 
exercise pretreatment. In addition, as presented in 
Fig.  7B, representative fluorescent images of GFAP 
quantitative analyses demonstrated significantly 
increased GFAP intensity in AD animals, which was 
significantly ameliorated by long-term exercise train-
ing. Taken together, these results suggest that long-
term exercise pretreatment strongly alleviates micro-
glial overactivation and excessive astrogliosis in AD 
rats. Furthermore, inflammatory cytokine production 
was assessed by a rat cytokine array kit using pro-
tein samples from the rat cortex and hippocampus. 
As presented in Fig.  7C, a representative heat map 
depicting the changes of inflammatory cytokines 
across the various groups. Results in Fig. 7C revealed 
that the levels of pro-inflammatory cytokines includ-
ing IL1-α, IL-1β, IL-3, IL-6, and TNF-α were signifi-
cantly elevated in both the cortex and hippocampus 
of AD rats. In contrast, the increased levels of pro-
inflammatory cytokines were markedly attenuated by 
long-term exercise pretreatment.

Discussion

In our previous study, using a novel rat AD model, we 
demonstrated exercise training alleviated the anxious-
depressive–like behavior of transgenic AD rats in the 
early stages of AD pathogenesis [5]. In the current 
study, we investigated the effect of long-term exercise 
pretreatment on behavioral deficits and typical pathol-
ogy in the late stage of AD. We demonstrated that (a) 
long-term exercise pretreatment alleviated memory 
impairment and anxious-depressive–like behavior of 
TgF344-AD rats at 18  months of age; (b) dendritic 
spine density and numbers of synaptic vesicles and 
synapses in both the cortex and hippocampus were 
preserved by long-term exercise pretreatment; (c) 
long-term exercise pretreatment alleviated Aβ depo-
sition, tau hyperphosphorylation, neuronal degenera-
tion, neuronal damage, and neuronal apoptosis; and 
(d) long-term exercise pretreatment preserved mito-
chondrial dynamics and mitochondrial morphology 
and attenuated mitochondrial dysfunction–related 
oxidative stress and neuroinflammation. These 
findings add to the growing body of evidence that 

Fig. 4   Long-term exercise training alleviates neuronal dam-
age, apoptosis, and degeneration in TgF344-AD rats. Repre-
sentative confocal microscopy images of MAP2 (A) and MBP 
(B)  taken from the cortex and hippocampus. The intensity of 
the immunoreactivity associated with MAP2 was quantified. C 
The number of apoptotic cells as measured by TUNEL stain-
ing. D Neuronal degeneration was assessed by F-Jade C stain-
ing. Scale bar = 10 μm. All data are expressed as mean ± SEM 
(n = 6). *P < 0.05 versus WT group, #P < 0.05 versus AD group
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long-term exercise training is a potential approach to 
delay the progression of AD.

Although many long and expensive trials have been 
conducted, there are currently no effective pharmaco-
therapeutic methods approved for AD treatment [6]. 
The failure of clinical trials on AD has been proposed 
to be due to several reasons, including an inappropriate 
therapeutic time window, the wrong treatment target, 
and an inadequate understanding of the biopathology 
of Alzheimer’s disease [6]. Experimental animal mod-
els of AD are indispensable tools better to understand 
pathogenesis and development of AD [11]. Currently, 
transgenic mice represent the most commonly used 
AD animal model; however, most mouse models only 
develop the accumulation of Aβ and often lack other 
typical pathological features of AD [10, 11, 40]. There-
fore, the high clinical trial failure rate may be related to 
the premature translation of findings from animal mod-
els to human patients [10]. The physiological, patholog-
ical, and genetic characteristics of the TgF344-AD rat 
model used in the current study are more similar to AD 
patients as compared to mouse models [11, 12]. The 
TgF344-AD rat model can mirror all of the character-
istic hallmarks of AD pathology in humans [11]. Con-
sistent with previous studies [5, 12], our study demon-
strated the presence of amyloid plaques and PHF in the 
TgF-344 AD rat model, which were significantly ame-
liorated by long-term exercise pretreatment. In addition, 
rats are 4–5 million years closer to humans in evolution 
than mice and have a richer and more complex behav-
ioral phenotype [5, 12]. Therefore, we used this trans-
genic AD rat model to study the effects of exercise on 
learning, memory, and anxious-depressive–like behav-
ior. In the current study, 18-month-old AD animals 

displayed learning and memory deficits and anxious-
depressive–like behavior, which were also alleviated 
by long-term exercise pretreatment. Taken together, our 
findings support the beneficial role of long-term exer-
cise training on the alleviation of learning and memory 
deficits and anxious-depressive–like behavior in AD.

Various types of exercise training have been studied 
in neurodegenerative diseases, including forced and 
voluntary exercise [3, 5, 41]. In our study, treadmill 
exercise was applied as an exercise intervention in AD. 
However, different from voluntary exercise training, 
forced exercise intervention may increase the stress 
response. Therefore, following our previous studies, an 
adaptive training stage that gradually increases in speed 
and intensity was included in the exercise paradigm to 
minimize the stress [5, 42]. Consistent with previous 
studies, we found the beneficial effects of forced exer-
cise training in attenuating cognitive deficits and neu-
ropathology [3, 42]. Unlike previous studies, our study 
focuses on using long-term exercise as an early life-
style intervention to reduce AD pathology in a novel 
rat model of AD [42]. We demonstrated that early exer-
cise intervention, even if followed in “middle age” by a 
sedentary lifestyle, can still have significant and lasting 
effects in preventing hallmark pathologies associated 
with AD. These results indicate that healthy people 
or AD patients with cognitive decline may still benefit 
from early exercise intervention, even though they can-
not maintain exercise training in later life because of 
movement deficits caused by AD pathology or other 
diseases. The exercise paradigm in our study was an 
aerobic exercise performed three times a week—an 
exercise intervention that is feasible for patients with 
mild AD to perform [43]. Furthermore, the exercise 
paradigm used in our study is consistent with the exer-
cise paradigm suggested by a previous clinical trial of 
exercise in patients with cognitive decline [43]. In the 
clinical trial, people who exercise three to five times 
per week had a significantly lower risk of AD than 
those living a sedentary lifestyle or exercising less than 
three times per week [43]. Although more studies are 
still needed, we believe long-term voluntary exercise 
can also have a beneficial effect in slowing down AD 
pathology because a previous study found that forced 
and voluntary exercises almost equally reverse behav-
ioral deficits in experimental AD models [44].

Dendritic spine loss occurs in both the cortex and 
hippocampus and displays a stronger correlation to 
cognitive decline than neuronal loss and neurofibrillary 

Fig. 5   Long-term exercise training preserves mitochondrial 
dynamics and mitochondrial morphology in TgF344-AD 
rats. A Representative confocal microscopy images of Tom20 
staining captured from the cortex and hippocampus. Images 
of Tom20 fluorescent staining were further processed by 
ImageJ software into images with total particles, small parti-
cles (size < 1.5  μm), and continuous structure (size > 2  μm). 
n = 8. Scale bar = 10  μm. B Representative confocal micros-
copy images and Western blot results of MFN1 in the cor-
tex and hippocampus. n = 3. C Western blot analysis of Fis1 
(n = 3–4). D Representative transmission electron micrograph 
of mitochondria. Scale bar = 50  nm. E Representative confo-
cal microscopy images and Western blot results of PGC-1α in 
the cortex and hippocampus (n = 3). Scale bar = 10  μm. Data 
are presented as mean ± SEM. *P < 0.05 versus WT group, 
#P < 0.05 versus AD group
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Fig. 6   Long-term exercise training attenuates mitochondrial 
dysfunction-induced oxidative stress. A Total antioxidative 
capacity (n = 6). B Western blot results of SOD2 in cortex and 
hippocampus (n = 3). C ROS level, D MDA level, and E pro-
tein carbonyl levels in the cortex and hippocampus were meas-

ured using related assay kits (n = 6). F Oxidized DNA damage 
was measured by 8-OHdG staining (n = 6). Scale bar = 10 μm. 
Data are presented as mean ± SEM. *P < 0.05 versus WT 
group, #P < 0.05 versus AD group
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tangles in AD [45–47]. Our findings, accordingly, 
revealed a significant decrease of dendritic spines in 
the cortex and hippocampus of AD rats. Notably, long-
term exercise training markedly alleviated the dendritic 
spines loss in AD. Furthermore, according to a previ-
ous study, AD patients also display a significant loss of 
synapses compared with healthy individuals [47]. AD 
patients, even at the early stages of the disease, had sig-
nificantly fewer synapses [48]. Our previous findings 
showed a loss of the presynaptic marker synaptophy-
sin and postsynaptic marker spinophilin in a sporadic 
Alzheimer’s rat model [3]. Consistent with these find-
ings, our study revealed a significant loss of synapses 
in both cortex and hippocampus of transgenic AD rats. 
Interestingly, long-term exercise pretreatment was able 
to preserve the number of synapses. Furthermore, a 
previous study found decreased presynaptic vesicles in 
the AD mouse model [49]. In the current study, we also 
found reduced presynaptic vesicles in TgF-344 AD rats. 
Intriguing, long-term exercise training was able to pre-
serve the presynaptic vesicle stores.

According to previous studies, the Aβ-overproducing 
Tg AD mouse model cannot display a robust neuronal 
loss without additional human transgenes that are not 
related to familial AD [12, 50, 51]. However, our current 
study confirmed the extensive neuronal loss in both cor-
tex and hippocampus in TgF344-AD rats. Importantly, 
long-term exercise training significantly reduced neu-
ronal apoptosis and neuronal degeneration in TgF344-
AD rats. In addition, we also measured the effect of 
long-term exercise training on neuronal damage. Using 
neuronal damage-sensitive markers, our study revealed 
markedly increased neuronal damage in the cortex and 
hippocampus of AD rats, which was significantly ame-
liorated by exercise pretreatment. Taken together, these 
results demonstrated the beneficial role of long-term 
exercise pretreatment in neuronal protection.

Our study also revealed an important effect of long-
term exercise training on preserving mitochondrial 
dynamics and mitochondrial morphology in AD rats. 
The pivotal role of mitochondria in AD has been widely 
accepted, and mitochondrial dysfunction has been rec-
ognized as a major contributing factor in the develop-
ment of AD [1, 52]. Mitochondrial dynamic imbalance 
in AD induces a shift from mitochondrial fusion toward 
mitochondria fission, causing excessive mitochon-
drial fragmentation [1, 53, 54]. Consistent with ear-
lier research, we found an imbalance of mitochondrial 
dynamics, with excessive mitochondrial fragmentation 

and decreased expression of fusion-related proteins 
in AD rats. Notably, long-term exercise pretreatment 
preserved mitochondrial dynamics and mitochondrial 
morphology in AD rats. Damage to mitochondrial mor-
phology and mitochondrial function leads to excessive 
ROS production and induces oxidative stress [1, 55]. 
In agreement with these findings, our study demon-
strated decreased total antioxidant capacity, decreased 
expression of the key antioxidative enzyme SOD2, and 
elevated ROS production in both the cortex and hip-
pocampus of AD animals. Furthermore, excessive ROS 
production resulted in oxidative damage to lipid, pro-
tein, and DNA, as evidenced by increased lipid peroxi-
dation, protein carbonyls, and oxidative modifications 
of DNA. Importantly, long-term exercise pretreatment 
was able to attenuate oxidative stress and oxidative 
damage to lipid, protein, and DNA.

Finally, our study also revealed an anti-inflamma-
tory effect of long-term exercise pretreatment. In AD, 
neuroinflammation, mitochondrial dysfunction, and 
oxidative stress induce a vicious cycle and contrib-
ute to the development of AD [56–58]. Inflamma-
tory cytokines released from activated microglia and 
astrocytes trigger cellular mitochondrial metabolism 
changes that result in excessive release of ROS, as 
well as inhibition of mitochondrial oxidative phospho-
rylation and ATP production [1, 57, 59]. The exces-
sive ROS production induces increased mitochondrial 
membrane permeabilization and altered mitochon-
drial dynamics [1, 57, 60]. Thereafter, the fragmented 
mitochondria further propagate neuroinflammation in 
neurodegenerative disease [61]. Therefore, neuroin-
flammation also plays a crucial role in AD [56]. In the 
present study, AD animals displayed activated micro-
glia with enlarged soma and retracted and shortened 
processes. GFAP immunostaining results also demon-
strated activated astrocyte with an increase in GFAP 
intensity and robust enlargement of astrocyte size. 
Interestingly, long-term exercise training was able to 
attenuate the activation of microglia and astrocytes. 
Furthermore, the increased pro-inflammatory cytokine 
release was alleviated by long-term exercise training.

Conclusions

In summary, our study demonstrates long-term exer-
cise training can ameliorate learning and memory 
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deficits and anxious-depressive–like behavior of AD 
rats. Importantly, we also found long-term exercise 
training could alleviate the accumulation of Aβ and 

tau hyperphosphorylation. The protective effect of 
long-term exercise training was also demonstrated 
by the preservation of synapses and mitochondrial 
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morphology, reduced oxidative stress, and the sup-
pression of gliosis and neuroinflammation. Taken 
together, using a novel AD rat model to better mimic 
the pathology of AD patients, our findings provide 
more evidence supporting the beneficial effects of 
long-term exercise training on familial AD. Future 
work should further investigate the mechanisms 
underlying this preventative effect and determine how 
long these beneficial effects can last after terminating 
the exercise pretreatment.
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