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Dramatic impacts on brain pathology, 
anxiety, and cognitive function in the knock‑in 
APPNL‑G‑F mouse model of Alzheimer disease 
following long‑term voluntary exercise
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Abstract 

Background:  An active lifestyle is associated with improved cognitive functions in aged people and may prevent or 
slow down the progression of various neurodegenerative diseases including Alzheimer’s disease (AD). To investigate 
these protective effects, male APPNL-G-F mice were exposed to long-term voluntary exercise.

Methods:  Three-month-old AD mice were housed in a cage supplemented with a running wheel for 9 months for 
long-term exercise. At the age of 12 months, behavioral tests were completed for all groups. After completing behav-
ioral testing, their brains were assessed for amyloid pathology, microgliosis, and cholinergic cells.

Results:  The results showed that APPNL-G-F mice allowed to voluntarily exercise showed an improvement in cogni-
tive functions. Furthermore, long-term exercise also improved anxiety in APPNL-G-F mice as assessed by measuring 
thigmotaxis in the Morris water task. We also found reductions in amyloid load and microgliosis, and a preservation 
of cholinergic cells in the brain of APPNL-G-F mice allowed to exercise in their home cages. These profound reductions 
in brain pathology associated with AD are likely responsible for the observed improvement of learning and memory 
functions following extensive and regular exercise.

Conclusion:  These findings suggest the potential of physical exercise to mitigate the cognitive deficits in AD.

Keywords:  Alzheimer disease, APPNL-G-F mice, Choline acetyltransferase, Cognitive dysfunction, Microgliosis, Physical 
exercise
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Background
Alzheimer disease (AD), the most common form of 
dementia, is a progressive neurodegenerative dis-
ease affecting elderly populations worldwide. AD is 

characterized by extra- and intra-cellular amyloid-beta 
(Aβ) plaques deposition and formation of neurofibril-
lary tangles (NFT) inside the neurons, synaptic loss, and 
severe cognitive decline [1–3]. Several non-genetic risk 
factors such as diabetes, obesity, hypertension, brain inju-
ries, depression, or physical inactivity are associated with 
increased risk of AD worldwide [4–7]. Available phar-
macological therapies provide only brief symptomatic 
relief [8]. Several epidemiological and clinical studies 
revealed that education, occupation, and physical activity 
can improve cognitive ability in healthy older people and 
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provide protection against the development and progres-
sion of AD [6, 9–13].

Several epidemiological studies have already 
reported that physical activity significantly reduced 
the risk of dementia [14–16]. For example, people 
involved in mentally challenging activity and physical 
exercise during young and middle adulthood have four 
times less chance of getting AD compared with control 
subjects not engaging in such activities [11]. Addition-
ally, people participating in leisure-time physical activ-
ity during middle age for at least twice a week showed 
reduced risk of dementia and AD, when compared 
with people not exercising at this age [17, 18]. Fur-
thermore, several experimental studies have reported 
that physical activity prevents AD progression and 
improved cognitive functions by reducing Aβ pathol-
ogy and amyloid angiopathy [19–23].

Mice exposed to social, physical, and cognitive training 
show a protective effect against cognitive impairment, 
decreased brain Aβ burden, and enhanced hippocampal 
synaptic immunoreactivity [24, 25]. Additionally, physi-
cal exercise in isolation has been shown to reduce AD 
pathology and improve memory in various murine mod-
els of AD [26, 27].

These and other animal studies show the potential ben-
efits of physical exercise in reducing AD pathology and 
associated cognitive impairments. However, there are 
some caveats associated with this work including issues 
surrounding how accurately the mouse models of AD 
used in these studies mimic the brain changes in human 
AD. A second issue is the limited range of AD pathology 
assessed in these experiments.

The first issue, as noted, is that most mouse mod-
els of AD have overexpressed amyloid precursor pro-
tein (APP), or APP and presenilin1 (PS1) which leads 
to the accumulation of unusual fragments generated 
by α-secretase, such as C-terminal fragment-β (CTF-
β). CTF-β is more toxic than Aβ and CTF-β does not 
accumulate in human AD brains. A recent study esti-
mates that the neuropathological features of these 
mouse models are due to artifacts related to APP 
overexpression [28] and may explain the lack of trans-
lational success in clinical trials. We have been using 
a second-generation AD model recently developed at 
the Riken [28] which has a modified APP gene that 
has humanized Aβ sequence with three mutations in 
APPNL-G-F. This mouse model produces robust age-
related spread of Aβ aggregates and cognitive prob-
lems with endogenous levels of APP. It is possible that 
the beneficial effects of exercise in traditional AD 
mouse models are due to reductions in these unusual 
protein fragments not seen in human AD.

A second issue we want to address in the present exper-
iments is the focus of earlier studies on the effects of 
exercise on the two commonly studied pathologies asso-
ciated with AD, Aβ plaques, and neurofibrillary tangles 
(NFT) [2, 3]. However, other brain pathologies are linked 
to the etiology of AD, including activated microglia and 
reactive astrocytes and other neuroinflammatory mark-
ers such as interleukin [29, 30]. Additionally, cholinergic 
cell death in nucleus basalis was also considered as one of 
the main markers of AD [31]. Previously, it has also been 
reported that AD patients have low levels of acetylcho-
line in the brain [32, 33]. Cholinergic dysfunction in the 
cortex and hippocampus regions is highly correlated with 
cognitive decline in AD [34]. Accordingly, we will employ 
a wider panel of AD pathology than most of the other 
studies in this area of research.

In the present study, we investigated the potential 
beneficial effects of long-term voluntary exercise on 
cognitive functions and brain pathology found in the 
APPNL-G-F mouse model of AD. For the voluntary exer-
cise experiment, individual mice (3 months old) were 
kept in a cage with a running wheel for 9 months. At 12 
months of age, the subjects were tested on the Morris 
water task (MWT), novel object recognition (NOR), and 
a fear conditioning (FC) task to assess learning and mem-
ory functions mediated by brain networks centered on 
the hippocampus (HPC), perirhinal cortex (PRhC), and 
the amygdala (AMYG) respectively. After completion of 
behavioral tests, histology was completed to assess any 
changes in amyloid pathology, a microglial marker for 
neuroinflammation, and cholinergic cells.

Materials and methods
Animals and experimental design
APP knock-in (APP-KI; APPNL-G-F/NL-G-F) mice were 
provided as a gift by the laboratory of Dr. Saido at the 
RIKEN Center for Brain Science, Japan. APP-KI mice 
were generated on a C57BL/6 background. A colony 
of these mice have been maintained at the vivarium at 
the Canadian Centre for Behavioral Neuroscience, Uni-
versity of Lethbridge. Mice were genotyped using ear 
notching method. In the present study, only homozygous 
APPNL-G-F mice were used. In each cage, four mice were 
kept in a controlled environment with free access to food 
and water. At 3 months of age, 15 APPNL-G-F mice were 
singly housed and were given access to a running wheel 
in their home cage for 9 months. As they were single 
housed, we checked each mouse for their health status 
by looking at their fur and eye condition. Age-matched 
littermates APPNL-G-F (n = 10) and background controls 
(n = 10) were not singly housed to rule out the negative 
impact of social isolation on cognitive performance of 
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these mice. Therefore, these mice were kept in group of 4 
mice per cage and a running wheel was also not provided 
to their cages for the same 9 months. In total, we used 35 
male mice that were 3 months old at the beginning of the 
study [group 1—10 C57BL/6 age matched normal con-
trol + no exercise; group 2—10 APPNL-G-F + no exercise 
(APP-NE); group 3—15 APPNL-G-F + exercise (APP-Ex)]. 
Age-matched non-littermate wild-type mice (C57BL/6) 
were used as a normal control. A detail experimental 
plan and groups are shown as flow chart (Fig. 1). When 
these mice reached 12 months of age, we performed 
various behavioral tests including MWT, NOR, and fear 
conditioning tests. After completing behavioral testing, 
we injected methoxy-XO4 (10 mg/kg) intraperitoneally 
to stain amyloid plaques in their brain [35, 36]. Twenty-
four hours after this injection, mice were perfused, and 
the brains extracted for histology. We also performed 
immunostaining for microglial and choline acetyltrans-
ferase (ChAT) cells. The behavioral and histological 
analysis was performed by an experienced researcher 
blinded to the experimental groups.

Behavioral experiments

Morris water task (MWT)  MWT experiments were 
conducted as reported previously [37, 38]. In brief, water 
maze experiments were performed in a circular tank (154 

cm in diameter, 50 cm deep). The tank was filled to a 
depth of 40 cm with water and made opaque by adding 
non-toxic white paint and water temperature was main-
tained at 22±1°C. A circular platform (11 cm radius) was 
kept 0.5–1 cm below the water surface in a fixed loca-
tion in the middle of one quadrant. The water tank was 
divided into four equal quadrants. Three distinct cues of 
different geometry were placed around the tank. On each 
acquisition day, mice received four distributed train-
ing trials from each quadrant for 8 days. The trial was 
completed once the mouse found the platform or 60 s 
had elapsed. If the mouse failed to find the platform on 
a given trial, the mouse was guided by the experimenter 
to the platform location. The latency to find the platform 
was used as an indicator of learning ability of the mice. 
Swim speed was analyzed to rule out the involvement 
of motor function as a confounding factor. Thigmotaxis 
behavior of experimental mice during acquisition phase 
was also analyzed. Briefly, the HVS data for swim pat-
tern was collected and analyzed using wtr2100 to deter-
mine the thigmotactic time. The wrt2100 documenta-
tion states that thigmotactic swimming is defined as the 
amount of time when the swim path was restricted to a 
region around the pool that was proportional to the pool 
size. The ratio for this experiment was 0.8. The pool was 
154 cm, meaning that if the mouse was swimming within 
the 124 to 154 cm region around the pool, this time was 

Fig. 1  Flow chart for a detail experimental plan and groups for the current study
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counted as the mouse being thigmotactic (Fig. 2). A sin-
gle probe trial was performed on the ninth day to assess 
spatial memory performance. During the probe trial, 
mice were released from a start position located in the 
opposite quadrant to the quadrant in which the platform 
had been located during training. The data collected 
during the probe trial was analyzed measuring the time 
spent by mice in the target quadrant. Furthermore, aver-
age proximity was used to assess the spatial accuracy of 
the search strategy during the probe trial.

Novel object recognition (NOR) test  The test was per-
formed as described previously [37, 38]. The advantage of 
using this test is that it does not require external moti-
vation, reward, or punishment. It is based on the princi-
ple that mice will explore novel items. Specifically, when 
mice are familiarized with two similar objects during the 
training day, they will spend more time exploring a novel 
object on a subsequent test day, when in a familiar envi-
ronment. This pattern of behavior clearly indicates that 
the mice formed representations of the objects during 
training and noticed the presence of a novel object dur-
ing testing [39]. A white plastic square box (L × W × 
H; 52×51×30 cm) was used as the environment for the 
object recognition test. Briefly, mice were brought from 
their home cage to the experimental room and familiar-
ized with the testing box for 5 min daily for 2–3 days. 
Training was conducted 24 h after the last acclimatiza-
tion day. Two familiar objects were cleaned with 70% 
isopropyl alcohol to mask any previous odor cues and 
allowed to dry completely. A video camera was used to 
record the mice’s behavior for further analysis. The mice 
were put into the testing box for 10 min to explore both 
familiar objects. A test session was conducted 24 h later 
in which one of the familiar objects was replaced with 
a novel object, differing in geometry and texture. Mice 
were individually placed in the testing box for 5 min to 
explore the objects and their behavior was recorded. If 
the nose of the mouse was within 1–2 cm of the object, it 
was scored as in contact with an object. Time for a mouse 
moving over the top of the object, sitting on the top of the 
object, or looking past the object was not included dur-
ing the data analysis. After each mouse, the testing box 
was cleaned and the objects were wiped with 70% isopro-
pyl alcohol to mask odor cues. The data was analyzed by 
measuring the exploration time for the familiar and novel 
object during training and testing days. The investigation 
ratio was calculated using following formula:

Investigation ratio ∶ For Familiar Object − TF∕(TF + TN);For Novel Object − TN∕(TN + TF), where TN is time to explore novel object and TF is time to explore familiar object

Fear conditioning (FC) test  FC was conducted as described 
in previous studies [37, 38]. This test is used to assess 
the amygdala- and hippocampus-associated memory in 
rodents. FC was conducted in an acrylic square chamber. 
A video camera was used to record the mice’s behavior 
for further analysis. The floor of the chamber consisted of 
stainless-steel rods that were connected to a shock genera-
tor for the delivery of a foot-shock. A speaker was used to 
deliver the tone stimulus. Prior to conditioning, the cham-
ber was cleaned with a 1% Virkon solution to mask any 
previous odor cues. On the conditioning day, mice were 
brought individually from their home cage into a test-
ing room and allowed to sit undisturbed in their cage for 
10 min. Mice were then kept in the conditioning square 
chamber and allowed to explore for 2 min before the onset 
of the tone (20 s, 2000 Hz). In the delay conditioning test, a 
shock (2 s, 0.5 mA) was given in the last 2 s of tone duration. 
Mice received five delayed conditioning trials, with a 120-s 

Fig. 2  Representative pool schematic showing the size of the 
outer region of pool and the inner region. Any swimming in the 
thigmotaxis region (blue) was counted as time in thigmotaxis. 
Adopted from the ReadMe in the wtr2100 documentation
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intertrial interval (ITI). The mice were taken from the con-
ditioning chamber 1 min after the last shock and returned 
to their home cages. After 24 h, the tone test was conducted 
in a triangular chamber located in different room that was 
geometrically different from the conditioning chamber to 
assess conditioning to the tone in the absence of the train-
ing context. The triangular chamber was cleaned with a 70% 
isopropyl solution before each mouse was tested. For the 
tone test, three 20-s tones were given after a 2-min baseline 
period. Each tone presentation was separated by a 120-s ITI. 
The mice were taken from the triangular chamber 1 min 
after the last tone presentation and returned to their home 
cages. The freezing response was measured using a time 
sampling procedure in which an observer scored the pres-
ence or absence of the freezing response for each mouse at 
every 2-s interval. Twenty-four hours after the tone test, a 
context test was conducted by placing each mouse back in 
the original conditioning box for 5 min. During this test, 
freezing was scored for each mouse at every 5-s interval. 
Data was transformed into a percent freezing score by divid-
ing the number of freezing observations by the total number 
of observations and multiplying by 100.

Histology
Upon completion of behavioral tests, mice were injected 
with methoxy-XO4 (10 mg/kg, i.p) as described in a previ-
ous study [35, 36]. Twenty-four hours after the injection, 
mice were transcardially perfused with phosphate-buff-
ered saline (PBS) followed by 4% paraformaldehyde (PFA). 
Brains were extracted and post-fixed for 24 h in 4% PFA 
at 4 °C. The brains were rinsed with PBS and then trans-
ferred to a 30% sucrose solution. For histology, 4–5 mice 
were randomly selected and three sections for each brain 
region were analyzed and the data was then averaged. We 
and others have used these subject numbers and obtained 
more than sufficient power for statistical analysis [37].

Quantification of amyloid plaques in mice brain
We assessed amyloid pathology in different brain regions 
such as medial prefrontal cortex (mPFC), hippocampus 
(HPC), retrosplenial area (RSA), perirhinal cortex (PRhC), 
and cortical amygdalar area (CAA). Therefore, we used 
brain atlas section +1.94mm for mPFC and atlas section 
−3.08mm for HPC, RSA, PRhC, and CAA [40]. Fixed 
brains were coronally sectioned at 40μm using a freezing 
microtome. Brain sections were mounted on a slide and 
air dried for 15–20 min. Later, sections on the slides were 
washed twice with tris-buffered saline (TBS) for 5 min 
each. Then, sections on the slides were coverslipped with 
Vectashield H-1000 (Vector Laboratory). Finally, whole 
slides were imaged using a NanoZoomer microscope 
with 20× objective magnification (NanoZoomer 2.0-RS, 

HAMAMTSU, JAPAN). The images were analyzed using 
ImageJ (US National Institutes of Health, Bethesda, MD) 
and ilastik software [41]. This software automatically gives 
the plaque number and size corresponding with each dis-
crete plaque. The plaque number was quantified according 
to the plaque size (less than or more than 4 μm). In line 
with Hefendehl and colleagues, 87% of newly generated 
plaques are small, having a radius of < 4 μm [42]. ImageJ 
(US National Institutes of Health, Bethesda, MD) was used 
to determine the plaque area.

Immunostaining for microglial and choline acetyl transferase 
(ChAT)
Brains were serially sectioned coronally at 40 μm on a 
freezing microtome. Immunohistochemical procedures for 
IBA-1 and ChAT were performed as previously described 
[28, 37]. In brief, sections were fixed on positively subbed 
slides. Brain sections on the slides were washed in TBS 
and then blocked for 2 h in TBS containing 0.3% Triton-
X and 3% goat serum. The sections were incubated for 24 
h in primary antibody (prepared in TBS with 0.3% Triton-
X) at room temperature in a dark humid chamber on the 
shaker. The following primary antibodies were used: rab-
bit anti-ChAT (monoclonal, Abcam, ab178850, 1:5000); 
anti-IBA-1 (Rabbit, SAF4318, 019-19741, Wako). Follow-
ing incubation, three 10-min washes were done, and sec-
tions were incubated with secondary antibodies for 24 h. 
The following secondary antibodies were used: goat anti-
rabbit-alexa-594 (IgG (H+L), A11037, Invitrogen, 1:1000 
for ChAT and IBA-1). Following incubation with second-
ary antibodies, three 10-min washes were given. Finally, 
the ChAT sections were incubated with DAPI (1:2000 of 
the 20ug/ml stock in TBS) for 45–60 min. After incuba-
tion, a single 5-min wash was given. Then, sections on the 
slides were coverslipped with Vectashield H-1000. Later, 
the slides were sealed with nail polish. Finally, whole slides 
were imaged using the NanoZoomer 2.0-RS microscope 
with 20× objective magnification. The images were ana-
lyzed using ImageJ and ilastik software [41].

Statistical analysis
The statistical analysis was done using SPSS statistical 
software package, version 22.0. Results are given as mean 
±SEM. A mixed model ANOVA with day as the repeated 
measures factor and group as the between subjects’ fac-
tor was used to analyze water task acquisition. One-way 
ANOVA with Bonferroni post hoc test was used to find 
significant differences between the experimental groups 
for object recognition, fear conditioning, microglio-
sis and ChAT markers. Additionally, a paired t-test was 
used to find statistically significant differences between 
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familiar and novel objects in the object recognition test. 
Independent t test was used for the comparison of amy-
loid pathology between experimental groups. A p value < 
0.05 was considered as statistically significant.

Results
Effect of long‑term voluntary exercise on learning 
and memory functions of APPNL‑G‑F mice in MWT
A mixed model ANOVA with day as the repeated meas-
ures factor and group as the between subjects’ factor was 
used to analyze MWT acquisition. Latencies significantly 
decreased across training days (Fig.  3A), suggesting 
learning occurred (F (7,224) = 12.262, p < 0.001). Perfor-
mance differed between the groups (F (2,32) = 23.586, 
p < 0.001), but there was not a significant group × day 
interaction. Bonferroni multiple comparisons conducted 
to parse out the main effect indicated that controls per-
formed significantly better than the APP-NE (p = 0.001) 
and APP-Ex groups (p = 0.001; Fig.  3A). No significant 
difference in the swim speed of experimental groups 
across acquisition training days was found (Fig. 3B).

In the probe trial, there were main effects of quadrant 
(F (1,32) = 6.341, p = 0.005) and group (F (1,32) = 9.070, 
p = 0.005) and a quadrant × group interaction (F (1,32) 
= 6.369, p = 0.005). Follow-up Bonferroni post hoc tests 
found that the controls spent more time in the target quad-
rant than APP-NE (p = 0.001), but not APP-Ex animals 
(Fig. 3E). APP-Ex animals also spent more time in the tar-
get quadrant than the APP-NE animals (p = 0.001; Fig. 3E). 
Similarly, the proximity measure also differed between the 
groups (F (2,32) = 18.950, p < 0.001), with both the controls 
(p < 0.001) and APP-Ex (p < 0.001) groups having a closer 
platform proximity than the APP-NE animals (Fig. 3F).

Overall, these results suggest that exercise reversed 
the functional impairments in the APPNL-G-F mice on the 
spatial version of the MWT, a task repeatedly shown to 
be sensitive to hippocampal dysfunction. The lack of a 
statistically significant effect during acquisition but large 
effects of the probe trial and spatial specificity is consist-
ent with work done by Bannerman and colleagues [43] in 
which they showed larger impacts of HPC lesions on the 
probe trial compared to training trials.

Fig. 3  Effects of long-term voluntary exercise on spatial learning and memory functions of 12-month-old APPNL-G-F mice in the MWT. A Mean 
latency to find the hidden escape platform during the acquisition phase. B Mean swim speed during the acquisition phase. C Percent thigmotaxis 
shown by mice on each day during the acquisition phase. D Percent thigmotaxis shown by mice during the acquisition phase (average of days 1–8). 
E Percent time spent by mice in target quadrant and average of other quadrants during the probe trial. F Average proximity to platform during 
probe trial. Data is presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 are considered as statistically significant. a, as compared to control 
group; b, as compared to APP-NE group. Control group, C57BL/6 (n= 10). APP-NE group, APPNL-G-F with no exercise (n = 10). APP-Ex group- APPNL-G-F 
mice exposed to exercise (n = 15)
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An analysis of thigmotaxia was also assessed. Thig-
motaxia is the tendency of rodents to avoid ventur-
ing away from the pool wall. This behavior can emerge 
because of impaired learning and memory abilities [44], 
anxiety [45], sex hormones [46], and altered executive 
functions leading to perseveration [47]. In the present 
study, we found that training during acquisition phase 
caused significant reduction in thigmotaxis behav-
ior of all experimental groups (F (7,224) = 12.262, p < 
0.000; η2 = 0.494). APP-NE group showed more thig-
motaxia than control group (Fig.  3C). Bonferroni test 
analysis revealed no significant difference in thigmotaxia 
between all experimental groups on day 8 of acquisi-
tion phase (Fig. 3C). APP-Ex group showed a significant 
reduction [(F(2,32) = 27.495, p = 0.000 for day 1); (F(2,32) 
= 7.077, p = 0.003 for day 2); (F(2,32) = 7.117, p = 0.003 
for day 3); (F(2,32) = 5.448, p = 0.009 for day 4); (F(2,32) 
= 2.668, p = 0.085 for day 5); (F(2,32) = 4.484, p = 0.019 
for day 6); (F(2,32) = 7.155, p = 0.003 for day 7); (F(2,32) = 
0.542, p = 0.587 for day 8)] in thigmotaxia compared to 
the APP-NE group indicating that exercise improved the 
thigmotaxis behavior of APPNL-G-F mice (Fig.  3C). No 
significant difference in thigmotaxia of control and APP-
Ex group was found during acquisition phase. Addition-
ally, we also analyzed average thigmotaxis behavior of 
experimental groups across the acquisition phase (days 
1–8) and a statistically significant difference among 
experimental groups (F(2,32) = 11.113, p = 0.000; η2 = 
0.410) was found (Fig. 3D). Mice in the APP-NE group 
showed significantly (p < 0.01) more thigmotaxia as 
compared to control mice (Fig. 3D). However, APPNL-G-F 
mice exposed to physical exercise in the APP-Ex group 
showed significant (p < 0.001) reduction in thigmotaxia 
as compared to the APP-NE group (Fig. 3D).

Taken together, the pattern of effects and statisti-
cal analysis show that voluntary exercise dramatically 
improved spatial learning and memory functions ren-
dered dysfunctional in APPNL-G-F mice. These effects 
were particularly pronounced on the spatial probe trial 
and on spatial specificity measures. These results sug-
gest that exercise improves hippocampal functions 
specifically as acquisition and retention of the spatial 
version of the water task has been consistently shown 
to be mediated by a network centered on the hip-
pocampus [48, 49].

Effect of long‑term voluntary exercise on the memory 
function of APPNL‑G‑F mice in a novel object recognition 
test
In the object recognition test, control mice showed 
normal associated memory function whereas APP-NE 
mice did not (Fig.  4B, C). During the training, no sig-
nificant difference was found in exploration time for 

object 1 and 2 in any experimental groups (Fig.  4A). 
However, on testing day, control mice explored a novel 
object for significantly (p < 0.01) longer time when 
compared to the familiar object (Fig. 4B). Furthermore, 
control mice showed a significantly (p < 0.01) higher 
investigation ratio for the novel object in comparison 
to the familiar object indicating these mice are spend-
ing more time exploring the novel object while the 
APP group did not, suggesting that the latter group 
had an object memory impairment (Fig.  4C). One-
way ANOVA revealed statistically significant (F(2,32) 
= 9.570, p = 0.001; η2 = 0.374) difference in investi-
gation ratio among experimental groups. Bonferroni 
post hoc test indicated that the investigation ratio  for 
the novel object was significantly (p < 0.01) lower in the 
APP-NE group in comparison with control (Fig. 4C). In 
contrast, APPNL-G-F mice with physical exercise showed 
significantly (p < 0.001) higher investigation ratio for 
the novel object when compared with a familiar object 
which is also evidenced by significantly more explora-
tion time for a novel object than familiar (Fig.  4B, C). 
Furthermore, the APP-Ex group also showed signifi-
cantly (p < 0.01) higher investigation ratio for the novel 
object as compared to the APP-NE group (Fig. 4C).

Effect of long‑term voluntary exercise on memory function 
of APPNL‑G‑F mice in fear conditioning
Figure  4D shows the results of the fear conditioning 
test. Control mice showed conditioned fear to an audi-
tory cue and context associated with a fearful stimu-
lus (foot-shock) while the APP mice did not (Fig. 4D). 
One way ANOVA indicated a statistically significant 
difference in freezing percent in tone (F(2,32) = 46.992, 
p < 0.001, η2 = 0.597) and context (F(2,32) = 14.537, p 
< 0.001, η2 = 0.476) conditioning tests among experi-
mental groups. Consistent with these findings, Bon-
ferroni post hoc analysis revealed that APP-NE mice 
showed significantly (p < 0.001) less freezing percent-
age to the tone and context tests when compared with 
the control mice (Fig.  4D). APP-Ex mice showed an 
improvement in memory function indicated by sig-
nificant increases in percentage of freezing to the con-
ditioned context (p < 0.001) in comparison with the 
APP-NE group (Fig. 4D). However, no improvement in 
memory function of the APP-Ex group was found in 
the auditory cue test (Fig. 4D).

Taken together, the functional assessment of long-
term impacts of voluntary exercise on the APPNL-G-F 
mouse model of AD suggests that the neural networks 
mediating spatial, object and fear memories are compro-
mised in the APPNL-G-F mouse and that repeated long-
term voluntary exercise preserve cognitive domains 
associated with these brain areas.
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Effect of long‑term voluntary exercise on amyloid 
pathology of APPNL‑G‑F mice
We measured amyloid pathology in different brain 
regions such as mPFC, HPC, RSA, PRhC, and CAA. 
Therefore, we used brain atlas section +1.94mm for 
mPFC and atlas section −3.08mm for HPC, RSA, 
PRhC, and CAA. Figure  5B and C show a representa-
tive distribution of Aβ plaques size by total number of 
plaques in brain sections of APP-NE (n = 4) and APP-
Ex (n = 4) groups. Lowest distribution of Aβ plaques 
size by total number of plaques was observed in APP-
Ex mice. Independent t-test showed statistically signifi-
cant difference in amyloid percent area (t(6) = 2.663, p 
< 0.05), and amyloid plaques number (t(6) = 3.172, p < 
0.05) in posterior brain atlas section −3.08mm among 
experimental groups. Additionally, exercise signifi-
cantly (p < 0.05) decreased amyloid load in the brain of 
APPNL-G-F mice (Fig. 5D, E).

We also investigated the deposition of Aβ plaques in 
various brain regions such as mPFC, HPC, RSCA, PRhC, 
and CAA as these brain regions are involved in vari-
ous cognitive functions including learning and memory 
(Fig. 6A–E). No significant difference was found in amy-
loid load in mPFC (Fig. 6A) and CAA (Fig. 6E) brain areas 
of the APP-Ex group when compared with the APP-NE 
group. Independent t-test analysis indicated that APP-
Ex mice showed significant decrease in Aβ plaques bur-
den in HPC (t(6) = 3.080, p < 0.05, Fig. 6B), RSA (t(6) = 
2.938, p < 0.05, Fig. 6C), and PRhC (t(6) = 3.987, p < 0.01, 
Fig. 6D) when compared to the APP-NE group.

Additionally, we investigated amyloid burden in medial 
septum-diagonal band complex (MSDB), mainly respon-
sible for cholinergic inputs to various brain regions 
especially HPC. Figure 9D displays a representative distri-
bution of Aβ plaques size by total number of plaques in the 
MSDB complex of APP-NE and APP-Ex groups. APP-Ex 

Fig. 4  Effect of long-term voluntary exercise on learning and memory functions of 12-month-old APPNL-G-F mice in the novel object recognition 
(NOR) and fear conditioning tests. A Exploration time on the training day. B Exploration time on the testing day. C Investigation ratio for familiar and 
novel object. D Percent freezing for tone and contextual fear test. Data is presented as mean±SEM. **p < 0.01, ***p < 0.001; a, as compared with the 
control group. b, as compared with the APP-NE group. $$p < 0.01, $$$p < 0.001 as compared to familiar object. Control group, C57BL/6 (n = 10). 
APP-NE group, APPNL-G-F with no exercise (n = 10). APP-Ex group, APPNL-G-F mice exposed to exercise (n = 15)
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Fig. 5  Amyloid plaque distribution in brain of 12-month-old APPNL-G-F mice. A Photomicrographs of amyloid plaques stained with methoxy-XO4 
(green) in the brain. B, C Corresponding distributions of plaque size by total number of plaques. D Percent amyloid plaque area in brain. E Total 
amyloid plaques number in the brain. Scale bars represent 1 mm for atlas section +1.94 mm and 2.5 mm for atlas section −3.08 mm. Data is 
presented as mean ± SEM. *p < 0.05—as compared to the APP-NE group. APP-NE group, APPNL-G-F with no exercise (n = 4). APP-Ex group, APPNL-G-F 
mice exposed to exercise (n = 4)

(See figure on next page.)
Fig. 6  Amyloid plaque distribution in different brain regions of 12-month-old APPNL-G-F mice. A Amyloid plaque area in medial prefrontal cortex 
(mPFC). B Amyloid plaque area in hippocampus (HPC). C Amyloid plaque area in retrospenial area (RSA). D Amyloid plaque area in perirhinal cortex 
(PRhC). E Amyloid plaque area in cortical amygdalar area (CAA). Data is presented as mean±SEM. *p < 0.05, **p < 0.01, as compared to the APP-NE 
group. APP-NE group, APPNL-G-F with no exercise (n = 4). APP-Ex group, APPNL-G-F mice exposed to exercise (n = 4)
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Fig. 6  (See legend on previous page.)
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mice showed the lowest distribution of Aβ plaques size by 
total number of plaques. Independent t-test analysis indi-
cated that APP-Ex group showed significant reductions in 
Aβ plaques number (t(6) = 11.552, p < 0.001, η2 = 0.957), 
and percent Aβ plaques area (t(6) = 3.250, p < 0.05) when 
compared to APP-NE group (Fig. 9E, F).

The results of long-term voluntary exercise on amy-
loid pathology in the APPNL-G-F mouse were clear. Spe-
cifically, amyloid pathology was drastically reduced 
in brain areas implicated in the learning and memory 
functions assayed in these same subjects, namely the 
HPC, RSC, PRhC, and MSDB regions.

Effect of long‑term voluntary exercise on brain microgliosis 
of APPNL‑G‑F mice
Figure 7 shows increased microgliosis in the brain of mice 
in the APP-NE group when compared with the control 
group. Overall, physical exercise decreased microgliosis 
in the brains of the APP-Ex mice in comparison to that in 
the brains of APP-NE mice (Fig. 7B, C). One-way ANOVA 
indicated statistically significant differences in IBA-1 per-
cent area [atlas section +1.94mm; (F(2,10) = 6.721, p = 
0.014, η2 = 0.856), and atlas section −3.08mm; (F(2,10) = 
6.675, p = 0.014, η2 = 0.836)] and number of activated 
IBA-1 [(atlas section +1.94mm; (F(2,10) = 29.625, p < 0.001, 

Fig. 7  Microgliosis in brain of 12 months old mice. A Photomicrographs of activated IBA-1, a marker of microgliosis in brain. B Activated IBA-1 
immunostained area in brain atlas section +1.94 mm and atlas section −3.08 mm. C Activated IBA-1 number in brain atlas sections +1.94 mm and 
atlas section -3.08 mm. Scale bars represent 1 mm for atlas section +1.94 mm and 2.5 mm for atlas section −3.08 mm. Data is presented as mean 
± SEM. *p < 0.05, **p < 0.01, ***p<0.001; a, as compared to the control group; b, as compared to the APP-NE group. Control group, C57BL/6 (n = 5). 
APP-NE group, APPNL-G-F with no exercise (n = 4). APP-Ex group, APPNL-G-F mice exposed to exercise (n = 4)
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η2 = 0.573), and atlas section −3.08mm; (F(2,10) = 25.447, 
p < 0.001, η2 = 0.572)] among experimental groups. We 
also found significant increases in microgliosis in brain 
atlas section +1.94mm and atlas section −3.08mm of the 
APP-NE group compared to controls (Fig. 7B, C). Bonfer-
roni post hoc analysis revealed that APP-Ex mice showed 
a significant decrease in microgliosis in comparison with 
APP-NE mice (Fig. 7B, C).

We also assessed the microgliosis in different brain 
regions, which are involved in various cognitive functions 
and have been shown to be compromised in humans with 
AD. One-way ANOVA showed statistical significant dif-
ference in IBA-1 percent area in mPFC (F(2,10) = 5.156, p 
= 0.029); HPC (F(2,10) = 11.203, p = 0.003, η2 = 0.691); 
RSA (F(2,10) = 3.953, p = 0.054); PRhC (F(2,10) = 18.053, p 
< 0.001, η2 = 0.783); and CAA (F(2,10) = 9.440, p = 0.005, 
η2 = 0.654) of experimental groups. IBA-1 percent area 
was significantly higher in the APP-NE group in compari-
son with control mice (Fig.  8A–E). After Bonferroni post 
hoc analysis, a significant  reduction in microgliosis was 
also observed in HPC (p < 0.05), and PRhC (p < 0.01) brain 
regions of APP-Ex group when compared to the APP-NE 
(Fig. 8B, D). We also observed a reduction in microgliosis 
in other brain areas of APP-Ex mice but the difference was 
not statistically significant when compared with APP-NE.

We also assessed microgliosis in the MSDB complex. 
One-way ANOVA indicated statistically significant dif-
ference in number of activated IBA-1 (F(2,10) = 21.173, p < 
0.001, η2 = 0.809) and IBA-1 percent area (F(2,10) = 22.280, 
p < 0.000, η2 = 0.817) in MSDB of experimental groups. 
APP-NE mice showed increases in microgliosis in the 
MSDB complex evidenced by increased activation of IBA-1 
and IBA-1 percent area when compared to the control 
group (Fig. 9G, H). Bonferroni post hoc analysis revealed 
that the APP-Ex group showed significant reduction in 
microgliosis (p < 0.01) in the MSDB complex in compari-
son with the APP-NE group (Fig. 9G, H).

In summary, APPNL-G-F mice showed elevated micro-
gliosis in the same brain regions that are functionally com-
promised in this AD mouse model including HPC and 
PRhC as revealed via behavioral analysis including spatial 
memory in the water task and NOR. HPC is considered 
a central structure in a complex network important for 
spatial learning and memory and the PRhC is considered 
a central structure in a neural network crucial for object 
recognition [50]. The most convincing evidence for the 
idea that the HPC and PRhC are key components of neural 

networks involved in spatial navigation and visual recogni-
tion memory respectively is various double dissociations of 
neurotoxic lesions and reversible inactivations on these and 
other tasks [51–53]. Further, the results showed that long-
term voluntary exercise reduces elevated microgliosis in 
these same regions and these subjects’ spatial memory and 
NOR were also improved. However, it is important to note 
that although evidence suggests that these are the central 
structures of these networks, clearly other brain regions are 
part of these networks including areas important for sen-
sory, motor, motivational, attentional, and executive func-
tions [50, 54].

Effect of long‑term voluntary exercise on cholinergic 
function of APPNL‑G‑F mice
We performed brain immunostaining for ChAT+ cells to 
study cholinergic function. One-way ANOVA found a sta-
tistically significant difference in the number of ChAT+ 
cells (F(2,10) = 9.049, p = 0.006, η2 = 0.644) among experi-
mental groups. Mice in the APP-NE group showed a sig-
nificant (p < 0.01) decrease in ChAT+ cells in the MSDB 
complex when compared with control mice (Fig. 9I). Fig-
ure 9I also shows that exercise intervention prevented the 
reduction in ChAT+ cells in the MSDB complex in com-
parison with APP-NE mice (p < 0.05) as indicated by Bon-
ferroni post hoc analysis.

Consistent with our previous work [37], APPNL-G-F 
mouse model of AD shows drastic reductions in ChAT+ 
cells in the MSDB. Importantly, the effects of physical exer-
cise on the ascending cholinergic system that innervates 
the HPC were clear. The resulting enhanced cholinergic 
tone in HPC might be responsible for some of the func-
tional recovery found following exercise intervention, like 
improvements in spatial learning and memory functions.

Discussion
Regular physical exercise is associated with sustained cog-
nitive functions as people age and may slow down or pre-
vent the progression of various neurodegenerative diseases 
including AD [55]. In the present experiments, we tested 
the effects of long-term voluntary exercise for 9 months 
in a new generation knock-in mouse model of AD, the 
APPNL-G-F model [28]. At the age of 12 months, the effects 
of this lifestyle treatment on learning and memory function 
and brain pathology associated with AD were evaluated. 
APPNL-G-F mice allowed to voluntarily exercise showed 
an improvement in cognitive functions associated with 

(See figure on next page.)
Fig. 8  Microgliosis in different brain regions of 12-month-old mice. A Activated IBA-1 immunostained area in medial prefrontal cortex (mPFC). B 
Activated IBA-1 immunostained area in hippocampus (HPC). C Activated IBA-1 immunostained area in retrospenial area (RSA). D Activated IBA-1 
immunostained area in perirhinal cortex (PRhC). E Activated IBA-1 immunostained area in cortical amygdalar area (CAA). Data is presented as mean 
± SEM. *p < 0.05, **p < 0.01; a, as compared to the control group; b, as compared to the APP-NE group. Control group, C57BL/6 (n = 5). APP-NE 
group, APPNL-G-F with no exercise (n= 4). APP-Ex group, APPNL-G-F mice exposed to Exercise (n = 4)
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Fig. 8  (See legend on previous page.)



Page 14 of 20Mehla et al. Alzheimer’s Research & Therapy          (2022) 14:143 

various learning and memory networks [50, 56]. Brain 
pathology associated with AD was also impacted by long-
term exercise including significant reductions in amyloid 
load, microgliosis, and preservation of ChAT+ cells (cho-
linergic function) in the brain of APPNL-G-F mice. These 
profound reductions in brain pathology associated with 
AD are likely responsible for the observed improvement 
of learning and memory functions following extensive and 
regular exercise. These findings suggest potential of vol-
untary physical exercise to mitigate the cognitive deficits 
found in humans suffering from AD.

Use of an AD mouse model that might more closely 
replicate the brain pathology found in human AD
Our lab has characterized the APPNL-G-F mouse in several 
experiments and found that these mice show significant Aβ 
plaque through regions of neocortex (NC) and HPC, and 
indicate cognitive impairments at 6 months, but not earlier 
[37]. We showed that learning and memory functions asso-
ciated with HPC, PRhC, and AMYG were compromised. 
The APPNL-G-F mice also showed increased astrocytosis in 
the HPC, NC, MSDB, and other brain areas. Other brain 
changes in APPNL-G-F mice included cholinergic and nor-
epinephrine dysfunction [37]. These brain and behavioral 
changes are consistent with changes found in human AD 
patients supporting the use of APPNL-G-F mice as an impor-
tant improvement in available AD mouse models.

In the present study, we demonstrated the efficacy 
of long-term physical activity in reducing AD brain 
pathology and associated cognitive impairments in the 
APPNL-G-F mice, a mouse model of AD that probably 
produces results that are more translatable to humans 
because of its similarity to human AD pathology.

Effects of long‑term voluntary exercise on various neural 
networks implicated in learning and memory functions
The APPNL-G-F mouse model shows significant learning and 
memory impairments, and the pattern of impairments sug-
gests that several memory networks are compromised [37]. 
These impairments include spatial learning and memory 
abilities dependent on a memory network centered on the 
HPC; novel object recognition dependent on a memory 

network centered on the PRhC [57, 58]; and fear condition-
ing processes dependent on a memory network centered 
on the AMYG [59–61]. We also showed that these same 
central brain regions of these networks exhibit many of the 
pathologies of human AD including Aβ pathology, micro-
glial activation, and cholinergic dysfunction.

In the present experiment, we used this knowledge base 
about the mouse model of AD and evaluated the impacts 
of long-term voluntary exercise. This study was inspired 
by epidemiological and clinical studies showing that life-
style changes like physical activity are a viable preventative 
approach for this form of age-related cognitive decline.

The potential of exercise to preserve cognitive func-
tions in aging and age-associated brain diseases including 
dementia and AD has been reported in previous studies 
[14, 18, 20, 21]. These clinical findings were supported by 
several preclinical studies showing that physical activity 
improved the learning and memory functions in experi-
mental models of AD [62–65].

The findings from the present study are consistent with 
other work assessing the benefits of exercise in mouse mod-
els of AD. One study reported that voluntary exercise for 
16 weeks improved the memory function of Tg2576 mice 
and evidence also suggests that voluntary exercise over 
forced exercise was more effective [27] (using treadmill). In 
another study, results showed the beneficial effect of exer-
cise in the Tg4-42 mouse model of AD on MWT and NOR 
tests, although it should be noted that these experiments 
combined exercise with an enriched environment [26]. 
Similarly, Adlard and colleagues also reported that exercise 
improved the learning and memory of TgCRND8 mice in 
the MWT [63]. The results from the present experiments 
combined with previous research suggest that long-term 
voluntary exercise reverses learning and memory functions 
dependent on neural networks centered on the HPC and 
PRhC. We also showed that long-term voluntary exercise 
improved fear conditioning to context in the APPNL-G-F 
mice, although this improvement did not extend to cued 
fear conditioning. These results suggest that long-term vol-
untary exercise reverses, at least partially, the learning and 
memory network functions dependent on a neural network 
centered on the amygdala.

Fig. 9  Amyloid pathology, microgliosis, and ChAT+ cells in the medial septum-diagonal band (MSDB) complex of the basal forebrain of 
12-month-old mice. A Photomicrographs of amyloid plaques stained with methoxy-XO4 (green) in MSDB complex. B Photomicrographs of 
immunostaining of activated IBA-1 (red) in MSDB complex. C Photomicrographs of immunohistochemistry staining of choline acetyl transferase 
(ChAT) in MSDB complex. ChAT, a cholinergic marker stained with monoclonal rabbit anti-ChAT antibody (red); DAPI, stained the nuclei (blue). 
Scale bar, 500 μm for whole sections. D Corresponding distributions of plaque size by total number of plaques. E Total amyloid plaques number in 
MSDB complex. F Percent amyloid plaque area in MSDB complex. G Activated IBA-1 number in MSDB complex. H Activated IBA-1 percent area in 
MSDB complex. I Quantification of ChAT in MSDB complex. Data is presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 are considered as 
statistically significant. $, as compared to APP-NE group; b, as compared to control group; c, as compared to APP-NE group. Control group, C57BL/6 
(n = 5). APP-NE group, APPNL-G-F with no exercise (n = 4). APP-Ex group, APPNL-G-F mice exposed to exercise (n = 4)

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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Effects of long‑term voluntary exercise on brain pathology 
associated with AD
In the present experiment, we found decreases in Aβ 
pathology in various brain regions such as MSDB com-
plex, HPC, RSC, PRhC, and CCA of 12 months old 
APPNL-G-F mice following long-term voluntary exercise. 
These brain regions have been implicated in different 
types of learning and memory functions [56, 57, 66–68]. 
The reduction in the amyloid burden in these areas may 
be responsible for improvement in the various behavioral 
tasks.

Other work using different mouse models of AD show 
similar effects [62, 64, 65, 69–73]. For example, physical 
exercise decreases levels of Aβ40 and Aβ42 in the HPC 
and AMYG of APP/PS1 transgenic mice [71]. In another 
experiment, Adlard and colleagues also reported that 
TgCRND8 mice with wheel running access for 5 months 
showed reduction in amyloid pathology which they 
argued might be responsible for the cognitive improve-
ments observed [63]. Other studies are also consistent 
with this claim that exercise can reduce amyloid load [22, 
27, 63].

Glial cell dysfunction observed in the postmortem 
human AD brain has been documented in various clini-
cal studies [74, 75]. Additionally, several preclinical stud-
ies reported that physical exercise decreased astrocytes 
and microglial activation in experimental models of AD 
[70, 72, 73, 75]. Interestingly, in the present study, the 
long-term voluntary exercise manipulation only reduced 
microgliosis in specific brain regions like the HPC, PRhC, 
and MSDB. The latter effect is of specific interest as the 
MSDB complex provides cholinergic inputs to HPC and 
progressive deterioration of these projections are found 
in aging and neurodegenerative diseases including AD 
[32, 76–78], and we found the same effect in APPNL-G-F 
mice [37]. In the present study, long-term voluntary exer-
cise prevented the loss of ChAT+ cells in MSDB complex 
in 12-month-old APPNL-G-F mice. A previous study also 
reported the beneficial effect of exercise on ChAT+ neu-
rons in the MSDB of THY-Tau22 mice, a model of AD 
[69]. These findings indicate that long-term voluntary 
exercise aids in reducing inflammation in the AD brain. 
In the present study, the pattern of results suggests that 
the HPC, PRhC, and MSDB benefit the most from regu-
lar physical activity.

APP mice, anxiety, and exercise
There is a significant amount of disagreement concern-
ing the APPNL-G-F mouse and whether they show an 
anxiety phenotype. Some researchers report that this 
AD mouse model does not show anxiety [79–82] and 
others do report an anxiety phenotype on some but not 
other measures [83, 84]. This is potentially relevant to 

the present study as it has been shown that exercise can 
reduce anxiety in humans although it is controversial in 
rodents [85]. If the APPNL-G-F mice are anxious it is possi-
ble that the exercise treatment is reducing anxiety which 
could improve learning and memory performance sepa-
rate from potential effects on plasticity and learning and 
memory function. For example, anxious mice might show 
elevated levels of thigmotaxia (not venturing away from 
the pool wall) which can impair MWT performance [45, 
86]. If the exercise treatment reduces anxiety, this could 
be a reason for the improvements on the MWT. To assess 
this idea, we analyzed thigmotaxia during MWT train-
ing and found evidence that the APPNL-G-F mice that were 
not given the exercise manipulation showed elevated 
thigmotaxic behavior compared to the controls or the 
APPNL-G-F that were given the exercise treatment.

As noted above, thigmotaxia can emerge for a variety 
of reasons including, but not limited to, impaired learn-
ing and memory ability, anxiety, sex hormones, and exec-
utive functions. It is unclear in the present study, as in all 
other studies of this nature, what is driving the increase 
in thigmotaxia in the APP mice although impairments 
in learning ability and increased anxiety seem to be the 
most likely. One idea is that the positive effects of exer-
cise on spatial learning and memory might be on neu-
ral networks important for controlling anxiety that are 
separate from the central structures of neural networks 
important for learning and memory functions examined 
in the present study. Another hypothesis is that impaired 
learning and memory functions render the subjects less 
confident in finding an escape route and they stay near 
the pool wall waiting to be removed by the experimenter 
[44]. This view emphasizes that the relationship between 
thigmotaxia and learning is not unidirectional. That is, 
elevated thigmotaxia can impair learning in the MWT 
but impaired learning can also increase thigmotaxia. 
A final hypothesis, one that we favor, is that the neural 
networks assessed in the present study that are impli-
cated in learning and memory functions are also impli-
cated in controlling fear responses and general anxiety 
[87–89] particularly ventral hippocampus, amygdala, 
and various parts of the prefrontal cortex. These systems 
are thought to control fear and anxiety by constraining 
fear responses to predictive contexts/cues predictive of 
aversive events, in other words via learning and memory 
functions [50]. According to this view, it is likely that the 
impacts of exercise on anxiety are via reduced pathology 
and dysfunction of the hippocampus, amygdala, and pre-
frontal cortex and associated cognitive functions. This 
analysis is consistent with the claim that voluntary exer-
cise improved learning and memory functions at least 
partially via reductions in anxiety and reduced various 
brain pathologies associated with AD in medial temporal 
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lobe brain regions thought to be central in complex neu-
ral networks supporting various forms of memory that 
control fear and anxiety responses.

Further research focused on disentangling the differ-
ent hypotheses about the relationship between memory 
impairments associated with AD, anxiety, and treatment 
effects is required to fully understand this complex issue. 
This work would include an assessment of the effects 
of treatments in AD models, on dorsal versus ventral 
hippocampal pathology, and on their relationship to 
improved memory and/or reduced anxiety.

Strengths of the current approach
The current experiment is unique and may represent 
an advancement in our understanding of the efficacy 
of long-term exercise in preventing the rapid descent 
into dementia in AD. First, the current approach used a 
new generation mouse model of AD. Second, this study 
focused on long-term physical activity in isolation versus 
in combination with other strategies like environmental 
enrichment and cognitive training. Third, we employed a 
battery of learning and memory tasks as functional assays 
for different learning and memory networks. Finally, we 
assessed a wider panel of pathologies associated with AD 
in these brain networks.

Limitation of the study
In the present study, we have provided strong evidence 
for the therapeutic potential of non-pharmacology strat-
egies for the management of AD. Although, we have 
revealed promising results showing protective effect of 
long-term exercise against cognitive impairment and 
pathology of AD, still,  there are few  limitations to the 
present study. First, negative littermates of APPNL-G-F 
mice have not been used as a normal control. We used 
C57BL/6 as a normal control as APPNL-G-F mice are 
generated on a C57BL/6 background. Looking at the 
research literature using this AD mouse model, a lot of 
researchers use C57’s as controls for APPNL-G-F mice. 
However, if you look at the paper by Nilsson, Saito, and 
Saido (2014), the authors suggest that because APPNL 
mice exhibit the same levels of CTF-beta as APPNL-F and 
APPNL-G-F mice, they are the proper negative controls 
[90]. In our view, the use of the APPNL mice as the nega-
tive controls might not be appropriate as they have one 
of the mutations associated with AD pathology. For the 
present study, these negative controls were not available 
in our lab at the time. We currently have these mice in 
house now and will use them in future experiments with 
these caveats in mind.  Still, we found that non-phar-
macological (long-term exercise) manipulation reduced 
brain pathology and improved cognitive functions of this 
knock-in mouse model of AD.  Second, normal control 

and APP-NE groups were not provided with a static 
wheel in same cage for 9 months. Ideally, this experimen-
tal group should be included in future studies to rule out 
the potential additive effect of environmental enrichment 
due to the presence of the wheel in the APP-Ex group. 
We predict that this type of experimental design would 
replicate the present results showing the beneficial effect 
of exercise only in the APP-Ex group and no contribu-
tion of the presence of an inoperable running wheel in 
the home cage. Additionally, we did not record the extent 
of exercise in the present study, so we could not corre-
late the level of exercise of an individual with the behav-
ioral parameters and pathological makers studied in the 
present study. Third, another potential caveat associated 
with the design of the present study is that the subjects 
that were given the exercise treatment were socially 
isolated during this time. It is possible that social isola-
tion might have contributed to the reductions in brain 
pathology [91]. However, we think that this is unlikely 
as our reading of the literature suggests that social iso-
lation should impair hippocampal plasticity and learn-
ing and memory function [92–94]. Our view is that these 
effects would have worked against the beneficial effects 
of exercise and yet we still found profound impacts of the 
exercise manipulation on brain pathology, anxiety, and 
learning and memory functions. Finally, we selected 4–5 
mice from each group for histopathological assessment. 
This means that not all the brains from subjects included 
in the behavioral analysis were assessed. We have consist-
ently (37) found that this number of subjects for patho-
logical assessments is large enough and the patterns 
of effects, in the AD mouse model we use, over many 
studies (onset of pathology, maximum threshold lev-
els, location). However, it is important for the reader to 
note this when interpreting the data, as well as that this 
design made it difficult to correlate long-term exercise-
induced improvement in behavioral outcomes and brain 
pathology.

Future work should consider these limitations when 
designing future experiments assessing the impacts 
of exercise on AD pathology and associated cognitive 
impairments.

Summary
The present experiments provide strong causal evi-
dence that long-term voluntary exercise significantly 
reverses severe cognitive impairments, anxiety, and 
associated pathological changes in the brain of a new 
generation knock-in model of AD. Several possible 
mechanisms involved in protective effect of exercise 
against AD include reduction in oxidative stress [95, 
96], neuroinflammation [70, 72, 73, 75], amyloid pathol-
ogy [22, 27, 63, 71], and improvement in cerebral blood 
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flow [97, 98]. Physical exercise enhanced neurogenesis, 
synaptogenesis, and cholinergic cell’s function may be 
responsible for improvement in various cognitive func-
tions including learning and memory [64, 69, 97–100]. 
Although, out of these several mechanisms, we have 
only studied the neuroinflammation, amyloid pathol-
ogy, and cholinergic cells integrity, however, involve-
ment of other mechanisms in the protective effect of 
long-term exercise cannot be ruled out. The present 
results combined with our analysis of the existing 
research literature suggests that implementing exercise 
in combination with other lifestyle factors like cognitive 
training or diet could be effective non-pharmacological 
approaches to prevent or delay the progression of AD. 
Future work will be directed at assessing the effects of 
other lifestyle preventative measures alone or in combi-
nation with voluntary exercise.

Abbreviations
Aβ: Amyloid-beta; AD: Alzheimer’s disease; AMYG: Amygdala; APP: Amyloid 
precursor protein; APP-KI: APP knock-in; CAA​: Cortical amygdalar area; ChAT: 
Choline acetyl transferase; CTF-β: C-terminal fragment-β; FC: Fear condition-
ing; HPC: Hippocampus; ITI: Intertrial interval; MSDB: Medial septum-diagonal 
band complex; mPFC: Medial prefrontal cortex; MWT: Morris water task; NFT: 
Neurofibrillary tangles; NOR: Novel object recognition; PBS: Phosphate-buff-
ered saline; PFA: Paraformaldehyde; PRhC: Perirhinal cortex; PS1: Presenilin1; 
RSA: Retrosplenial area; TBS: Tris-buffered saline.

Acknowledgements
We thank Dr. Takashi Saito and Prof. Takaomi C Saido from “Laboratory for 
Proteolytic Neuroscience RIKEN Center for Brain Science, Wako-shi, Saitama, 
Japan” for providing the AppNL-G-F/NL-G-F mice as a gift. We also thank Di Shao 
and Behroo Mirza Agha for animal breeding.

Authors’ contributions
JM, MHM, RJM, and RJS designed and conceptualized the experiments. MHM, RJM, 
and RJS supervised the study. JM, SH, and SL performed the behavioral experi-
ments. JM analyzed the behavioral data. JM performed the immunohistochemis-
try. JM and HK analyzed the immunohistochemistry data. SHD tracked the behav-
ior of the mice in the running wheels and assisted with the statistical analysis. JM 
and RJM wrote the manuscript. JM, RJM, MHM, SHD, SL, and RJS commented on 
and edited the manuscript. The authors read and approved the final manuscript.

Funding
This work was supported by Natural Sciences and Engineering Research 
Council of Canada (NSERC) Discovery Grant #40352, #06347, and #03857 to 
MHM, RJM, and RJS respectively. Alberta Innovates (MHM), Alberta Alzhei-
mer Research Program (MHM), Alzheimer Society of Canada (MHM, RJM), 
Alberta Prion Research Institute (MHM, RJS), and Canadian Institute for Health 
Research (MHM, RJM, BLM, RJS).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by the institutional animal care 
committee and performed in accordance with the standards set out by the 
Canadian Council for Animal Care.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Canadian Centre for Behavioural Neuroscience, University of Lethbridge, 4401 
University Dr W, Lethbridge, AB T1K 3M4, Canada. 2 Present address: Department 
of Neurological Surgery, Washington University School of Medicine, St. Louis, 
MO 63110, USA. 3 Present address: Department of Psychology, University 
of New Brunswick, POB 4400, Fredericton, NB E3B 3A1, Canada. 

Received: 3 May 2022   Accepted: 13 September 2022

References
	 1.	 Selkoe DJ. Physiological production of the beta-amyloid protein and 

the mechanism of Alzheimer’s disease. Trends Neurosci. 1993;16:403.
	 2.	 Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 

years. EMBO Mol Med. 2016;8:595.
	 3.	 Corriveau RA, Koroshetz WJ, Gladman JT, Jeon S, Babcock D, Ben-

nett DA, et al. Alzheimer’s Disease-Related Dementias Summit 2016: 
National research priorities. Neurology. 2017;89:2381.

	 4.	 Lye TC, Shores EA. Traumatic brain injury as a risk factor for Alzheimer’s 
disease: a review. Neuropsychol Rev. 2000;10:115.

	 5.	 Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D. Depression 
and risk for Alzheimer disease: systematic review, meta-analysis, and 
metaregression analysis. Arch Gen Psychiatry. 2006;63:530.

	 6.	 Mayeux R, Stern Y. Epidemiology of Alzheimer disease. Cold Spring Harb 
Perspect Med. 2012;2:8.

	 7.	 Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for 
primary prevention of Alzheimer’s disease: an analysis of population-
based data. Lancet Neurol. 2014;13:788.

	 8.	 Karakaya T, Fußer F, Schröder J, Pantel J. Pharmacological treatment of 
mild cognitive impairment as a prodromal syndrome of Alzheimer’s 
disease. Curr Neuropharmacol. 2013;11:102.

	 9.	 Baker LD, Frank LL, Foster-Schubert K, Green PS, Wilkinson CW, McTier-
nan A, et al. Effects of aerobic exercise on mild cognitive impairment: a 
controlled trial. Arch Neurol. 2010;2010(67):71.

	 10.	 Fratiglioni L, Paillard-Borg S, Winblad B. An active and socially integrated 
lifestyle in late life might protect against dementia. Lancet Neurol. 
2004;3:343.

	 11.	 Friedland RP, Fritsch T, Smyth KA, Koss E, Lerner AJ, Chen CH, et al. 
Patients with Alzheimer’s disease have reduced activities in midlife 
compared with healthy control-group members. Proc Natl Acad Sci 
USA. 2001;98:3440.

	 12.	 Herholz SC, Herholz RS, Herholz K. Non-pharmacological interven-
tions and neuroplasticity in early stage Alzheimer’s disease. Expert Rev 
Neurother. 2013;13:1235.

	 13.	 Svensson M, Lexell J, Deierborg T. Effects of physical exercise on 
neuroinflammation, neuroplasticity, neurodegeneration, and behavior: 
what we can learn from animal models in clinical settings. Neurorehabil 
Neural Repair. 2015;29:577.

	 14.	 Heyn P, Abreu BC, Ottenbacher KJ. The effects of exercise training on 
elderly persons with cognitive impairment and dementia: a meta-
analysis. Arch Phys Med Rehabil. 2004;2004(85):1694.

	 15.	 Scarmeas N, Luchsinger JA, Schupf N, Brickman AM, Cosentino S, Tang 
MX, et al. Physical activity, diet, and risk of Alzheimer disease. JAMA. 
2009;302:627.

	 16.	 Scarmeas N, Luchsinger JA, Brickman AM, Cosentino S, Schupf N, 
Xin-Tang M, et al. Physical activity and Alzheimer disease course. Am J 
Geriatr Psychiatry. 2011;19:471.

	 17.	 Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B, Tuomilehto J, et al. 
Leisuretime physical activity at midlife and the risk of dementia and 
Alzheimer’s disease. Lancet Neurol. 2005;4:705.



Page 19 of 20Mehla et al. Alzheimer’s Research & Therapy          (2022) 14:143 	

	 18.	 Weuve J, Kang JH, Manson JAE, Breteler MMB, Ware JH. Physical activity, 
including walking, and cognitive function in older women. JAMA. 
2004;2004(292):1454.

	 19.	 Ambree O, Leimer U, Herring A, Gortz N, Sachser N, Heneka MT, et al. 
Reduction of amyloid angiopathy and Abeta plaque burden after 
enriched housing in TgCRND8 mice: involvement of multiple pathways. 
Am J Pathol. 2006;169:544.

	 20.	 Hill RD, Storandt M, Malley M. The impact of long-term exercise 
training on psychological function in older adults. J Gerontol. 
1993;48:P12.

	 21.	 Larson EB, Wang L, Bowen JD, McCormick WC, Teri L, Crane P, et al. 
Exercise is associated with reduced risk for incident dementia among 
persons 65 years of age and older. Ann Intern Med. 2006;144:73.

	 22.	 Lazarov O, Robinson J, Tang YP, Hairston IS, Korade-Mirnics Z, Lee VM, 
et al. Environmental enrichment reduces Abeta levels and amyloid 
deposition in transgenic mice. Cell. 2005;120:701.

	 23.	 Mirochnic S, Wolf S, Staufenbiel M, Kempermann G. Age effects on the 
regulation of adult hippocampal neurogenesis by physical activity and 
environmental enrichment in the APP23 mouse model of Alzheimer 
disease. Hippocampus. 2009;19:1008.

	 24.	 Billings LM, Green KN, McGaugh JL, LaFerla FM. Learning decreases A 
beta*56 and tau pathology and ameliorates behavioral decline in 3xTg-
AD mice. J Neurosci. 2007;27:751.

	 25.	 Martinez-Coria H, Yeung ST, Ager RR, Rodriguez-Ortiz CJ, Baglietto-
Vargas D, LaFerla FM. Repeated cognitive stimulation alleviates memory 
impairments in an Alzheimer’s disease mouse model. Brain Res Bull. 
2015;117:10.

	 26.	 Hüttenrauch M, Brauß A, Kurdakova A, Borgers H, Klinker F, Liebetanz 
D, et al. Physical activity delays hippocampal neurodegeneration and 
rescues memory deficits in an Alzheimer disease mouse model. Transl 
Psychiatry. 2016;6:e800.

	 27.	 Yuede CM, Zimmerman SD, Dong H, Kling MJ, Bero AW, Holtzman DM, 
et al. Effects of voluntary and forced exercise on plaque deposition, 
hippocampal volume, and behavior in the Tg2576 mouse model of 
Alzheimer’s disease. Neurobiol Dis. 2009;35:426.

	 28.	 Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, et al. Single 
App knock-in mouse models of Alzheimer’s disease. Nat Neurosci. 
2014;17:661.

	 29.	 Sheng JG, Griffin WS, Royston MC, Mrak RE. Distribution of interleukin-
1-immunoreactive microglia in cerebral cortical layers: implications for 
neuritic plaque formation in Alzheimer’s disease. Neuropathol Appl 
Neurobiol. 1998;24:278.

	 30.	 Hensley K. Neuroinflammation in Alzheimer’s disease: mechanisms, 
pathologic consequences, and potential for therapeutic manipulation. 
J Alzheimers Dis. 2010;21:1.

	 31.	 Cullen KM, Halliday GM. Neurofibrillary degeneration and cell loss in 
the nucleus basalis in comparison to cortical Alzheimer pathology. 
Neurobiol Aging. 1998;19:297.

	 32.	 Craig LA, Hong NS, McDonald RJ. Revisiting the cholinergic hypothesis 
in the development of Alzheimer’s disease. Neurosci Biobehav Rev. 
2011;35:1397.

	 33.	 Schliebs R, Arendt T. The cholinergic system in aging and neuronal 
degeneration. Behav Brain Res. 2011;221:555.

	 34.	 Shinotoh H, Namba H, Fukushi K, Nagatsuka S, Tanaka N, Aotsuka A, 
et al. Progressive loss of cortical acetylcholinesterase activity in associa-
tion with cognitive decline in Alzheimer’s disease: a positron emission 
tomography study. Ann Neurol. 2000;48:194.

	 35.	 Jafari Z, Okuma M, Karem H, Mehla J, Kolb BE, Mohajerani MH. Prenatal 
noise stress aggravates cognitive decline and the onset and progres-
sion of beta amyloid pathology in a mouse model of Alzheimer’s 
disease. Neurobiol Aging. 2019;77:66.

	 36.	 Jafari Z, Mehla J, Kolb BE, Mohajerani MH. Gestational stress augments 
postpartum β-amyloid pathology and cognitive decline in a mouse 
model of Alzheimer’s disease. Cereb Cortex. 2019;29:3712.

	 37.	 Mehla J, Lacoursiere S, Lapointe V, Saito T, Saido TC, McNaughton BL, 
et al. Age dependent behavioral and biochemical characterization of 
single APP knock-in mouse (APPNL-G-F/NL-G-F) model of Alzheimer’s 
disease. Neurobiol Aging. 2019;75:25.

	 38.	 Mehla J, Faraji J, Mohajerani MH, McDonald RJ. Looking beyond the 
standard version of the Morris water task in the assessment of mouse 
models of cognitive deficits. Hippocampus. 2019;29:3.

	 39.	 Antunes M, Biala G. The novel object recognition memory: neurobiol-
ogy, test procedure, and its modifications. Cogn Process. 2012;13:93.

	 40.	 Paxinos G, Franklin KBJ. The mouse brain in stereotaxic coordinates. 
San Diego: Academic Press; 2001.

	 41.	 Berg S, Kutra D, Kroeger T, Straehle CN, Kausler BX, Haubold C, et al. 
ilastik: interactive machine learning for (bio)image analysis. Nature 
Methods. 2019;16:1226.

	 42.	 Hefendehl JK, Wegenast-Braun BM, Liebig C, Eicke D, Milford D, 
Calhoun ME, et al. Long-term in vivo imaging of β-amyloid plaque 
appearance and growth in a mouse model of cerebral β-amyloidosis. 
J Neurosci. 2011;31:624.

	 43.	 Bannerman DM, Yee BK, Good MA, Heupel MJ, Iversen SD, Rawlins 
JNP. Double dissociation of function within the hippocampus: a 
comparison of dorsal, ventral, and complete hippocampal cytotoxic 
lesions. Behav Neurosci. 1999;113:1170.

	 44.	 Devan BD, Stouffer EM, Petri HL, McDonald RJ, Olds JL. Partial rein-
forcement across trials impairs escape performance but spares place 
learning in the water maze. Behav Brain Res. 2003;141:91.

	 45.	 Huang Y, Zhou W, Zhang Y. Bright lighting conditions during testing 
increase thigmotaxis and impair water maze performance in BALB/c 
mice. Behav Brain Res. 2012;226:26.

	 46.	 Devan BD, Tobin EL, Dunn EN, Magalis C. Sex differences on the 
competitive place task in the water maze: the influence of peripheral 
pool time on spatial navigation performance in rats. Behav Processes. 
2016;132:34.

	 47.	 Devan BD, Goad EH, Petri HL. Dissociation of hippocampal and stri-
atal contributions to spatial navigation in the water maze. Neurobiol 
Learn Mem. 1996;66:305.

	 48.	 Sutherland RJ, Kolb B, Whishaw IQ. Spatial mapping: definitive disrup-
tion by hippocampal or medial frontal cortical damage in the rat. 
Neurosci Lett. 1982;31:271.

	 49.	 McDonald RJ, Hong NS. Rats with hippocampal damage are impaired 
on place learning in the water task even when overtrained under 
constrained behavioral conditions. Hippocampus. 2000;10:153.

	 50.	 McDonald RJ, Hong NS, Devan BD. Interactions among multiple par-
allel learning and memory systems in the mammalian brain. Chapter 
published in Howard Eichenbaum (Ed). Learning and memory: a 
comprehensive reference (2nd Edition). 2017.

	 51.	 Winters BD, Forwood SE, Cowell RA, Saksida LM, Bussey TJ. Double 
dissociation between the effects of peri-postrhinal cortex and hip-
pocampal lesions on tests of object recognition and spatial memory: 
heterogeneity of function within the temporal lobe. J Neurosci. 
2004;24:5901.

	 52.	 Gaffan D. Dissociated effects of perirhinal cortex ablation, fornix tran-
section and amygdalectomy: evidence for multiple memory systems 
in the primate temporal lobe. Exp Brain Res. 1994;99:411.

	 53.	 McDonald RJ, Yim TT, Lehmann H, Sparks FT, Zelinski EL, Sutherland 
RJ, et al. Expression of a conditioned place preference or spatial 
navigation task following muscimol-induced inactivations of the 
amygdala or dorsal hippocampus: a double dissociation in the retro-
grade direction. Brain Res Bull. 2010;83:29.

	 54.	 White NM, McDonald RJ. Multiple parallel memory systems in the 
brain of the rat. Neurobiol Learn Mem. 2002;77:125.

	 55.	 Tyndall AV, Clark CM, Anderson TJ, Hogan DB, Hill MD, Longman RS, 
et al. Protective effects of exercise on cognition and brain health in 
older adults. Exerc Sport Sci Rev. 2018;46:215.

	 56.	 McDonald RJ, White NM. A triple dissociation of memory systems: 
hippocampus, amygdala, and dorsal striatum. Behav Neurosci. 
1993;107:3.

	 57.	 Mumby DG, Pinel JP. Rhinal cortex lesions and object recognition in 
rats. Behav Neurosci. 1994;108:11.

	 58.	 Kealy J, Commins S. The rat perirhinal cortex: a review of anatomy, 
physiology, plasticity, and function. Prog Neurobiol. 2011;93:522.

	 59.	 Kapp BS, Frysinger RC, Gallagher M, Haselton JR. Amygdala central 
nucleus lesions: effect on heart rate conditioning in the rabbit. Physiol 
Behav. 1979;23:1109.

	 60.	 Kim JJ, Rison RA, Fanselow MS. Effects of amygdala, hippocampus, and 
periaqueductal gray lesions on short- and long-term contextual fear. 
Behav Neurosci. 1993;107:1093.

	 61.	 Antoniadis EA, McDonald RJ. Amygdala, hippocampus, and discrimina-
tive fear conditioning to context. Behav Brain Res. 2000;108:1.



Page 20 of 20Mehla et al. Alzheimer’s Research & Therapy          (2022) 14:143 

	 62.	 O’Callaghan RM, Ohle R, Kelly ÁM. The effects of forced exercise on 
hippocampal plasticity in the rat: a comparison of LTP, spatial- and non-
spatial learning. Behav Brain Res. 2007;176:362.

	 63.	 Adlard PA, Perreau VM, Pop V, Cotman CW. Voluntary exercise decreases 
amyloid load in a transgenic model of Alzheimer’s disease. J Neurosci. 
2005;25:4217.

	 64.	 van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning 
and hippocampal neurogenesis in aged mice. J Neurosci. 2005;25:8680.

	 65.	 Vaynman S, Ying Z, Gomez-Pinilla F. Hippocampal BDNF mediates the 
efficacy of exercise on synaptic plasticity and cognition. Eur J Neurosci. 
2004;20:2580.

	 66.	 Sutherland RJ, Whishaw IQ, Kolb B. Contributions of cingulate cortex to 
two forms of spatial learning and memory. J Neurosci. 1988;8:1863.

	 67.	 Bird CM, Burgess N. The hippocampus and memory: insights from 
spatial processing. Nat Rev Neurosci. 2008;9:182.

	 68.	 Buckley MJ. The role of the perirhinal cortex and hippocampus in learn-
ing, memory, and perception. Q J Exp Psychol B. 2005;58:246.

	 69.	 Belarbi K, Burnouf S, Fernandez-Gomez FJ, Laurent C, Lestavel S, Figeac 
M, et al. Beneficial effects of exercise in a transgenic mouse model of 
Alzheimer’s disease-like Tau pathology. Neurobiol Dis. 2011;43:486.

	 70.	 Ke HC, Huang HJ, Liang KC, Hsieh-Li HM. Selective improvement of 
cognitive function in adult and aged APP/PS1 transgenic mice by 
continuous non-shock treadmill exercise. Brain Res. 2011;1403:1.

	 71.	 Lin TW, Shih YH, Chen SJ, Lien CH, Chang CY, Huang TY, et al. Running 
exercise delays neurodegeneration in amygdala and hippocampus of 
Alzheimer’s disease (APP/PS1) transgenic mice. Neurobiol Learn Mem. 
2015;118:189.

	 72.	 Nichol KE, Poon WW, Parachikova AI, Cribbs DH, Glabe CG, Cotman CW. 
Exercise alters the immune profile in Tg2576 Alzheimer mice toward 
a response coincident with improved cognitive performance and 
decreased amyloid. J Neuroinflamm. 2008;5:13.

	 73.	 Tapia-Rojas C, Aranguiz F, Varela-Nallar L, Inestrosa NC. Voluntary run-
ning attenuates memory loss, decreases neuropathological changes 
and induces neurogenesis in a mouse model of Alzheimer’s disease. 
Brain Pathol. 2006;26:62.

	 74.	 Hashioka S, Miklossy J, Schwab C, Klegeris A, McGeer PL. Adhesion of 
exogenous human microglia and THP-1 cells to amyloid plaques of 
postmortem Alzheimer’s disease brain. J Alzheimers Dis. 2008;14:345.

	 75.	 Nagele RG, D’Andrea MR, Lee H, Venkataraman V, Wang HY. Astrocytes 
accumulate A beta 42 and give rise to astrocytic amyloid plaques in 
Alzheimer disease brains. Brain Res. 2003;971:197.

	 76.	 Bierer LM, Haroutunian V, Gabriel S, Knott PJ, Carlin LS, Purohit DP, 
et al. Neurochemical correlates of dementia severity in Alzheimer’s 
disease: relative importance of the cholinergic deficits. J Neurochem. 
1995;64:749.

	 77.	 Gil-Bea FJ, García-Alloza M, Domínguez J, Marcos B, Ramírez MJ. Evalu-
ation of cholinergic markers in Alzheimer’s disease and in a model of 
cholinergic deficit. Neurosci Lett. 2005;375:37.

	 78.	 Roman GC, Kalaria RN. Vascular determinants of cholinergic defi-
cits in Alzheimer disease and vascular dementia. Neurobiol Aging. 
2006;27:1769.

	 79.	 Emre C, Arroyo-García LE, Do KV, Jun B, Ohshima M, Alcalde SG, et al. 
Intranasal delivery of pro-resolving lipid mediators rescues memory 
and gamma oscillation impairment in App NL-G-F/NL-G-F mice. Com-
mun Biol. 2022;5:245.

	 80.	 Maezono SEB, Kanuka M, Tatsuzawa C, Morita M, Kawano T, Kashiwagi 
M, et al. Progressive changes in sleep and its relations to amyloid-
b distribution and learning in single app knock-in mice. eNeuro. 
2020;7:ENEURO.0093-20.2020.

	 81.	 Sakakibara Y, Sekiya M, Saito T, Saido TC, Iijima KM. Cognitive and emo-
tional alterations in App knock-in mouse models of Aβ amyloidosis. 
BMC Neurosci. 2018;19:46.

	 82.	 Kundu P, Torres ERS, Stagaman K, Kasschau K, Okhovat M, Holden S, 
et al. Integrated analysis of behavioral, epigenetic, and gut microbi-
ome analyses in App NL-G-F, App NL-F, and wild type mice. Sci Rep. 
2021;11:4678.

	 83.	 Pervolaraki E, Hall SP, Foresteire D, Saito T, Saido TC, Whittington 
MA, et al. Insoluble Aβ overexpression in an App knock-in mouse 
model alters microstructure and gamma oscillations in the prefron-
tal cortex, affecting anxiety-related behaviours. Dis Model Mech. 
2019;12:dmm040550.

	 84.	 Locci A, Orellana H, Rodriguez G, Gottliebson M, McClarty B, 
Dominguez S, et al. Comparison of memory, affective behavior, and 
neuropathology in APPNLGF knock-in mice to 5xFAD and APP/PS1 
mice. Behav Brain Res. 2021;404:113192.

	 85.	 Sciolino NR, Holmes PV. Exercise offers anxiolytic potential: a role for 
stress and brain noradrenergic-galaninergic mechanisms. Neurosci 
Biobehav Rev. 2012;36:1965.

	 86.	 Küçük A, Gölgeli A, Saraymen R, Koç N. Effects of age and anxiety on 
learning and memory. Behav Brain Res. 2008;195:147.

	 87.	 McHugh SB, Deacon RM, Rawlins JN, Bannerman DM. Amygdala and 
ventral hippocampus contribute differentially to mechanisms of fear 
and anxiety. Behav Neurosci. 2004;118:63.

	 88.	 Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T, 
et al. Regional dissociations within the hippocampus--memory and 
anxiety. Neurosci Biobehav Rev. 2004;28:273.

	 89.	 Trow JE, Hong NS, Jones AM, Lapointe J, MacPhail JK, McDonald RJ. 
Evidence of a role for orbital prefrontal cortex in preventing over-
generalization to moderate predictors of biologically significant events. 
Neuroscience. 2017;345:49.

	 90.	 Nilsson P, Saito T, Saido TC. New mouse model of Alzheimer’s. ACS 
Chem Neurosci. 2014;5:499.

	 91.	 Wongwitdecha N, Marsden CA. Effects of social isolation rearing on 
learning in the Morris water maze. Brain Res. 1996;715:119.

	 92.	 Wang B, Wu Q, Lei L, Sun H, Michael N, Zhang X, et al. Long-term social 
isolation inhibits autophagy activation, induces postsynaptic dysfunc-
tions and impairs spatial memory. Exp Neurol. 2019;311:213.

	 93.	 Perić I, Stanisavljević A, Gass P, Filipović D. Fluoxetine exerts subregion/
layer specific effects on parvalbumin/GAD67 protein expression in the 
dorsal hippocampus of male rats showing social isolation-induced 
depressive-like behaviour. Brain Res Bull. 2021;173:174.

	 94.	 Logue J, Schoepfer K, Guerrero AB, Zhou Y, Kabbaj M. Sex-specific 
effects of social isolation stress and ketamine on hippocampal plastic-
ity. Neurosci Lett. 2022;766:136301.

	 95.	 Radak Z, Hart N, Sarga L, Koltai E, Atalay M, Ohno H, et al. Exercise 
plays a preventive role against Alzheimer’s disease. J Alzheimers Dis. 
2010;20:777.

	 96.	 Um HS, Kang EB, Leem YH, Cho IH, Yang CH, Chae KR, et al. Exercise 
training acts as a therapeutic strategy for reduction of the pathogenic 
phenotypes for Alzheimer’s disease in an NSE/APPsw-transgenic model. 
Int J Mol Med. 2008;22:529.

	 97.	 Pereira AC, Huddleston DE, Brickman AM, Sosunov AA, Hen R, McKhann 
GM, et al. An in vivo correlate of exercise-induced neurogenesis in the 
adult dentate gyrus. Proc Natl Acad Sci USA. 2007;104:5638.

	 98.	 Lange-Asschenfeldt C, Kojda G. Alzheimer’s disease, cerebrovascular 
dysfunction and the benefits of exercise: From vessels to neurons. Exp 
Gerontol. 2008;43:499.

	 99.	 Yu F, Kolanowski AM, Strumpf NE, Eslinger PJ. Improving cognition and 
function through exercise intervention in Alzheimer’s disease. J Nurs 
Scholarsh. 2006;38:358.

	100.	 De la Rosa A, Olaso-Gonzalez G, Arc-Chagnaud C, Millan F, Salvador-
Pascual A, García-Lucerga C. Physical exercise in the prevention and 
treatment of Alzheimer’s disease. J Sport Health Sci. 2020;9(5):394.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Dramatic impacts on brain pathology, anxiety, and cognitive function in the knock-in APPNL-G-F mouse model of Alzheimer disease following long-term voluntary exercise
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Animals and experimental design
	Behavioral experiments

	Histology
	Quantification of amyloid plaques in mice brain
	Immunostaining for microglial and choline acetyl transferase (ChAT)

	Statistical analysis

	Results
	Effect of long-term voluntary exercise on learning and memory functions of APPNL-G-F mice in MWT
	Effect of long-term voluntary exercise on the memory function of APPNL-G-F mice in a novel object recognition test
	Effect of long-term voluntary exercise on memory function of APPNL-G-F mice in fear conditioning
	Effect of long-term voluntary exercise on amyloid pathology of APPNL-G-F mice
	Effect of long-term voluntary exercise on brain microgliosis of APPNL-G-F mice
	Effect of long-term voluntary exercise on cholinergic function of APPNL-G-F mice

	Discussion
	Use of an AD mouse model that might more closely replicate the brain pathology found in human AD
	Effects of long-term voluntary exercise on various neural networks implicated in learning and memory functions
	Effects of long-term voluntary exercise on brain pathology associated with AD
	APP mice, anxiety, and exercise
	Strengths of the current approach
	Limitation of the study

	Summary
	Acknowledgements
	References


