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Abstract

Background: Exercise promotes brain health and improves cognitive functioning in the elderly, while 40-Hz light
flickering through the visual cortex reduces amyloid beta (AB) by stabilizing gamma oscillation. We examined
whether exercise was associated with hippocampus-mediated improvement in cognitive functioning in the 3xTg-
Alzheimer's disease (3xTg-AD) murine model following exposure to 40-Hz light flickering and exercise.

Methods: We subjected 12-month-old 3xTg-AD mice to exercise and 40-Hz light flickering for 3 months to
investigate spatial learning, memory, long-term memory, AR levels, tau levels, mitochondrial functioning including
Ca”" retention and H,O, emission, apoptosis, and neurogenesis in the hippocampus.

Results: Treatments had a positive effect; however, the combination of exercise and 40-Hz light flickering exposure
was most effective in reducing AP and tau levels. Reducing AR and tau levels by combination of exercise and 40-Hz
light flickering improves Ca** homeostasis and reactive oxygen species such as H,O, in mitochondria and
apoptosis including bax, bcl-2, cytochrome ¢, and cleaved caspase-3 and cell death, cell differentiation, and
neurogenesis in the 3xTg-AD model of the hippocampus, resulting in improving cognitive impairment such as
spatial learning, memory and long term memory.

Conclusion: Our results show that exercising in a 40-Hz light flickering environment may improve cognitive
functioning by reducing AR and tau levels, thereby enhancing mitochondrial function and neuroplasticity.
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Background

Alzheimer’s disease (AD) is the most common degenera-
tive brain disease. AD causes dementia, whose progres-
sive onset leads to a gradual worsening of cognitive
functioning, including memory. In the initial stages of
AD, problems with memory related to recent events
occur with alterations in cognitive function such as lan-
guage ability and judgment, which eventually lead to the
complete loss of motor function. AD accounts for >70%
of all dementia cases [1]. AD is associated with various
cellular changes in the brain, including synaptic alter-
ations, mitochondrial structural and functional changes,
abnormal inflammatory responses, extracellular amyloid
beta (AP) accumulation, and intracellular neurofibrillary
tangles [2—4]. In particular, it is known that Ap is dir-
ectly correlated with AD pathology and that longer iso-
forms with 42—43 residues (the smaller isoform has 40
residues) cause neurodegeneration and cognitive dys-
function, eventually progressing to dementia [5, 6]. Re-
duced AP clearance or A overproduction may cause A
accumulation in subcellular compartments, including
synapses and mitochondria, and may impair organelle
and ultimately neuronal function [7-9].

AD is caused by hippocampal atrophy, which is in-
volved in memory and learning, the presence of senile
plaques, and the accumulation of hyperphosphorylated
aggregates of tau protein [10, 11]. Overexpression or
hyperphosphorylation of tau protein due to AD impairs
axonal migration of organelles including the mitochon-
dria [12, 13]. There is substantial evidence suggesting
that mitochondrial dysfunction is associated with aging and
neurodegenerative diseases. Reduced mitochondrial func-
tion has been demonstrated using AD transgenic mouse
models as well as post-mortem brain tissue of patients with
AD [14, 15], fibroblasts, and blood cells [16—18]. Mitochon-
drial dysfunction participates in the progression of AD and
is present in all stages of the disease. It has been suggested
that AD is not limited to the brain but could be a systemic
disease [16].

In the brain, gamma oscillation occurs between 25 and
145 Hz, affecting various behavioral functions such as at-
tention and memory [19]. This is disrupted in animal
models and clinical studies of AD and other disorders
[20-22]. Specifically, in the brains of AD patients,
gamma rhythms are known to be interrupted and AP
has been suggested as the potential cause, particularly in
the hippocampus [23]. AP accumulation affects memory
through the inhibition of electrical signaling such as
gamma oscillations, which play an important role in cog-
nitive functioning and sensory response [24—26]. The
wavelength, duration, and intensity of light exposure
regulate the cognitive tasks that the brain responds to,
and these light responses have been observed in subcor-
tical areas, such as the hypothalamus, the brain stem,
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and the thalamus, as well as in limbic areas including
the amygdala and the hippocampus [27]. According to
Naeser et al. [28], cognitive function is improved
through light-emitting diode (LED) therapy in patients
with chronic traumatic brain injury. In addition, previ-
ous studies have consistently reported that exercise is
beneficial to brain functioning and is a primary method
of preventing and treating AD in combination with
drugs. However, unlike certain drugs that target local-
ized causes, the positive effects of exercise mitigate or
delay multiple aspects related to AD. In animal studies
using familial AD gene mutations, exercise was reported
to minimize neurotoxicity caused by AD neuropathy and
stimulate neuronal regeneration, contributing to an im-
provement in cognitive functioning through a reduction
in beta-secretase activity [29], decreased accumulation of
amyloid plaques and soluble A [30, 31], and decreased
pTau [32]. Therefore, this study aimed to examine the
effects of exercise training in a 40-Hz light flicker envir-
onment on AP accumulation in the hippocampus, Akt/
tau, mitochondrial function, neuroplasticity, and cogni-
tive functioning in an AD animal model.

Methods

Animals

All animal experiments were performed in accordance
with the guidelines of the National Institutes of Health
and the Korean Academy of Medical Science. The study
protocol was approved by the KyungHee University In-
stitutional Animal Care and Use Committee (approval
number KHUASP [SE]-17-103). The mice were housed
under conditions of controlled temperature (25 + 1 °C)
and lighting (7 am to 7 pm) with food and water ad libi-
tum. Fifteen-month-old male wild-type and 3xTg mice
were randomly divided into a wild-type control group
(CON), a 3xTg-AD group (AD), a 3xTg-AD and 40-Hz
light flickering group (AD+40), a 3xTg-AD and Exercise
group (AD+EX), and a 3xTg and exercise under 40-Hz
light flickering group (AD+40+EX) (n=10 in each
group). We used the 3xTg-AD mice harboring APP Swe,
PSIM146V, and tau P301L human transgenes. The
genotype was confirmed by PCR analysis of DNA ob-
tained by tail biopsies. BrdU (Sigma, St. Louis MO,
USA) was administered intraperitoneally (i.p.) at 100
mg/kg/day for 7 days, and we sacrificed the mice 4 weeks
after first day of BrdU injection to observe neurogenesis.

Exercise protocol and 40-Hz light flickering of exposure
time

Exercise sessions began at age 12 months of 3xTg mice.
The exercise groups exercised on a treadmill made for
animal use once daily in the dark, 6 days per week for 12
consecutive weeks. For exercises of adaption, mice were
allowed 5 min of warm up at a 0° inclination at 3 m/min,
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30 min of the main exercise at 10 m/min, and 5 min of
cool down at 3 m/min which were performed for the
first 3 weeks. Subsequently, mice were subjected to 40
min of the main exercise at 11 m/min for weeks 4 to 6,
50 min of the main exercise at 12 m/min for weeks 7 to
9, and 50 min of the main exercise at 13 m/min for the
final weeks 10 to 12. Exposure time of 40-Hz light flick-
ering was the same as exercise time.

Behavioral tests

Morris water maze

The Morris water maze task was used to assess spatial
learning and working memory. One day before training,
the mice were habituated to swimming for 60s in the
pool without a platform. All mice were trained three
times per day for five consecutive days. A probe trial
was performed 24h after the final training session.
When a mouse found the platform, it was allowed to re-
main there for 30s. If the mouse did not find the plat-
form within 60, it was guided by hand to the platform.
The mice underwent a 60-s retention probe test, after
which the platform was removed from the pool. The
data were automatically collected using the Smart Video
Tracking System (Smart version 2.5, Panlab, Barcelona,
Spain).

Step through avoidance test

The step through avoidance task was used to assess
long-term memory. For the training period, the mouse
was placed at the entrance identified by the halogen
bulbs and the door of the box was opened. When the
mouse entered the dark place, the door and the mouse
were allowed to stay for 20 s. This training was repeated
twice. Finally, during the third training session, when the
mouse entered the dark place, the door closed at the
same time and the mouse received a 1-mA scramble foot
shock for 2s. After 24 h of the foot shock, mice were
placed back at the entrance identified by the halogen
bulb, and when the door opened, the time taken for
mice to enter the dark place was measured. A latency
time > 300 s was counted as 300 s.

Preparation of tissue

The mice were euthanized immediately after the behav-
ior test. To prepare the brain slices, the animals were
fully anesthetized with ethyl ether, perfused transcar-
dially with 50 mM phosphate-buffered saline (PBS), and
then fixed with a freshly prepared solution of 4% para-
formaldehyde in 100 mM phosphate buffer (pH 7.4). The
brains were then removed, post-fixed in the same fixa-
tive overnight, and transferred into a 30% sucrose solu-
tion for cryoprotection. Coronal sections with a
thickness of 40 pm were created using a freezing micro-
tome (Leica, Nussloch, Germany). From each group of
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10 animals, 5 were used for immunohistochemistry and
5 for western blot and mitochondrial function analysis.
The hippocampal tissue for western blot analysis was
immediately stored at — 70 °C until use. For immunobhis-
tochemistry, 2 sections from each group were analyzed,
resulting in a total of 10 slices.

Immunohistochemistry

To visualize cell differentiation, immunohistochemistry
was performed for DCX staining in the dentate gyrus
(DG) and AP in CA1 to 3 and in the DG hippocampus.
The sections were incubated in PBS for 10 min and then
washed three times for 3 min in the PBS. The sections
were then incubated in 1% H,O, for 15 to 30 min. The
sections were selected from each brain and incubated
overnight with goat anti-DCX antibody (1:500; Santa
Cruz) and mouse purified anti-B-amyloid antibody (1:
200; Biolegend) and then with biotinylated rabbit sec-
ondary antibody (1:250; Vector Laboratories) for another
90 min. The secondary antibody was amplified with the
Vector Elite ABC Kit® (1100; Vector Laboratories).
Antibody-biotin-avidin-peroxidase complexes were visu-
alized using the 3,3,diaminobenzidine (DAB) substrate
kit (Vector Laboratories). The slides were air-dried over-
night at room temperature, and the coverslips were
mounted using Permount®.

Immunofluorescence

BrdU/NeuN-positive cells in the DG were tested for im-
munofluorescence. In brief, the brain sections were
permeabilized by incubation in 0.5% Triton X-100 in
PBS for 20 min, incubated in 50% formamide-2x stand-
ard saline citrate at 65 °C for 2 h, denatured in 2N HCl
at 37 °C for 30 min, and then rinsed twice in 100 mM so-
dium borate (pH 8.5), in that order. The sections were
incubated overnight with rat anti-BrdU antibody (1:200;
Abcam, Cambridge, UK) and mouse anti-NeuN antibody
(1:200; Millipore, Temecula, CA). The brain sections
were then washed in PBS and incubated with the appro-
priate secondary antibodies for 1 h. The secondary anti-
bodies used were anti-mouse IgG Alexa Fluor-488 and
anti-rat 1gG Alexa Fluor-560. Images were captured
using an FV3000 confocal microscope (Olympus, Tokyo,
Japan).

TUNEL staining

To visualize DNA fragmentation, we performed TUNEL
staining using an In Situ Cell Death Detection Kit
(Roche Diagnostics, Risch-Rotkreuz, Switzerland) ac-
cording to the manufacturer’s protocol. Sections were
post-fixed in ethanol-acetic acid (2:1), rinsed, incubated
with proteinase K (100 mg/mL), and then rinsed again.
Next, they were incubated in 3% H,O,, permeabilized
with 0.5% Triton X-100, rinsed again, and incubated in
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the TUNEL reaction mixture. The sections were rinsed
and visualized using Converter-POD with 0.03% DAB,
counterstained with Cresyl violet, and mounted onto
gelatin-coated slides. The slides were air-dried overnight
at room temperature and cover-slipped using Permount
mounting medium.

Western blotting

Hippocampal tissues were homogenized on ice and lysed
in lysis buffer containing 50 mM Tris—HCI (pH 7.5), 150
mM NacCl, 0.5% deoxycholic acid, 1% Nonidet P40, 0.1%
sodium dodecyl sulfate, 1 mM PMSF, and leupeptin 100
mg/mL. The protein content was measured using a col-
orimetric protein assay kit (Bio-Rad, Hercules, CA).
Thirty micrograms of protein was separated on sodium
dodecyl sulfate-polyacrylamide gels and transferred onto
a nitrocellulose membrane, which was incubated with
mouse [-actin (1:1000; Santa Cruz Biotechnology),
GAPDH (1:3000; Santa Cruz Biotechnology), t-Akt and
p-Akt (1:1000; Cell Signaling), t-GSK3p and p-GSK3p
(ser 9) (1:1000; Cell Signaling), t-Tau and p-Tau
(ser202/Thr205 (1:1000; Thermo Fisher), Bcl-2 and cyto-
chrome C (1:1000; Santa Cruz Biotechnology), Bax (1:
1000; Cell Signaling), cleaved caspase-3 (1:700; Cell Sig-
naling), brain-derived neurotrophic factor (BDNF; 1:
1000; Alomone), PSD95 (1:1000; Cell Signaling), and
synaptophysin (1:1000; Abcam) primary antibodies.
Horseradish  peroxidase-conjugated secondary anti-
mouse antibodies were used for Bcl-2, p-Tau, cyto-
chrome C, B-actin, and GAPDH; anti-rabbit conjugated
secondary antibodies were used for t-Akt, p-Akt, t-tau,
p-tau, t-GSK3p, Bax, cleaved caspase-3, BDNF, PSD95,
and synaptophysin.

Mitochondrial Ca®* retention capacity

The mitochondrial calcium retention capacity was tested
to assess the susceptibility of the permeability transition
pore (PTP) to opening. Briefly, after grinding the hippo-
campal tissue, overlaid traces of changes in fluorescence
induced by Calcium Green-5N were measured continu-
ously (AF/min) at 37 °C during state 4 respiration using
a Spex FluoroMax 4 spectrofluorometer (Horiba Scien-
tific, Edison, NJ). After establishing the background AF
(hippocampal tissue in the presence of 1 uM is Calcium
Green-5N, 1 U/mL hexokinase, 0.04 mM EGTA, 1.5nM
thapsigargin, 5 mM 2-deoxyglucose, 5 mM glutamate, 5
mM succinate, and 2 mM malate), the reaction was initi-
ated by addition of Ca®" pulses (12.5nM), with excita-
tion and emission wavelengths set at 506 nm and 532
nm, respectively. The total mitochondrial Ca** retention
capacity prior to PTP opening (i.e., release of Ca®*) was
expressed as pmol/mg tissue weight.
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Mitochondrial H,0, emission

H,0O, emission was measured at 37 °C (AF/min) during
state 4 respiration (10 pg/ml oligomycin) by continu-
ously monitoring oxidation of Amplex Red (excitation/
emission A =563/587 nm) using a Spex FluoroMax 4
spectrofluorometer with the following protocol: 10 uM
Amplex Red, 1 U/mL horseradish peroxidase, and 10 pg/
mL oligomycin settings and 1 mM malate + 2mM glu-
tamate (complex I substrates), 3 mM succinate (complex
II substrate), and 10mM glycerol-3-phosphate (lipid
substrate). The H,O, emission rate after removing the
background value from each of the standard values
(standard curve) was calculated from the AF/min gradi-
ent values and expressed as pmol/min/mg tissue weight.

Statistical analysis

Spatial learning was measured by two-way mixed ana-
lysis of variance to account for repeated measures (5
groups; between x 5 days repeated; within). Cell count-
ing and optical density quantification for AP, TUNEL,
DCX, and BrdU/NeuN-positive cells’ expression were
performed using Image-Pro® Plus (Media Cyberbetics
Inc.) attached to a light microscope (Olympus, Tokyo,
Japan). The data were analyzed with one-way ANOVA,
followed by the Duncan post hoc tests. All values are
expressed as the mean + standard error of the mean
(S.E.M.), and P values < .05 were considered significant.

Results

Effect of exercise under exposure to the 40-Hz light
flickering on spatial working learning and memory and
long-term memory

The Morris water maze and step through avoidance task
were performed to assess spatial learning and memory
and long-term memory. Spatial learning was assessed as
the time spent on the platform. In the two-way mixed
ANOVA accounting for the repeated measures of spatial
learning, results are presented as the outcome of a
multivariate test. During the Morris water maze task,
there was a significant interaction between the repeated
measure and group (day; p =.000, day x group; p =.000).
Over time, the effect of repeated learning had differential
effects on the groups. Particularly, significant decreases
in the time taken to find the platform in spatial learning
capability during the Morris water maze task were ob-
served from days 3 to 5 of training in the AD+EX,
AD+40, and AD+40+EX groups: day 1, CON vs AD
(P =.027); day 2, CON vs AD (P =.000), CON vs AD+40
(P=.019), CON vs AD+EX (P< .001), and AD vs
AD+40+EX (P =.019); day 3, CON vs AD (P =.003), AD
vs AD+40 (P =.004), AD vs AD+EX (P =.015), and AD
vs AD+40+EX (P < .001); day 4, CON vs AD (P< .001),
AD+40 (P< .001), AD vs AD+EX (P =.001), and AD vs
AD+40+EX (P =.000); and day5, CON vs AD (P < .001),
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AD vs AD+40 (P < .001), AD vs AD+EX (P =.003), and
AD vs AD+40+EX (P < .001). In the AD group, the im-
plementation of exercise and 40-Hz light flickering was
effective in the repetitive learning, especially the combin-
ation of 40-Hz light flickering and exercise. Spatial
memory (P< .001) and long-term memory (P< .001)
were significantly reduced in the AD group compared
with the CON group. In contrast, spatial memory and
long-term memory were enhanced by exposure to
AD+40-Hz (P= .008, P= .030), AD+EX (P= .001,
P= .019), and AD+40+EX (P< .001 respectively).
Groups of treatment comparison revealed significant dif-
ferences for spatial learning and long-term memory be-
tween AD+40+EX and AD+40 (p<.001, p=.001,
respectively) and AD+EX (P=.007, P=.002, respect-
ively) groups. AD+40 and AD+EX groups did not show
a significant intergroup difference. Therefore, it is worth
noting that exercise was most effective in improving
cognitive functioning under the 40-Hz light flickering
condition in AD and that the results were better than
the normal aging group used as CON (Fig. 1, Table 1).

Effects of exercise under exposure to 40-Hz light
flickering on A in the hippocampus

The number of AB-positive cells in the CA1l, CA2-3,
and DG of the hippocampus was significantly decreased
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in the AD group compared with the treatment groups;
ApB-positive cells were reduced in the AD+40 (CAl:
P< .001, CA2-3: P< .001, DG: P< .001), AD+EX (CAL:
P< .001, CA2-3: P< .001, DG: P< .001), and
AD+40+EX (CAl: P< .001, CA2-3: P< .001, DG:
P<.001) groups. When exercise alone was compared
with exercise performed under the 40-Hz light flickering
condition, the AD+40+EX group showed an intergroup
difference when compared to AD+40 (P< .001) and
AD+EX (P< .001) across all areas of the hippocampus
(CA1, CA2-3, and DG); however, groups exposed to 40-
Hz light flickering or exercise alone (AD+40 and
AD+EX groups, respectively) did not show any signifi-
cant intergroup difference. Therefore, each method was
effective in removing Af, although performing exercise
under the 40-Hz light flickering condition was the most
efficacious. It is interesting to note that exercise during
the 40-Hz light flickering condition reduced Ap to CON
levels in the CA2-3 and DG of the hippocampus (Fig. 2,
Table 2).

Effects of exercise under exposure to the 40-Hz light
flickering on Akt/tau in the hippocampus

Western blot was used to analyze the changes in expres-
sion of Akt/tau proteins in the hippocampus. For an in-
tergroup comparison, the ratio of the CON group was
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Table 1 Effect of exercise under exposure to the 40-Hz light flickering on spatial learning and memory and long-term memory

Spatial learning training (s) SM (%) LTM (s)
Group 1 day 2 days 3 days 4 days 5 days
CON 4500 + 376 24.20 + 4.54 29.00 + 3.71 17.07 + 406 1373 + 254 3357 + 197 20360 + 2373
AD 60.00 + 0.0* 5767 + 1.17* 5275 + 3.71% 4325 + 388* 34.92 + 5.78* 1693 + 231* 5440 + 16.90*
AD+40 5193 + 433 42,67 + 440* 2953 + 534" 1740 + 337" 1453 + 363" 29.10 = 142+ 161.20 + 10.95%"
AD+EX 5800 + 2.05 54.05 + 2.05* 31.08 + 4.58" 19.08 + 3.06" 1550 + 132° 31.08 + 366** 16840 + 24.86*"
AD+40+EX 5256 + 3.22 30.94 + 4.87* 2211 + 348" 1317 + 338" 1083 + 2.22° 4301 + 205*"* 250.83 + 2829*"*

*P < .05 compared to the CON group, #P <.05 compared to the AD group, *P <.05 compared to the AD+40 and AD+EX. SM spatial memory, LTM

long-term memory

set to 1 and a comparison was made with the relative
value of each group. When the CON group was com-
pared to the AD group, the p-Akt/Akt ratio (P< .001)
and p-GSK3B/GSK3B ratio (P< .001) were reduced
while the p-tau/tau ratio (P< .001) increased. In con-
trast, when the AD group was compared to the treat-
ment groups, the p-Akt/Akt ratio and p-GSK3B/GSK3p
ratio of protein expression were increased: AD+40 (p-

Akt/Akt ratioo P< .001, p-GSK3B/GSK3p ratio:
P = .003), AD+EX (p-Akt/Akt ratio: P <.001, p-GSK3p3/
GSK3p ratio: P= .001), and AD+40+EX (p-Akt/Akt ra-
tio: P<.001, p-GSK3B/GSK3p ratio: P< .001). The p-
Tau/tau ratio expression was significantly reduced in
AD+40 (P= .026), AD+EX (P= .001), and AD+40+EX
(P< .001). When a comparison was made among treat-
ment groups, AD+40+EX showed an intergroup
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Fig. 2 Effects of exercise under exposure to the 40-Hz light flicker on A in the hippocampus. Photomicrographs and data of AB-positive cells.
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Table 2 Effect of exercise under exposure to the 40-Hz light
flickering on AB in the hippocampus

Group CAT1 (mm?) CA2-3 (mm?) DG (mm?)

AD 72032 + 36.70 45088 + 1123 376.24 + 2976
AD+40 36266 £ 2802% 20951 + 1434* 21623 + 20.14*
AD+EX 37940 + 2947 19192+ 1067* 22364 + 1201*
AD+40+EX 18035 + 7.68*" 95.32 + 787" 91.87 + 448"

*P <.05 compared to the AD group, *P < .05 compared to the AD+EX and
AD+ 40 group

difference with AD+40 (P= .026) and AD+EX (p<
0.001), while there was no difference between AD+40
and AD+EX groups. In other words, 40-Hz light flicker-
ing and exercise were both effective in reducing the Akt/
tau protein ratio when administered alone, but exercise
under the exposure to 40-Hz light flickering was even
more effective, reducing the level to that of the CON
group. The p-Akt/Akt and p-GSK3B/GSK3p ratios were
also significantly increased compared to the CON group
(Fig. 3, Table 3).

Effects of exercise under exposure to the 40-Hz light
flickering on Ca®* retention and H,0, production in the
hippocampus

Mitochondrial Ca®* retention capacity in the hippocam-
pus was reduced in the AD group when compared with
the CON group (P< .001). In contrast, when the AD
group was compared to the treatment groups, AD+40
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(P=.006), AD+EX (P < .001), and AD+40+EX (P < .001)
showed increased mitochondrial Ca* retention capacity.
An intergroup comparison revealed an intergroup differ-
ence between the AD+40 (P< .001) and AD+EX
(P< .001) groups, while the AD+40 and AD+EX groups
did not show any significant difference. The mitochon-
drial H,O, production rate was calculated using the
complex I substrate (glutamate + malate, GM), the com-
plex 2 substrate (succinate, GMS), and the lipid sub-
strate  (glycerol-3  phosphate, =~ GMSG3P). The
mitochondrial H,O, production rate in the hippocampus
was significantly increased compared with the CON
group (GM: P= .007, GMS: P< .001, GMSG3P:
P <.001). In contrast, when the AD group was compared
to the treatment groups, H,O, production was signifi-
cantly reduced in the AD+40 (GM: P= .027, GMS:
P< .001, GMSG3P: P= .005), AD+EX (GM: P= .034,
GMS: P< .001, GMSG3P: P= .003), and AD+40+EX
(GM: P= .019, GMS: P< .001, GMSG3P: P< .001)
groups. In the intergroup comparisons, the GM did not
show a difference among the treatment groups, but a
significant difference was observed for GMS and
GMSG3P expression between the AD+40+EX and
AD+40 (P= .025, P= .005, respectively) and AD+EX
groups (P= .012, P= .009, respectively). However,
AD+40 and AD+EX groups did not show any significant
difference. Thus, exercise under exposure to 40-Hz light
flickering appeared to be the most effective in improving
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Table 3 Effect of exercise under exposure to the 40-Hz light
flickering on Akt/Tau in the hippocampus

Group p-Akt/Akt ratio  P-GSK3(/GSK3p ratio  p-Tau/tau ratio
CON 1.00 + 007 100 +0.13 1.00 + 003
AD 0.57 + 0.05* 048 + 0.05* 215+ 0.11%
AD+40 0.80 + 0.15** 075 + 004 1.88 + 0.09**
AD+EX 0.84 + 0.04** 0.77 + 005" 1.70 + 0.10%*
AD+40+EX 124 £ 004¥" 116 + 007" 106 + 0.04¥"*

‘P <.05 compared to the CON group, *P < .05 compared to the AD group,
*P <.05 compared to the AD+40 and AD+EX

mitochondrial function in the hippocampus by maintain-
ing mitochondrial Ca®* retention and reducing ROS.
These levels were recovered to normal levels as in the
CON group (Fig. 4, Table 4).

Effects of exercise under exposure to the 40-Hz light
flickering on apoptosis and cell death in the
hippocampus

In order to examine the changes in apoptosis in the
hippocampus, we analyzed cell death using TUNEL-
positive cells and the expression of Bax, Bcl-2, cyto-
chrome C, and cleaved caspase-3 proteins. For inter-
group comparison of apoptosis, the value of the CON
group was set to 1 and compared with the relative value
of each group. When the CON and AD groups were
compared, the expression of Bax (P < .001), cytochrome
C (P=.001), and cleaved caspase-3 (P < .001) increased,
while Bcl-2 (P< .001) was reduced. In contrast, when
the AD group was compared with the treatment groups,
significant differences were observed with the following
treatment groups: AD+40 (Bax: P = .001, Bcl-2: P = .009,
cytochrome C: P= .038, cleaved caspase-3P= .002),
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AD+EX (Bax: P= .001, Bcl-2: P= .002, cytochrome c:
P = .013, cleaved caspase-3: P< .001), and AD+40+EX
(P< .001 respectively). In the comparison among the
treatment groups, AD+40+EX was significantly different
from AD+40 (Bax, Bcl-2, cytochrome C, cleaved
caspase-3, P<.001 each) and AD+EX exposure (Bax,
Bcl-2, cytochrome c, cleaved caspase-3, P< .001 each),
while AD+40 and AD+EX did not show an intergroup
difference. When the TUNEL-positive cells of the hippo-
campus were compared, the AD group showed a signifi-
cant increase compared to the CON group (P < .001). In
contrast, when the AD group was compared with the
treatment groups, a reduction was observed in the
AD+40 (P< .001), AD+EX (P< .001), and AD+40+EX
(P< .001) treated groups. When the treatment groups
were compared among themselves, an intergroup differ-
ence was observed for AD+40+EX from AD+40
(P= .001) and AD+EX (P= .001) while AD+40 and
AD+EX groups did not show an intergroup difference.
Therefore, exercise under the exposure to 40-Hz light
flickering was the most effective in decreasing apoptosis
and cell death in the hippocampus, and this was restored
to levels observed in the CON group (Fig. 5, Table 5).

Effects of exercise under exposure to the 40-Hz light
flickering on BDNF, PSD95, and synaptophysin in the
hippocampus

To examine changes in synaptic proteins in the hippo-
campus, the expression of BDNF, PSD 95, and synapto-
physin were examined. For intergroup comparison, the
value of the CON group was set to 1, which was com-
pared to the relative value of each group. When the
CON group was compared with the AD group, the ex-
pression of BDNF, PSD 95, and synaptophysin was
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Table 4 Effect of exercise under exposure to the 40-Hz light flickering on Ca** retention and H-05 in the hippocampus
Group Ca**retention H,0, emission (pmol/min/mg)

(pmol/mg) GM GMS GMSG3P
CON 31142 £ 1752 3.07 £ 030 2416 + 1.14 3182+ 222
AD 15841 + 10.60* 4.80 + 0.24* 39.08 + 1.57* 48,68 + 1.09%
AD+40 23028 £ 639** 332 +028* 3065 + 1.06%* 3968 + 0.79*
AD+EX 25260 + 14.34* 337 +048° 31.16 + 0.70%* 39.16 + 0.70%*
AD+40+EX 34493 + 1699%*" 325+ 038" 2544 + 1.02%"* 30.73 + 243%"*

*P < .05 compared to the CON group, *P <.05 compared to the AD group, *P <.05 compared to the AD+40 and AD+EX

reduced (P< .001 respectively). In contrast, when the
AD group was compared with the treatment groups,
AD+40 (BDNF: P = .024, PSD95: P =.002, synaptophy-
sin: P< .001), AD+EX (BDNF: P = .005, PSD95: P = .001;
synaptophysin: P< .001), and AD+40+EX (P<.001 re-
spectively) groups showed a significant increase. In the
comparison among treatment groups, AD+40+EX
showed a significant difference in AD+40 and AD+EX
(P< .001, respectively), while AD+40 and AD+EX treat-
ments did not show any significant differences. There-
fore, exercise under the exposure to 40-Hz light
flickering was the most effective in improving the level
of proteins associated with hippocampal synapses. In
particular, the level of expression of BDNF (P = .007)

and synaptophysin (P < .001) was higher than that of the
CON group (Fig. 6, Table 6).

Effects of exercise under exposure to the 40-Hz light
flickering on cell differentiation and neurogenesis in the
hippocampus

To examine cell differentiation and neurogenesis in the
hippocampus, DCX-positive cells and NeuN/brdU-posi-
tive cells were examined. Compared with the CON
group, DCX-positive cells and NeuN/brdU-positive cells
(P <.001 respectively) in the hippocampus decreased in
the AD group. In contrast, a significant increase was ob-
served for the AD+40 (DCX-positive cells: P =.006,
NeuN/brdU-positive cells: P=.002), AD+EX (DCX-
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Table 5 Effect of exercise under exposure to the 40-Hz light flickering on apoptosis and cell death in the hippocampus

Group Bax Bcl-2 Cytochrome ¢ Caspase-3 TUNEL (mm?)
CON 1.00 + 0.14 1.00 + 0.03 1.00 + 0.05 1.00 + 0.08 2668 + 2.63
AD 214 +0.11% 031 + 0.05* 1.74 + 0.07* 1.79 + 0.08* 109.06 + 592*
AD+40 160 + 0.05** 062 + 0.05** 142 + 0.04*" 149 + 0.04*" 5959 + 3.48*"
AD+EX 162 + 007** 068 + 0.04* 139 + 0.04*" 141 + 003** 5771 + 4.34*"
AD+40+EX 099 + 009" 129 + 0.09%"* 0.90 + 0.06*"* 096 + 0.02*"* 3299 + 3.35%"*

*P <05 compared to the CON group, *P <.05 compared to the AD group, *P < .05 compared to the AD+40 and AD+EX

positive cells: P=.001, NeuN/brdU-positive cells:
P =.002), and AD+40+EX (P <.001 respectively) groups.
In the comparison of the treatment groups, AD+40+EX
treatment showed a significant difference compared to
AD+40 and AD+EX (P<.001, respectively), while
AD+40 and AD+EX treatments did not show any signifi-
cant difference. It is interesting to note that the level in
AD+40+EX was increased and exceed that of the CON
group (DCX-positive cells: P =.004; NeuN/brdU-positive
cells: P=.003). Therefore, exercise under exposure to
40-Hz light flickering was the most effective in improv-
ing cell differentiation and neurogenesis in the AD
hippocampus (Fig. 7, Table 7).

Discussion

AD is an aging and neurodegenerative disorder charac-
terized by deficits in learning, memory, and communica-
tion. AD accounts for 60 to 80% of dementia worldwide.
The 3xTg AD animal model resembles the progression
of cognitive and behavioral deficiencies seen in AD

patients and is well suited for clinical studies of AD
pathology. In this study, deficiencies in spatial learning,
memory, and long-term memory were evaluated in the
3xTg AD group using the Morris Water maze and step
through tests. In previous studies, 3xTg AD mice have
shown loss of cognitive function and dementia-like be-
havioral and psychological symptoms along with in vivo
long-term potentiation disorders, which are more severe
in the older population [33]. This is particularly evident
in the vulnerable areas of the brain, and the hippocam-
pus is one of the most rapidly affected areas [34]. Signals
that create our thoughts and memories are transmitted
through nerve cells and the synapses between them. Af,
an important protein for nerve cell growth and repair, is
usually produced under physiological conditions and is
excreted through the urine but when brain damage oc-
curs, it is produced excessively and adheres to nerve
cells and forms aggregates, blocking synapses, impeding
the transmission of nerve signals, and causing inflamma-
tion and damage in neurons. When this occurs, memory
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Table 6 Effect of exercise under exposure to the 40-Hz light
flickering on BDNF, PSD95, and synaptophysin in the
hippocampus

Group BDNF PSD95 Synaptophysin
CON 100 + 003 1.00 + 0.02 1.00 + 0.04
AD 061 % 0.04* 059 + 0.05* 056 + 0.07*
AD+40 0.78 + 0.03** 0.77 + 003** 0.75 + 0.08*"
AD+EX 082 + 0.04** 081 + 0.02%* 081 + 0.05**
AD+40+EX 119 + 005*** 1.02 + 0.03*"* 1.29 + 006*"*

*P < .05 compared to the CON group, *P <.05 compared to the AD group,
*P <.05 compared to the AD+40 and AD+EX

dysfunction is a major symptom as the hippocampus
and the temporal lobe are the first to develop abnormal-
ities, which gradually spread to other areas of the brain.
Altered cognitive function, including learning and mem-
ory deficits, are closely related to Ap accumulation in
the hippocampus. A aggregation can cause synaptic
dysfunction and neurodegeneration, which can impair
cognitive function including spatial memory [35, 36]. In
addition, A stimulates glycogen kinase 3 (GSK3) to in-
duce tau protein phosphorylation [37], and tau overex-
pression also causes an increased AP plaque
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accumulation [38]. GSK3, which promotes tau overex-
pression, is inhibited by phosphorylation of Ser2l by
GSKa or Ser9 by GSK3p [39] and is increased in the ab-
sence of Akt activity [40]. Previous studies have shown
that p-GSK3p (ser9) and p-Akt (serd73) were decreased
while the expression of p-tau and AP increased simul-
taneously in the 3xTg-AD mouse [41, 42]. AP is closely
associated with mitochondrial dysfunction, as evidenced
by the accumulation of mitochondrial damage in the
brains of AD patients [43], which may induce neuronal
apoptosis [44], impair the movement of mitochondria,
and cause synaptic degeneration by reducing mitochon-
drial length [45]. In the present study, the 3xTg-AD
group with high AP expression also showed decreased
mitochondrial function in the hippocampus such as de-
creased Ca”* retention in hippocampal mitochondria
and increased H,O, production, a marker of reactive
oxygen species (ROS). This deterioration led to an in-
crease in cell death due to an increase in apoptosis and
the expression of pro-apoptotic factors including Bax,
cytochrome c, and caspase-3, as well as a decrease in the
anti-apoptotic factor, Bcl-2. Cellular proliferation, neuro-
genesis, and synaptic markers BDNF, PSD95, and synap-
tophysin were also reduced in the hippocampus.

BrdU

| ’ -

AD+40+EX

Fig. 7 Effects of exercise under exposure to the 40-Hz light flicker on cell differentiation and neurogenesis in hippocampal dentate gyrus. The
data are shown as the photomicrographs and data of DCX- and BrdU/NeuN-positive cells. The scale bar represents 50 pm. Mean + standard error
of the mean (SEM). CON: wild-type, AD: 3xTg-AD, AD+40: 3xTg-AD and 40-Hz light flickering, AD+EX: 3xTg-AD and exercise, and AD+40+EX:
3xTg-AD and exercise in the 40-Hz light flickering. Data are expressed as the mean =+ standard error of the mean (SEM). *P < .05 compared to the
CON group. #P <.05 compared to the AD group. *P <.05 compared to the AD+40+EX
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Table 7 Effect of exercise under exposure to the 40-Hz light
flickering on cell differentiation and neurogenesis in the
hippocampus

Group DCX (mm?) BrdU/NeuN (mm?)
CON 13125 + 138 83.38 + 8.54

AD 62.50 + 2.18* 2079 + 3.71%
AD+40 9230 + 1.90%" 63.75 + 2.81*"
AD+EX 93.78 + 0.80** 65.30 + 4.30%*
AD+40+EX 159.90 + 6.07*"* 101.75 + 3.88**

*P < .05 compared to the CON group, *P <.05 compared to the AD group,
*P <.05 compared to the AD+40 and AD+EX

Therefore, overexpression of Af and tau may decrease
mitochondrial function, increase cell death, decrease
neuron production, and reduce neuronal plasticity in the
hippocampus. In previous studies, an increase in A con-
centration resulted in increased secretion of H,O,, dysregu-
lation of the cytosolic and mitochondrial Ca®>* homeostasis,
and cytochrome c in the mitochondria [46, 47]. Particularly,
mitochondrial Ca** overloading results in an increase of
ROS production in mitochondria [48], the oxidative stress
leads to abnormalities in the cell calcium storage, and the
ability to control oxidative stress and respond to metabolic
disorder links the AD-causing gene mutations to the dis-
ease process [49], while cell death was increased as were
Bax levels with a concomitant decrease in Bcl-2 in the
hippocampus of the 3xTg AD mouse, showing deficiencies
in cognitive functions due to a decrease in BDNF, PSD95,
and synaptophysin expression [50-52]. AP is an important
pathological factor in AD. It is a neurotoxin, which can
pathologically affect various brain cells. It seems that the
decrease in cognitive function occurs due to inhibition of
neuroplasticity following an alteration in mitochondrial
function caused by excessive accumulation of A and over-
expression of tau in the hippocampus.

A new treatment method using LED has been recently
suggested as a non-invasive therapy to treat AD. In par-
ticular, 40-Hz light flicker (LED flickers 40 times per
second) is effective in stimulating the brain and restoring
gamma rhythms. In an animal AD model, 40-Hz light
flicker reduced p-tau and A, which resolved memory
abnormalities [53, 54]. Long-term visual stimulation
using 40-Hz light flickering entrained gamma oscilla-
tions in the visual cortex, CA1 of the hippocampus, and
the prefrontal cortex in Tau P301S and CK-p25 mice; as
a result, spatial learning and memory and protein levels
of various synaptic signaling and synaptic plasticity
markers were improved [55]. Duan et al. [56] reported
that the light from the LED inhibited apoptosis, which
induces AP. The visual stimulation of 40-Hz light flick-
ering has been shown to improve cognitive function by
reducing neuronal and synaptic loss as well as amyloid
plaques and tau phosphorylation in various AD mouse
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models (5XFAD, APP/PS1, P301S, and CK-p25) [50-52,
57]. In the present study, gamma oscillation was not
measured, but in previous studies, it has been shown
that the gamma oscillation in the hippocampus was al-
tered with respect to time and concentration of AP [23],
while the 3xTg-AD model showed synchronization of
abnormal beta and gamma frequencies [58]. In the
present study, the 40-Hz light flickering treatment group
showed a reduction in tau phosphorylation and A in
the hippocampus and an improvement in spatial learn-
ing, memory, long-term memory, mitochondrial func-
tion, and neuroplasticity. This may suggest that the
expression of tau and AP in the hippocampus was re-
duced by rescued gamma oscillations, which then led to
an improvement in cognitive function. This may be due
to the enhancement of mitochondrial function such as
Ca®* retention and ROS stabilization in the hippocam-
pus, increased neuroplasticity such as the increase in
proteins related to neurogenesis and synapses, and the
inhibition of apoptosis.

Another non-invasive method to treat AD is exercise.
Physical activity is known to promote brain health and
improve cognitive functioning in the elderly; it has also
been shown to increase hippocampal size and increase
BDNF levels and neurogenesis [59, 60]. Exercise plays an
important role in protecting against cognitive disorders
due to dementia [61], and studies have reported low
plasma AP and brain amyloid levels in people with low
levels of physical activity [62]. In addition, in various AD
animal models, exercise has been shown to delay or pro-
tect against the progression of AD by reducing AP and
hyperphosphorylated tau protein [63-66], activating p-
Akt and p-GSK3p, and reducing hyperphosphorylated
tau levels [67]. As shown, exercise can play an important
role in AD treatment including regulation of tau and AP
in many of the previous studies. In addition, exercise-
induced neuronal activity in the hippocampus requires
increased mitochondrial capacity to produce ATP from
oxidative phosphorylation of glucose. As a result, ROS
may accumulate, but exercise may activate mitochon-
drial function and mitigate ROS-induced neurotoxins,
and the protective effect of exercise against ROS produc-
tion may be important in the hippocampus of patients
with AD [68]. Exercise also improves hippocampal func-
tion by alleviating ROS such as H,O, and inducing Ca**
retention in hippocampal mitochondria under various
neurotoxic conditions, and that mitochondrial function
activated by exercise decreases apoptosis [69]. Further-
more, Af-dependent cell death is significantly sup-
pressed after exercise in the hippocampus of an AD
model [70]. In addition, exercise increases synaptic plas-
ticity in the hippocampus, and Revilla et al. [71] found
increased synaptophysin and PSD95 protein expression
in the hippocampus of the 3xTg AD model.
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In the present study, mitochondrial function and neu-
roplasticity were improved by AP and tau overexpression
in an AD animal model through exercise as in the previ-
ous study. However, the therapeutic benefit of this in pa-
tients with AD remains controversial. Our study showed
that exercise along with a non-invasive approach such as
40-Hz light flickering led to a significant improvement
in AD patients, which was an important conclusion. Al-
though much research on 40-Hz light flickering is still
needed, AP and tau protein levels were suppressed, and
the improvement in A and tau expression caused by
40-Hz light flickering may have induced various positive
cellular effects. Thus, under these circumstances, exer-
cise may have a positive effect on this AD animal model
as a complimentary therapy to 40-Hz light flickering.

Conclusion

Many previous studies have suggested that AP and tau
are important pathological factors in AD pathogenesis.
Abnormal expression of AP and tau in the hippocampus
may induce a variety of changes such as decreased mito-
chondrial function, apoptosis, decreased neurogenesis,
and reduced synaptic-related proteins, which may cause
a decline in cognitive functioning. However, if gamma
oscillation can be stabilized through the visual stimula-
tion of 40-Hz light flickering, exercise may improve cog-
nitive functioning, as these two non-invasive methods
produced a synergistic effect, which improved mitochon-
drial function and neuroplasticity by reducing AP and
tau levels. Further research is needed to determine the
effectiveness of these non-invasive methods in various
models and their clinical applications.
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