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Abstract

Although liver is rich in peroxisome proliferator-activated receptor a. (PPARa), recently we have
described the presence of PPARa in hippocampus where it is involved in non-amyloidogenic
metabolism of amyloid precursor protein (APP) via ADAM10, decreasing amyloid plaques

and improving memory and learning. However, mechanisms to upregulate PPARa. /in vivo

in the hippocampus are poorly understood. Regular exercise has multiple beneficial effects

on human health and here, we describe the importance of regular mild treadmill exercise in
upregulating PPARa. /n vivo in the hippocampus of 5XFAD mouse model of Alzheimer’s disease.
We also demonstrate that treadmill exercise remained unable to stimulate ADAM10, reduce
plaque pathology and improve cognitive functions in 5XFADAPPARA mice (5XFAD mice lacking
PPARa). On the other hand, treadmill workout increased ADAM10, decreased plaque pathology
and protected memory and learning in 5XFADAPPARB mice (5XFAD mice lacking PPARR).
Moreover, the other PPAR (PPARy) also did not play any role in the transcription of ADAM10 /n
vivo in the hippocampus of treadmill exercised 5XFAD mice. These results underline an important
role of PPARa in which treadmill exercise remains unable to exhibit neuroprotection in the
hippocampus in the absence of PPARa.
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Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease and constitutes
approximately two-thirds of all cases of dementia (Reitz et al., 2011). AD is pathologically
characterized by amyloid plaque, neurofibrillary tangles and loss of synapses in the brain.
These hallmarks of AD are mostly evident in the cortex and hippocampus (Braak and Braak,
1991; Selkoe, 1993) and it progressively impairs memory, judgment, decision making and
language (Nussbaum and Ellis, 2003). Although the precise physiologic changes that trigger
development of AD remain unknown, abnormal metabolism of the type 1 transmembrane
amyloid precursor protein (APP) into amyloid-p plays a causative role in AD (LaFerla et al.,
2007).

Several proteases have been suggested as AD-relevant a-secretases, many of which

belong to the ADAM (a disintegrin and metalloproteinase) family of widely expressed,
transmembrane and secreted proteins including ADAM9, ADAM10 and ADAM17 of
approximately 750 amino acid length (Huovila et al., 2005). In general, these proteins
having Zn2* sheddase activity are involved in cell adhesion and proteolytic processing of the
ectodomains of diverse cell-surface receptors and signaling molecules (Huovila et al., 2005;
Seals and Courtneidge, 2003). Amongst, ADAM10 has emerged as the constitutive and
inducible APP a-secretase in neurons (Kuhn et al., 2010). Studies on AD research evidenced
that neuron-specific overexpression of ADAM10 decreases AP load in a mouse model of
AD (Postina et al., 2004), and impaired ADAM10 trafficking to the synapse generates a
model of sporadic AD (Epis et al., 2010). In human studies, deficits in ADAMZ10 expression
(Colciaghi et al., 2004), trafficking (Marcello et al., 2013), and activity (Colciaghi et al.,
2002) have been observed in AD patients, highlighting that dysregulation of ADAM10
plays a fundamental role in the establishment of AB pathology. Therefore, attempts to
upregulate the ADAM10 a-secretase expression may be crucial to delineate new therapeutic
approaches on the clearance of Ap plague burden in AD.
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Despite intense investigations, effective or disease-modifying therapies for AD are still
lacking. Recently, treadmill exercise has emerged as a non-pharmacologic approach to

exert positive effects in the brain. While in one hand, treadmill workout upregulates the
neurotrophic factors (viz., BDNF and GDNF) to maintain the normal brain activity (Fang et
al., 2013; Xiong et al., 2015), it also improves the memory and cognitive functions (Moore
et al., 2016; Thomas et al., 2020; Xiong et al., 2015). Some studies have also shown that
treadmill running alleviates Ap deposition (Koo et al., 2017; Thomas et al., 2020). However,
according to Zhao et al (Zhao et al., 2015), treadmill run is unable to lower Ap pathology in
hippocampi of APP/PS1 mice.

In the present study, we demonstrated that treadmill workout upregulated a.-secretase
ADAM10, but neither BACE1 nor PSEN1, and reduced the level of AB plaques /n vivo

in the hippocampus of 5XFAD transgenic (Tg) mouse model of AD. While studying
underlying mechanisms, we found that treadmill exercise upregulated PPARa to stimulate
the transcription of ADAMI0 in vivo in the hippocampus, leading to the reduction of
endogenous AP production by shifting APP processing towards the non-amyloidogenic
a-secretase pathway. Peroxisome proliferator-activated receptors (PPARS) are a group of
nuclear hormone receptor family transcription factors that are known to control metabolism
of lipids and glucose, energy metabolism, adipogenesis, etc. (Marcus et al., 1993). Here,
we demonstrate that treadmill exercise remained unable to upregulate ADAM10, decrease
plagues and improve memory in Tg mice lacking PPARa, but not PPAR, highlighting
an important role of PPARa in treadmill exercise-mediated beneficial effects in the
hippocampus.

Materials and methods

Reagents

Cy2- and Cy5-conjugated secondary antibodies were obtained from Jackson Immuno-
Research Laboratories (West Grove, PA). Details about primary antibodies are given in
Table S1.

Animals: 5XFAD [(APPwFILon, PSEN1*M146L*L286V)6799Vas/J-transgenic] mice,
referred to here as transgenic or Tg, were purchased from the Jackson laboratory
(Chakrabarti et al., 2021; Modi et al., 2015). Non-transgenic (Non-Tg) mice generated
during breeding and genotyping of 5XFAD mice were also allowed to age to be used as
age- and background-matched controls for 5XFAD mice in experiments. PPARa ™~ mice
were purchased from the Jackson laboratory. PPARB ™~ mice, kindly provided by Dr. Frank
Gonzalez of National Institutes of Health, are also present in our lab (Ghosh et al., 2012;
Ghosh et al., 2015; Jana et al., 2012). 5XFADAPPARa mice (5XFAD mice lacking PPARa),
referred here as TgAPPARe mice, were developed earlier in our lab (Corbett et al., 2015).
These mice were maintained Tg for the 5XFAD mutations and homozygous for the PRARa
null allele through genotyping (Patel et al., 2018; Patel et al., 2020b). Mice were housed in
a specific pathogen-free state-of-the art animal care facility of the Cohn Research Building
of the Rush University Medical Center at 72°F with a 12 h light/12 h dark cycle and 50%
humidity. Food and water were available ad /ibitum. Daily veterinary care were provided to
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all animals by the Vivarium staff under the supervision of the attending veterinarian, Jeffrey
P. Oswald, DVM, DACLAM. Animals care and experiments were performed in accordance
with National Institutes of Health guidelines and were approved (protocol # 18-045) by the
Rush University Medical Center Institutional Animal Care and Use Committee. Six-month-
old male and female mice were used for experiments.

Treadmill running exercise

Treadmill exercise was carried out as described (Choi et al., 2021; Koo et al., 2017; Zhao et
al., 2015) with minor modifications. Briefly, before starting the treadmill running exercise,
all mice were transferred to animal behavior study room separated from the main animal
housing facility. All animals were kept in this room during the exercise procedures in

order to minimize environmental disruptions among the mice not subjected to the exercise
protocol. Moreover, during treadmill exercise, each mouse was housed in a separate cage.
Mice in the treadmill exercise group (TE group) received one-week of habituation period
to familiarize in the treadmill environment. Since six-month-old 5XFAD (Tg) mice with
established plaque pathology were used for the experiment, mice were allowed to run on
treadmill for 2 months. During the habituation period, mice were gently trained to learn
how to run on a rotating belt of a motorized treadmill (11Tc Life Sciences-800 Series
Treadmill Ltd), a digitally controlled unit with high degree of repeatability. Mice performed
the following speed sequences daily: 5m/min for 5 min, 6m/min for 5min, 8m/min for 60
min, and reduced gradually to 5m/min for 5 min at the end of exercise protocol. Mice in
non-treadmill exercise control group (TC groups) were placed on a static treadmill for the
same amount of time. If needed, to encourage mice to run on treadmill, mice were gently
pushed with a small stick. In some cases, mice were forced to run on treadmill belt by a
transient and mild electrical stimulation constantly delivered from the fixed stainless-steel
bars located at the beginning of treadmill platform. However, despite 7 days of trials,
whenever any mouse was receiving repeated electrical stimulation (more than one per day)
or trying to take rest on the side, it was excluded from the exercise procedure. As a result, a
total of 12 mice from all different groups were excluded from the study.

Immunoblotting

Western Blot experiment was performed as described previously (Ghosh et al., 2012; Ghosh
et al., 2015). Briefly, the mice were euthanized, and hippocampus region with coordinates
-1.5mm AP and —-1.5 mm ML was rapidly dissected from the brain on ice after treadmill
exercise. The weight of tissue (25 mg) was measured and then stored at —80°C until the
assay. Tissue was dissolved and homogenized in buffer (RIPA buffer or CHAPS buffer)
containing protease and phosphatase inhibitors (Sigma) on ice, followed by a spin of

30 min/15000 rpm at 4°C. The supernatant was then collected and analyzed for protein
concentration by using the Bradford method (Bio-Rad). Next, SDS sample buffer was added
to 30-50 pg of total protein and boiled for 5 min. Denatured samples were electrophoresed
on custom-made SDS-polyacrylamide gels (10%—-15%) or NUPAGE Novex 4-12% Bis-Tris
gels (Invitrogen) using the Tris/Glycine/SDS buffer, followed by the proteins transferred
onto a nitrocellulose membrane (Bio-Rad) using the Thermo-Pierce Fast Semi-Dry Blotter.
Following the transfer of proteins, the membrane was then washed for 15 min in PBS plus
0.1% Tween-20 (PBST) and blocked for 1 hour with blocking buffer (Li-Cor Biosciences).
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Later, the membranes were incubated overnight 4°C under shaking condition with primary
antibodies (Table S1). The next day, membranes were washed in PBST (3 washes 10 min
each) and incubated in secondary antibodies for 1 hour at room temperature. Following
washes in PBST, membranes were visualized under the Odyssey Infrared Imaging System
(Li-Cor, Lincoln, NE).

Densitometric analysis.—Densitometric quantification of the immunoblots was
performed using ImageJ (NIH, Bethesda, MD) as described before (Dutta et al., 2021).
Protein bands were normalized using their respective B-Actin loading controls. Data are
representative of the average fold change with respect to control.

Immunohistochemistry (IHC).—Following the treadmill running exercise, mice

were anesthetized and perfused intracardially with ice-cold PBS and then with 4%
paraformaldehyde solution in 0.1M phosphate buffer, pH 7.4. The brains were dissected,
labeled and post-fixed in paraformaldehyde overnight at 4°C. Next day, the brains were
stored in phosphate buffer containing 30% sucrose at 4°C. Then the brains were cut, and
hippocampal sections were saved in serial order at —20°C until immunostained as described
previously (Ghosh et al., 2007; Ghosh et al., 2009; Raha et al., 2021a).

IHC using the fluorescence microscopy.—It was performed as described (Chandra
et al., 2018; Patel et al., 2018). Briefly, the half brains were incubated with 4%
paraformaldehyde, followed by incubation in 30% sucrose overnight at 4°C. Brains were
then embedded in optimal cutting temperature medium (Tissue Tech) at —80°C and
processed for conventional cryosectioning. Free floating brain sections (40 um thickness)
were initially washed with PBSTT (PBS + 0.1% Triton X + 0.1% Tween-20) and blocking
with 2% BSA in PBSTT for 1 hour at room temperature. Sections were incubated with
double labeling primary antibodies at 4°C overnight under shaking condition. Next day,
sections were washed again with PBSTT and were further incubated with Cy, and Cys
(Jackson ImmunoResearch Laboratories, Inc.) conjugated secondary antibody for 1 hour
at room temperature. Following washes in PBSTT, the stained sections were mounted on
gelatin-coated slides and allowed to air-dry. The slides were then rehydrated in double
distilled water and then gradually dehydrated in successive baths of ethanol (i.e., 50%,
70%, 90%, 95% and 100%). Finally, the slides were given two baths in 100% xylenes,
cover-slipped and dried in dark hood.

The AR plaques in brain tissue were detected by thioflavin-S staining as described before
(Chandra et al., 2018; Chandra et al., 2019a; Raha et al., 2021b). In thioflavin-S and
amyloid-p 6E10 co-labeling, following the primary and secondary antibody incubation for
6E10, sections were incubated in 0.05% thioflavin-S for 5 min. The sections were then
washed in 50% ethanol and PBS followed by the mounting on a glass slide. Next, the
sections were allowed to air-dry in dark hood and visualized under an Olympus-BX41
fluorescence microscope.

IHC using the light microscopy.—Free-floating brain sections (40 pm thickness)
were stained using standard immunohistochemical techniques as described previously
(Chandra et al., 2016; Chandra et al., 2017; Dutta et al., 2021). Following washes in
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dilution media, sections were incubated with sodium meta-periodate in Tris-buffer to block
endogenous peroxidase for 20 minutes and again washed with dilution media. Sections were
blocked in 2% BSA in PBS with 1% horse serum for 60 minutes, followed by overnight
incubation with primary antibodies under shaking conditions at 4°C. Next day, sections were
washed and incubated with secondary antibody (1:200, biotinylated Vector Laboratories,
Burlingame, CA 94010) for 1 hour at room temperature, followed by washing with dilution
media. Vectastain Elite ABC peroxidase kit (Vector laboratories) was used for visualization
using 0.06% 3,3’-diaminobenzidine (Sigma) and H,O». Sections were then mounted on
gelatin-coated glass slides and allowed to air-dry. The slides were then rehydrated in double
distilled water and gradually dehydrated in successive baths of ethanol (i.e., 50%, 70%,
90%, 95% and 100%). The slide was given two baths in 100% xylenes, cover-slipped and
dried at room temperature. Stained sections were viewed and photographed using a Nikon
Olympus BX61-VCB microscope.

Estimation of hippocampal volume

Hippocampal volume was measured using the Cavalieri estimator as described previously
(Redwine et al., 2003; Yuede et al., 2009). Briefly, we used Stereo Investigator software
(Micro-BrightField, Williston, VT) driving a motorized stage on a Zeiss Axioplan 2ie

on NeuN-immunostained sections. The section thickness was empirically determined in
each tissue sections and average of sections was calculated. Then the area of interest was
generated with contours drawn in stained sections using 1.25 x objective and the estimation
of the area of interest was performed by means of 50 x 50 um point grid.

Campbell-Switzer silver staining of Ap plaques.—After the completion of treadmill
running exercise, mice were anesthetized and perfused with ice-cold PBS and then with

4% paraformaldehyde solution in PBS followed by dissection of brain from each mouse
for Campbell-Switzer silver staining as described in earlier studies (Lavenir et al., 2019).
Briefly, half brains were incubated in 4% paraformaldehyde, followed by 10% sucrose for
3 hours and 30% sucrose overnight at 4°C. Brains were then embedded in optimal cutting
temperature medium (Tissue Tech) at —80°C and processed for conventional cryosectioning.
Briefly, the sections were incubated in freshly prepared 2% ammonium hydroxide for 5
min. Then, sections were placed in a silver-pyridine-carbonate solution for 40 min, 1%
citric acid for 3 min, and 0.5% acetic acid until ready for development. Next, the sections
were developed in Physical Developer ABC solution (containing Na carbonate citric acid,
tungstosilicic acid and formaldehyde) with the development time being visually assessed.
The development was stopped by briefly placing the sections in 0.5% acetic acid. The
stained sections were then mounted on gelatinized glass slides and allowed to air-dry. Next,
the slides were rehydrated in double distilled water and gradually dehydrated in successive
baths of ethanol (i.e., 50%, 70%, 90%, 95% and 100%). Then the slide was given two
baths in 100% xylenes, cover-slipped and dried at room temperature. Stained sections were
observed and photographed using the Nikon Olympus BX61-VCB microscope and the
number, density, size of plaque loads was quantified and compared between the mice with
and without treadmill running exercise.
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Measurement of Mean fluorescence intensity (MFI).—The MFI measurement was
conducted using the “measurement module” of the Microsuite V Olympus software as
described (Chakrabarti et al., 2019). Briefly, the images were opened in their specific
channel in order to analyze MFI of PPAR a or B or y in brain. Later, measurement module
was opened followed by the selection of two parameters, viz., perimeter and MFI. We
outlined a rectangular box to obtain a perimeter and then associated MFI in that obtained
perimeter was automatically measured. The MFI was finally analyzed after subtracting the
value with the background signal of respective images (Chandra et al., 2018; Rangasamy et
al., 2018).

Counting of Ap plagues.—Amyloid plaques in hippocampus and cortex were counted
using the touch-counting module of the Olympus Microsuite V software (Chandra et al.,
2018; Raha et al., 2021b). Briefly, captured images were opened in the Infinity image viewer
window and the area of the entire image was measured by drawing a rectangular object
around the image. Subsequently, the plaques were counted by touch counting. Both area of
the image and counted signals were exported in the excel sheet and calculated as a unit of
number of signals per square millimeter area.

ELISA for Ap1_42 and AP1_40.—It was performed as described before (Corbett et al.,
2015; Rangasamy et al., 2015). Briefly, hippocampal tissues were homogenized in TBS
and pelleted for 30 minutes at 150,000 g. The pellet was resuspended in 3 volumes (w/v
original tissues weight) of TBS plus 1% Triton X-100, pelleted for 30 minutes at 150,000
g, and the supernatant recovered stored. Samples were assayed for protein concentration
and diluted 10-fold prior to performing ELISA according to the manufacturer’s instructions
(BioLegend). Sensitivity of both AB1_42> and AB1_4o Kits is 0.49 + 0.16 pg/mL.

In situ chromatin immunoprecipitation (ChIP) assay

In situ ChIP was performed as described (Dutta et al., 2021; Paidi et al., 2021). Briefly,
animals were perfused with PBS and then PBS containing 4% paraformaldehyde followed
by isolation of hippocampus for the isolation of DNA using the phenol-chloroform-
isopropyl alcohol method of DNA isolation. ChIP was performed on the cell lysate

by overnight incubation at 4 °C with 2 ug of anti-PPARa., anti-CBP or anti-RNA
polymerase 11 antibodies followed by incubation with protein G agarose (Santa Cruz
Biotechnology) for 2 h. The beads were then washed with cold IP buffer, and a total

of 100 ul of 10% Chelex (10 g/100 ml H,0) was added to the washed protein G

beads and vortexed. The Chelex/protein G bead suspension was boiled for 10 min and

then allowed to return to room temperature. Proteinase K (100 ug/ml) was then added,

and the beads were incubated for 30 min at 55°C while shaking, followed by another
round of boiling for 10 min. The suspension was centrifuged, and the supernatant was
collected. This elute was used for conducting semi-quantitative and real-time PCR. The
PPRE-containing fragment (205 bp) of the mouse ADAM10 promoter was amplified using
the following primers: sense: 5'-CCCTCAGGATCGATGCACCGCGGTT-3’, antisense: 5’-
TGAGAGGTATCATAATCAAGTACTT-3". For real-time PCR, data were normalized with
the input and the fold change with respect to the untreated control was calculated.
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Open field behavior test.—This test was conducted as described in our earlier studies
(Rangasamy et al., 2019; Rangasamy et al., 2020). Briefly, mice were allowed to move
freely to explore an open field arena (i.e., a wooden floor square arena measuring 40x40cm.
with walls 30cm high) for 5 min. A video camera 6 (Basler Gen | Cam — Basler acA
1300-60) connected to a Noldus computer system was fixed in top facing-down on the center
of open field arena. Each mouse was placed individually on center of the arena and the
performance of mice was monitored by the live video tracking system. The central area

was arbitrarily defined as a square of 20x20cm (half of the total area). Stress-related and
exploratory parameters were analyzed that include frequency and time spent at each area
(center and corner) and locomotor activity.

Barnes maze test.—Spatial learning and memory was tested by Barnes maze as
described previously (Patel et al., 2020b; Rangasamy et al., 2018; Roy et al., 2013). Briefly,
mice were trained for 2 consecutive days followed by examination on day 3 in Barnes

maze test. During the training session, the overnight food-deprived mouse was placed in the
middle of maze within a cylinder start chamber. After 10 seconds, the start chamber was
removed to allow the mouse to move around the maze to find out the color food chips in the
escape tunnel. The session was ended when the mouse entered the escape tunnel. Then the
maze and escape tunnel were thoroughly cleaned with a mild detergent to avoid the ability
of animals to use any olfactory clues cognitive influences between the testing session. On
day 3, a video camera (Basler Gen | Cam — Basler acA 1300-60) connected to a Noldus
computed system was placed above the maze and was illuminated with high wattage light
that generated enough light and heat to motivate animals to enter into the escape tunnel.
The performance was monitored by the video tracking system (Noldus System). Cognitive
parameters were analyzed by measuring latency (duration before all four paws were on the
floor of the escape box) and errors (incorrect responses before all four paws were on the
floor of the escape box).

T-maze test.—Mice were habituated for 2 days under food-deprived conditions before
conducting T-maze test (Patel et al., 2020b; Rangasamy et al., 2018). All the mice received
food reward for at least 5 times over a 10-min period of training. During each trial, mice
were placed in the starting point for 30s and then forced to make a right arm turn which
was always provided with color chips as food reward. On entering the right arm, they were
allowed to stay there for 30-45s, then returned to the start point, held for 30s, and then
allowed to make right turn again. Between each testing session, T-maze was cleaned with
mild detergent solution so as to reduce the animal’s ability to use any olfactory clue. On
day 3, mice were tested for making positive turns and negative turns. The food-reward side
was always associated with a visual cue. Number of times the animal moves to right arm of
T-maze and eats the food reward would be considered as a positive turn. Mice were allowed
to make 10 trials and the number of positive and negative turns were recorded.

Novel-object recognition (NOR) test.—The NOR test was performed to examine the
short-term memory as described before (Rangasamy et al., 2020; Rangasamy et al., 2018).
Briefly, during the training period, the mice were placed in an open field arena (i.e., a
wooden floor square arena measuring 40x40 cm. with walls 30 cm high). Two plastic
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objects (between 2.5 and 3 inches) that varied in color, shape, and texture were placed

in specific locations in the environment 18 inches away from each other. A video camera
(Basler Gen | Cam — Basler acA 1300-60) connected to a Noldus computed system was
fixed in top facing-down on the center of open field arena. The mice were allowed to
explore freely the environment and objects for 15 min and were then placed back into their
individual home cages. After 30 min, mice were placed back into the environment with
two objects in the same locations, but now one of the familiar objects was replaced with a
third novel object. The mice were then again allowed to explore freely both objects for 15
min and the duration spent by the mice towards the novel object was measured. Between
each testing session, the objects and open field arena were thoroughly cleaned with a mild
detergent so as to avoid the animal’s ability to use any olfactory clue.

Statistical analysis.—Based on our previous studies of similar type and complexity, six
mice are expected to give > 80% power for all behavioral experiments. Statistical analyses
were performed with Student’s £test for two-group comparison and one-way ANOVA
followed Tukey’s multiple comparison tests as appropriate for multiple comparison by using
GraphPad Prism 9. Data are represented as mean + SEM.

Treadmill exercise alters the level of a, B and y secretases in hippocampus of 5XFAD (TQg)

mice.

APP-related secretases play an essential role in the formation of amyloid plaques. Therefore,
we investigated the effect of treadmill exercise on the level a-secretases (ADAM10 and
ADAML1Y), B-secretase (BACEL) and the y-secretase catalytic component presenilin-1 or
PSENL1 in the hippocampus of Tg-mice. After removal of the prodomain, enzymatically
mature ADAMSs are transported to the cell membrane. As a result, membrane fractions are
enriched in mature ADAM10 and mature ADAM17. Nondenaturing solubilization of the
membrane pellet or the hippocampus as a whole in 1% CHAPS buffer greatly increases the
extraction of a truncated, transmembrane C-terminal ADAM10 fragment (ADAM10CTF)
(Tousseyn et al., 2009). While monitoring these molecules in Tg and age-matched non-Tg
mice, we observed decreased levels of pro and mature ADAM10 and ADAM17 as well

as ADAM10 CTF in the hippocampus of Tg mice as compared to non-Tg mice (Fig.

1A, B, E, F, G, H, & I). However, 2 months of treadmill exercise markedly restored

and/or increased the levels of pro and mature ADAM10 and ADAM17, and ADAM10
CTF in the hippocampus of Tg mice (Fig. 1A, B, E, F, G, H, & I). DAB immunostaining
of hippocampal-CA1 (Fig. 1L-N) and cortical (Fig. 1L—N) sections also confirmed the
decrease in ADAM10 in the CNS of Tg mice, which increased after treadmill run (Fig.
1L-N). Similar results were seen in dorsal, ventral and DG areas (Fig. SIA-D). In contrast,
the levels of BACE1 and PSENL increased in the hippocampus of Tg mice as compared to
non-Tg mice (Fig. 1C, D, J, & K). Moreover, treadmill run was able to suppress the level
of BACE1 and PSENL in the hippocampus of Tg mice (Fig. 1C, D, J, & K). Together,
these results illustrate that treadmill exercise is capable of upregulating the expression of
a-secretases ADAM10 and ADAM17 and decreasing BACEL and PSENL in the CNS of
Tg-mice.
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Having confirmed that treadmill run upregulates the level of a-secretases and downregulates
B- and y-secretases in Tg mice, we next intended to examine whether treadmill workout
could do the same in hon-Tg mice as it would have implications to maintaining healthy
brains in normal individuals. Therefore, 6-month old non-Tg mice were trained and allowed
to perform the running exercise on treadmill for two months followed by monitoring the
levels of ADAM10, ADAM17, BACEL, and PSENL1 in the hippocampus. Consistent to that
observed in non-Tg mice, treadmill run also increased the expression of both precursor

and mature ADAM10 and ADAML17 in the hippocampus (Figure 2 B, G, H). On the other
hand, levels of BACE1 and PSEN1 decreased in the hippocampus of non-Tg mice after
treadmill run (Figure 2 C, D, I, & J). Together, treadmill exercise is capable of upregulating
a secretase and downregulating p and -y secretases in hippocampus of both Tg and non-Tg
mice.

Earlier it has been shown that both voluntary and forced exercise increases hippocampal
volume in Tg2576 mouse model of AD (Yuede et al., 2009). Therefore, we monitored
whether our treadmill paradigm also could increase hippocampal volume in 5XFAD or Tg
mice. As monitored using the Cavalieri estimator (Fig. S2A), Tg mice at 8 months of age
exhibited reduction (p < 0.001) in hippocampal volume as compared to non-Tg mice (Fig.
S2B). This result is consistent to that observed in other mouse model of AD (Yuede et al.,
2009). However, 2-month of treadmill run significantly (p < 0.001) increased hippocampal
volume in Tg mice (Fig. S2B).

Treadmill exercise reduces the Ap burden in the hippocampus of Tg-mice.

Amyloid plaque is a major pathological hallmark of AD, which is demonstrated in Tg
mice (Oakley et al., 2006; Corbett et al., 2015). Since treadmill run increased a-secretase
and decreased p- and y-secretases, we examined whether running exercise on treadmill
was capable of reducing the load of amyloid plaques from the hippocampus of Tg-mice.
Immunoblot analysis of hippocampal tissue homogenates using the 82E1 mAb (Fig. 3A-
B) and 6E10 mAb (Fig. S3A—C) showed significantly higher level of A plagues in

the hippocampus of Tg-mice compared with non-Tg mice. However, treadmill exercise
significantly reduced the level of A with a parallel downregulation of -CTF in the
hippocampus of Tg-mice (Fig. 3A-B & Fig. S3A-C). Later, to examine the Ap deposition
in the brain, we also performed double labeling of hippocampal sections with thioflavin-S
(Thio-S), a classic amyloid-binding dye that detects B-pleated sheet of the amyloid plaques
and Ap-specific monoclonal antibody 6E10. Analogous to immunoblot results, there was
markedly higher number of Thio-S positive and Ap immunoreactive plaques in Tg mice
without treadmill exercise (Fig. S3D-E). However, running exercise on treadmill was able
to ameliorate the plaque load in Tg-mice (Fig. S3D-E). In addition, quantitative analysis
of Thio-S staining revealed that treadmill workout led to a significant reduction in the
Thio-S positive bodies in the cortex and hippocampus of Tg-mice (Fig. S3F-H). Similar
results were noticed with diaminobenzidine staining of hippocampal sections using 82E1
antibody. Briefly, we observed robust amyloid deposition in the hippocampus of Tg mice
that decreased after treadmill exercise (Fig. 3C-D). Accordingly, we also noticed marked
reduction in the plaque size and density in the hippocampus of Tg mice after treadmill run
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(Fig. 3E-F). Collectively, these results demonstrate that treadmill exercise can significantly
attenuate the burden of amyloid plaques in the hippocampus region of Tg-mice.

Treadmill exercise upregulates ADAM10 via PPARa in the hippocampus of Tg-mice.

Next, we examined mechanism by which treadmill could upregulate ADAM10 in the
hippocampus of Tg mice. Earlier we demonstrated that activation of PPARa upregulates
ADAMLI0 in hippocampal neurons (Chandra et al., 2018; Corbett et al., 2015). Therefore, we
tried to explore the role of PPARa in neuroprotective role of treadmill run. Double-labeling
of hippocampal and cortical sections with NeuN and PPARa revealed significant decrease in
PPARa in cortex and hippocampus of Tg mice as compared to non-Tg mice (Fig. S4A-D).
Western blot analysis of hippocampal extracts also corroborated this finding (Fig. S4AE-F).
However, 2 months treadmill exercise markedly increased the level of PPARa in the CNS

of Tg mice (Fig. 2A-F), prompting us to investigate its role. Therefore, we used 5XFAD
mice lacking PPARa (abbreviated here as TgAPPAR®) for treadmill run. As evident from
Western blot analysis, treadmill run increased the levels of pro and mature ADAM10 in

the hippocampus of Tg, but not TgAPPAR mice (Fig. 4A-C). DAB immunostaining of
cortical and hippocampal sections with antibodies against ADAM10 also revealed increase
in ADAM10 in the CNS of Tg, but not TgAPPARe mice by treadmill workout (Fig. 4D-F).

Treadmill exercise reduces the amyloid pathology in Tg-mice via PPARa.

Based on the observation that treadmill exercise upregulates the PPARa level and thus
triggers the expression of ADAMZ10 enrichment in hippocampus, we next examined the role
of PPARa in amyloid plaque-APPARa lowering effect of treadmill exercise in Tg mice.

It is pertinent to point out that Tg mice without treadmill run exhibited markedly more
amyloid pathology relative to Tg-mice minus treadmill (Fig. 5), signifying that ablation of
PPARa is a contributing factor for driving more amyloidogenesis in these Tg-mice. Both
Tg-mice and Tg2PPAR® mice were allowed performing running exercise on treadmill for 2
months followed by Western blot analysis of hippocampal extracts. In contrast to Tg-mice,
running exercise on treadmill was ineffective in reducing amyloid pathology in TgAPPARa
mice, indirectly PPARa activation by treadmill exercise could be the underlying mechanism
behind its amyloid-attenuating effects (Fig. 5A-C).

Double labeling of hippocampal sections with Thio-S and AB-6E10 using the monoclonal
antibody 6E10 exhibited a similar pattern of results. In contrast to Tg mice, running exercise
of Tg2PPARa mice on treadmill did not show any amelioration in amyloid deposition (Fig.
5D-E). Quantitative analysis of Thio-S positive Ap plaques also revealed no reduction in
area (Fig. 5F-G), count (Fig. 5H-1), and size (Fig. 5J-K) of plaques in the hippocampus
of TgAPPARa mjce, but not Tg mice, after treadmill run. To confirm further, we also
performed Camphell-Switzer Silver staining (Fig. S5A) to demonstrate the characteristics
of A plaques in both Tg and Tg2APPAR mice and found decrease in plaques in cortex

and hippocampus of Tg mice, but not Tg APPARa mice, after treadmill run. Results were
confirmed by quantitative analysis of number (Fig. S5B), density (Fig. S5C) and area
(Fig. S5D) of plagues. Overall, these results indicate that treadmill exercise could alleviate
amyloid pathology in Tg mice in a PPARa-dependent manner.
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Treadmill exercise protects memory in Tg-mice via PPARa.

One of the major therapeutic goals in AD research is to protect the memory and learning.
The hippocampus is part of limbic system that regulates the generation of long-term memory
and spatial learning. Our Tg-mice model successfully recaps memory deficits, which is one
of the major characteristics of AD. Therefore, we analyzed the effect of treadmill exercise
on amelioration of memory behavior in Tg-mice. Many studies have previously used PPARa
agonists to enhance memory via CREB (Patel et al., 2018; Patel et al., 2020b; Roy et al.,
2013; Roy et al., 2016); however, the benefit of treadmill exercise as a “non-pharmacologic”
therapeutic strategy on memory improvement at detailed molecular level has not yet studied.
After running exercise on the treadmill, memory functions of mice were analyzed by Barnes
maze, T-maze, and Novel object recognition test. As reported earlier (Patel et al., 2018;

Patel et al., 2020b; Raha et al., 2021b), control Tg mice did not find the reward hole

easily as these mice required more time (latency) and made more errors as compared to
age-matched non-Tg mice (Fig. S6A-C). However, treadmill exercised Tg mice were as
capable as non-Tg control mice in finding the target hole, with less latency and fewer errors
(Fig. SBA-C). Likewise, Tg mice without treadmill run exhibited a lower number of positive
turns and a higher number of negative turns than non-Tg mice in T-maze test (Fig. S6D—

E). However, we noticed that Tg mice with treadmill exercise exhibited significantly more
positive turns and less negative turns than Tg mice without exercise (Fig. S6D-E). These
results delineate the beneficial effect of treadmill exercise in improving spatial learning

and memory in Tg mice. Similarly, we also examined short-term memory by novel-object
recognition test as described before (Rangasamy et al., 2018). This task mainly used to
evaluate cognition behavior and it requires no external motivation, reward or punishment and
completed in a shorter period with minimal stress. Tg-mice without any exercise showed
profound impairment in short-term memory as evidenced by novel-object exploration time
as compared to age-matched non-Tg mice (Fig. S6F-G). Conversely, we noticed significant
improvement in this memory test in Tg-mice following treadmill exercise (Fig. S6F-G).

Next, we examined whether treadmill exercise-mediated recovery of memory functions is
dependent on PPARa by comparing the memory behavior between Tg-mice and TgAPPARa
mice after treadmill workout. Although treadmill exercise recovered or improved spatial
learning and memory of Tg-mice, it did not show any improvement for TgAPPAR® mice as
evident from Barnes maze and T-maze (Fig. SBA-E). Similarly, in novel-object recognition
test as well, no such improvement in this behavior was noticed in Tg2PPAR® mice upon
treadmill exercise (Fig. S6F-G). Later, we examined the general locomotor functions of
different groups of mice by open field behavior test and found no significant difference in
velocity (Fig. S6H) of these mice, indicating that the enhancement of memory functions is
specific and not due to any effect on motor activity of these groups of mice. Collectively, the
results of this study delineate that treadmill run improves cognitive functions of Tg-mice via
PPARa.

Treadmill exercise does not need PPARP to upregulate ADAM10 and reduce amyloid
pathology in Tg mice.

Similar to PPARa, PPARP is also present in the brain to play a role in different brain
activities including myelination (Jana et al., 2012). Therefore, next, we examined the
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role of PPARP in neuroprotective effects of treadmill exercise. First, we studied whether
treadmill exercise upregulated the expression of PPARP in hippocampus region of Tg-mice.
Immunofluorescence staining of hippocampal and cortical sections as well as immunoblot
analysis of hippocampal tissue extracts for PPARB demonstrated that in contrast to PPARa,
the level of PPARP did not decrease in the CNS of Tg mice as compared to non-Tg mice
(Fig. STA-E). Moreover, treadmill exercise remained unable to modulate PPAR in the
hippocampus of Tg-mice (Fig. STA-E). Next, to further investigate the role of PPAR, we
generated Tg2APPARB mice (5XFAD mice lacking PPARP) via breeding 5XFAD mice with
PPARP null mice (Fig. S8). Primers for genotyping Tg2PPARB mice are given in Table S2.
Although treadmill workout did not increase the level of ADAM10 in the hippocampus

of TgAPPARa mjce (Fig. 4), similar to Tg mice, we found upregulation in both pro and
mature ADAM10 in the hippocampus of TgAPPARB mice after treadmill run (Fig. S9A-

C), suggesting that treadmill run does not require PPARP to upregulate ADAM10 in the
hippocampus of Tg mice.

Next, we examined the role of PPARR in plaque lowering effect of treadmill. We performed
DAB staining of hippocampal sections using the 6E10 mAb to demonstrate the features of
amyloid plaque pathogenesis in Tg and Tg2PPARB mice with or without treadmill exercise.
Similar to Tg mice, in TgAPPARB mice as well, we noticed numerous dense-cored amyloid
plaques in hippocampus (Figure S10A). Quantitative analysis of amyloid plaques also
revealed that number, area and density of plaques in the hippocampus of Tg mice is

very much similar to that in Tg2PPARB mice (Fig. S10B-D). Moreover, dissimilar to that
found in TgAPPARa mice, treadmill exercise led to significant decrease in size, density, and
number of AB plaques in the hippocampus of TgAPPARB mice (Fig. S10A-D). To further
confirm these finding, we performed ELISA of serum and hippocampal extracts for Ap1-40
and Ap1-42. ELISA of serum (Fig. S11A-B), TBS-extracted hippocampal fractions (Fig.
S11C-D), and (TBS plus 1% Triton X-100)-extracted hippocampal fractions (Fig. S11E-F)
revealed a marked increase in Ap1-40 and AB1-42 in Tg mice compared with non-Tg mice.
However, treadmill run decreased the levels of AB1-40 and AP1-42 in serum, TBS-extracted
hippocampal fractions, and (TBS plus 1% Triton X-100)—extracted hippocampal fractions
of Tg and TgAPPARB mice, but not TgAPPAR mice (Fig. S11A-F). Together, these results
suggest that treadmill run lowers amyloid plaques via PPARa., but not PPARP.

Treadmill exercise does not depend on PPARP to improve cognitive functions in Tg mice.

Next, we next examined whether treadmill exercise involved PPARP to protect hippocampus
related behavioral functions in Tg mice. Following treadmill exercise, cognitive functions of
these mice were evaluated by Barnes maze, T-maze and novel object recognition tests. In
contrast to that found in Tg2PPAR mice and similar to Tg mice, treadmill run improved
cognitive performances of TgAPPARE mice as demonstrated by track plot (Fig. S12A),
latency (Fig. S12B) and errors (Fig. S12C) on Barnes maze, positive turns (Fig. S12D)

and negative turns (Fig. S12E) on T-maze, and track plot (Fig. S12F) and exploration time
(Fig. S12G) on novel object recognition tests. Again, these results were not influenced

by any change in locomotor activities in either Tg mice or Tg2FPPARB mice as monitored

by open-field behavior such as velocity (Fig. S12H). Therefore, although PPARP plays
many roles in the CNS, it does not participate in treadmill workout-mediated upregulation
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of ADAML10, reduction of amyloid pathology and improvement in cognitive functions in
5XFAD mouse model of AD.

Treadmill exercise upregulates the expression of PPARy in the hippocampus of Tg-mice.

Having studied the effect of treadmill exercise on PPARa and PPARP level, we next
proposed to analyze whether similar exercise could alter the expression of PPARy in

the CNS of Tg-mice. As apparent from immunofluorescence scrutiny of cortical and
hippocampal sections and Western blot analysis of hippocampal extracts, the level of
PPAR-y decreased in the hippocampus of Tg mice as compared to non-Tg mice (Fig. S13A-
E). However, similar to the modulation of PPARa and in contrast to that found for PPAR,
2 months of treadmill exercise significantly increased and/or restored the level of PPARYy in
the CNS of Tg mice (Fig. SI3A-E).

Treadmill exercise stimulates the recruitment of PPARa, but neither PPARB nor PPARYy, to
ADAM10 gene promoter in vivo in the hippocampus of Tg mice.

Since treadmill run upregulated the level of ADAM10 in the hippocampus of Tg mice via
PPARa, but not PPAR, and treadmill run was also capable of increasing the expression

of PPAR~y, we examined whether PPARa, PPARP and PPARy were directly involved in
treadmill exercise-mediated transcription of ADAM10 gene /n vivo in the hippocampus.
After 2 months of treadmill exercise of both non-Tg mice and Tg mice, we examined the
recruitment of PPARa, PPARP and PPARy to the ADAM10gene promoter /n vivoin

the hippocampus by /n situ ChlP assay. One consensus PPRE is present in the ADAM10
gene promoter very close to the transcription start site (Fig. 7A). After immunoprecipitation
of chromatin fragments by antibodies against PPARa, we were able to amplify a 205 bp
DNA portion encompassing the PPRE of the ADAMI0 promoter in hippocampus of non-Tg
mice (Fig. 7A, B & D). On the other hand, we could not amplify any DNA piece from
chromatin fragments of non-Tg hippocampus after immunoprecipitation with antibodies
against either PPARP or PPARy (Fig. 7B & D), suggesting that PPARa, but neither PPAR
nor PPARYy, is enrolled to the ADAMI10promoter /n vivo in the hippocampus of non-Tg
mice. However, the enrollment of PPARa to the ADAM10 promoter markedly decreased

in the hippocampus of Tg mice as compared to non-Tg mice (Fig. 7D & E). Interestingly,
treadmill exercise increased the recruitment of PPARa to the ADAM10 promoter in vivo

in the hippocampus of both non-Tg and Tg mice (Fig. 7B-E). On the other hand, although
treadmill run increased the level of PPARYy in the hippocampus, we did not find any increase
in PPARy staffing to the ADAM10promoter in either non-Tg or Tg mice after treadmill
(Fig. 7B-E). Treadmill run also did not induce or stimulate the enrollment of PPARP to

the ADAM10 promoter (Fig. 7B—E). However, similar to the recruitment of PPARa, we
observed decreased employment of CREB-binding protein (CBP), an important histone
acetyl transferase, and RNA polymerase in the ADAMI10promoter in the CNS of Tg mice,
which was restored and/or increased by treadmill workout (Fig. 7B-E). These results are
specific as no product amplification was observed in immunoprecipitants with control IgG.
Together, these results indicate that treadmill exercise increases the recruitment of PPARa,
but neither PPARP nor PPARYy, to the ADAMI10promoter /n vivoin the hippocampus of Tg
mice.
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Discussion

Buildup of the amyloid-p (Ap) peptide in the brain is possibly the early event in the

disease process of AD. It is believed that the accumulation of A starts 15-20 years

before the onset of clinical symptoms. Although over the past two and half decades, we
have seen intense investigations for decreasing aggregated plaques and different forms of
AB, these approaches have failed to show clinical benefit in large clinical trials involving
AD patients. Mainly, three different mechanisms of action have been tested for plaque
lowering: First, inhibitors of p and y secretases for reducing the production of Ap.

Second, active or passive immunotherapy for promoting Ap clearance that created massive
enthusiasm among patients, caregivers and associated industries. Third, drugs to reduce

AP plaque burden via disruption of aggregates or inhibition of aggregation. Since all three
approaches failed in clinical trials, it makes sense to try another line of method. It is

known that juxtamembrane cleavage of APP between K16/L17 residues by a-secretase
ADAM10 prevents AB generation (Allinson et al., 2003). Compared to above three failed
approaches, this a-secretase-mediated non-amyloidogenic strategy received less attention
both preclinically and clinically. In this respect, it is important to mention that treadmill
exercise, an absolutely drug-free approach, is capable of upregulating the a-secretase
pathway in both plaque-free aged control mice and plaque containing 5XFAD Tg mice.
Although there was no plaque in control mice, regular treadmill exercise upregulated
ADAM10 and decreased BACE1 and PSENL1 in the hippocampus, suggesting that treadmill
workout may be an easy solution for preventing amyloid deposition in older individuals.

In plaque-containing Tg mice as well, treadmill run modulated the secretases in the same
way, leading to decrease in plaque load in the hippocampus, increase in hippocampal volume
and improvement in memory and learning, indicating that treadmill exercise may have
therapeutic implications in mild to moderate AD patients. While laboratory mice can run as
fast as 1.68 m/sec or 100 m/min (Garland et al., 1995), in our treadmill schedule, mice were
allowed to run at a speed of only 8 m/min for 60 min. Therefore, it should be considered

as a mild jogging regimen for 60 min if translated to human beings. However, our treadmill
regimen does not differentiate between voluntary and forced approaches as mice unwilling
to run were either encouraged to run by gently pushing with a small stick or forced to run on
treadmill by a transient and mild electrical stimulation.

Next, we investigated mechanisms by which treadmill workout exhibited beneficial effects
in Tg mice. Peroxisome proliferator-activated receptor (PPAR) is a group of three
transcription factors in which three isotypes (PPARa, PPARB/6 and PPARY) differ from
each other in terms of their physiological functions and tissue distributions (Chandra et al.,
2019b; Gottschalk et al., 2021; Marcus et al., 1993; Patel et al., 2020a). While PPARy

is mainly expressed in white and brown adipose tissue controlling adipogenesis, energy
balance, lipid biosynthesis, and inflammation (Murphy and Holder, 2000), PPARP/S is
abundant in the liver, adipose tissue, and skeletal muscle, regulating fatty acid oxidation,
mainly in skeletal and cardiac muscles (Magadum and Engel, 2018). On the other hand,
liver, heart and kidney, tissues using fat as an energy source, are very rich in PPARa (Keller
et al., 1993). Accordingly, PPARa is involved in the transcription of genes responsible for
the metabolism of fatty acid (Roy and Pahan, 2009, 2015). However, we have seen the
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presence of PPARa in hippocampus and different parts of the brain (Corbett et al., 2015;
Roy et al., 2013; Roy et al., 2015; Roy et al., 2021; Roy and Pahan, 2015). Our lab has

also demonstrated that PPARa is involved in nonamyloidogenic metabolism of APP in
hippocampal neurons via direct transcriptional regulation of ADAM10 (Corbett et al., 2015).
Therefore, we investigated the role of PPARa in treadmill workout-mediated upregulation
ADAM10. The level of PPARa decreased in the hippocampus of Tg mice as compared

to age-matched non-Tg, which was increased and/or normalized after treadmill exercise.
Similar distribution was observed for PPAR~y. On the other hand, the level of PPAR neither
decreased in Tg mice without treadmill nor increased after treadmill workout, suggesting
that unlike PPARa and PPAR~y, PPARB/6 was not responsive to treadmill run. However,
treadmill exercise stimulated the recruitment of PPARa, but neither PPARS nor PPARy, to
the ADAM10gene promoter /in vivo in the hippocampus of Tg mice. In the hippocampus

of non-Tg mice as well, treadmill workout encouraged the recruitment of PPARa., but
neither PPARS nor PPARYy, to the ADAM10 gene promoter. One study has reported that
treadmill exercise can upregulate ADAM10 in APP/PS1 mice (Zhang et al., 2019). However,
mechanism remained unknown. Our results suggest although treadmill exercise increases
the level of both PPARa and PPAR-y, only PPARa is involved in the transcription of
ADAM!I0 gene in vivoin the hippocampus. This finding was verified in TgAPPAR® animals
where in the absence of functional PPARa, there was no up-regulation of ADAM10 in the
hippocampus after treadmill exercise. On the other hand, treadmill run increased ADAM10
in the hippocampus of TgAPPARB mice, Tg mice that lack PPARB. Accordingly, treadmill run
lowered plaque load in the hippocampus of Tg mice and TgAPPARB mice, but not TgAPPARa
mice. Together, these results indicates that activation of the PPARa-ADAM10 pathway is
probably the underlying reason behind treadmill-induced plaque lowering.

The final goal of plaque lowering therapy or any neuroprotective therapy in AD is to
improve cognitive behaviors and it is nice to see that treadmill workout protects memory
and learning in Tg mice. Although according to Zhao et al (Zhao et al., 2015), treadmill
exercise does not lower AP pathology in the hippocampus, but enhances synaptic plasticity,
in APP/PS1 mice, Choi et al (Choi et al., 2021) have shown that treadmill exercise improves
brain iron homeostasis to reduce cognitive decline and AB-induced neuronal cell death in
APP-C105 mice. On the other hand, in our study, similar to plaque lowering, treadmill run
improves cognitive behaviors of 5XFAD (Tg) mice and TgAPPARB mice, but not TgAPPARa
mice, indicating that treadmill workout requires PPARa, but not PPAR, for upregulating
memory and learning in Tg mice. While decrease in plaque alone from the hippocampus
can improve hippocampal functions, PPARa has been found to control another pathway to
regulate memory and learning. The cAMP response element-binding protein (CREB) plays
an important role in synaptic plasticity in the brain (Roy and Pahan, 2015). Our lab has
shown that CREB promoter harbors a consensus peroxisome proliferator response element
(PPRE) and that activation of PPARa promotes hippocampal plasticity via transcriptional
upregulation of CREB (Roy et al., 2013). Therefore, it is possible that PPARa activated

in the hippocampus by treadmill run may improve memory and learning via upregulation
of CREB. It has been also reported that treadmill exercise improves spatial learning and
memory deficits possibly via increasing the level of CREB (Sabouri et al., 2020). Although
Del Din et al (Del Din et al., 2020) have described that fall risk in relation to activity
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exposure is higher in Parkinson’s disease patients than individuals with mild cognitive
impairments, since PPARa activation is key for treadmill-mediated neuroprotection, ligands
of PPARa (e.g. gemfibrozil) may also be considered for high risk older adults.

In summary, we have seen that treadmill workout increases PPARa in the hippocampus,
leading to the upregulation of ADAM10, decrease in plaque load, and protection and/or
improvement of memory and learning in in a mouse model of AD. Therefore, treadmill
workout-mediated PPARa activation in the hippocampus may be beneficial for increasing
ADAM10, lowering plaque formation and improving cognitive functions in AD patients.
However, it is to be noted that treadmill run in incapable of exhibiting any beneficial effect
on the upregulation of ADAM10, decrease in cerebral plaque load and improvement in
memory and learning in Tg mice in the absence of PPARa, underlining an important role of
PPARa in these processes.
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Highlights of this study:
. Upregulation of PPARa /17 vivo in the hippocampus by treadmill exercise

. Treadmill exercise stimulates the recruitment of PPARa to ADAM10gene
promoter /n vivoin the hippocampus

. Failure of treadmill workout to upregulate ADAM10, reduce plaques and
improve cognitive functions in 5XFADAPPARA mjce

. Ability of treadmill exercise to upregulate ADAM10, reduce plaques and
improve cognitive functions in 5XFADAPPARB mice
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Figure 1. Treadmill exercise alters the expression of ADAM10, ADAM17, BACE1, and PSENL1 in

hippocampus of Tg-mice.

Following two months of treadmill exercise, six-month-old Tg-mice (n=6/group) were
sacrificed for monitoring the protein levels - pADAM10, mADAM10, pADAM17,
mADAML17, Psenl, and Bacel in hippocampus region by Western Blot using the
monoclonal ADAM10 antibody. (A-D). Actin was used as the loading control. Bands
were scanned and quantified using the NIH Image J software for pADAM10 (E),
ADAM10-CTF (F), mMADAM10 (G), pADAM17 (H), mMADAML17 (), PSEN1 (J) and
BACEL1 (K) and the results are represented as relative to non-Tg mice group. Results
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are mean + SD of six per group. pPADAM10 - ***p<0.001 (=0.0002) vs non-Tg mice

and ***p<0.001 (=0.0027) vs Tg-mice with exercise; mADAM10 - ***p<0.001 (=0.0034)
vs non-Tg mice and ***p<0.001 (=0.0085) vs Tg-mice with exercise; ADAM10CTF -
p<0.001 (=0.0045) vs Non-Tg mice and **p<0.01 (=0.0228) vs Tg-mice with exercise;
PADAM17 — ***p<0.001 (=1.3708x10~7) vs Non-Tg mice and ***p<0.001 (=2.0546x107°)
vs Tg-mice with exercise; mADAM17 - ***<0.001 (=0.000735) vs non-Tg mice and

**% 00,001 (=5.6511%107°) vs Tg-mice with exercise; Psenl - ***p<0.001 (=0.0021) vs
non-Tg mice and ***p<0.001 (=0.0052) vs Tg-mice with exercise; Bacel - ***p<0.001
(=0.0023) vs non-Tg mice and ***p<001 (=0.0066) vs Tg-mice with exercise. (L)
Diaminobenzidine staining was performed using the polyclonal ADAM10 antibody for
demonstrating the ADAM10 expression in cortex and hippocampus region of mice with
treadmill exercise and compared with non-exercise group. The density and number of

cells expressing ADAM10 were quantified by using the Image J (M, N) and results

are mean + SD of six per group. Statistical analyzes was conducted by using One-way
ANOVA followed by Tukey’s multiple comparison tests. The number of cells with
ADAM10 expression - ***p<0.001 (=1.6537%10724) vs Non-Tg mice and ***p<0.001
(=2.6426x10714) vs Tg-mice with treadmill exercise; average density of cells expressing
ADAMI10 - ***p<0.001 (=8.6301x10749) vs non-Tg mice and ***p<0.001 (=2.5534x10729)
vs Tg-mice with treadmill exercise. Abbreviations: pADAM10 - proADAM10; mADAM10
- matureADAM10; pADAML17 - proADAM17; mADAML7 - matureADAM17; ns — Non-
significant.
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Figure 2. Treadmill exercise results in upregulation of ADAM10, ADAM17, PSEN1, and BACE1
in vivo in the hippocampus of non-Tg mice.

Six-month-old non-Tg mice (n=6/group) were allowed to gently run in the treadmill. After
treadmill exercise, mice were sacrificed for monitoring the protein levels — pPADAM10,
mADAM10, pADAM17, mADAM17, PSEN1 and BACEL1 in hippocampal tissue by
Western Blot (A-D). Actin was used as the loading control. Bands were scanned and
quantified using the NIH Image J software for pADAM10 (E), mADAM10 (F), pPADAM17
(G), mMADAM17 (H), PSENL (1), and BACE1 (J) and the results are represented as

relative to non-Tg mice. Results are mean + SD of six per group. Statistical analysis
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was conducted by using One-way ANOVA followed by Tukey’s multiple comparison

tests. pPADAM10 - ***p<0.001 (=0.001498) vs non-Tg mice with exercise; mADAM10 -
**<0.01 (=0.012013) vs non-Tg mice with exercise; pADAM17 — ***<0.001(=0.000827)
Vs non-Tg mice with exercise; mADAM17 - **p<0.01(=0.019092) vs non-Tg mice with
exercise; PSEN1 - ***p<0.001 (=0.000397) vs non-Tg mice with exercise and BACE1

- ***<0.001 (=0.009281) vs Non-Tg mice with exercise. Abbreviations: pADAM10 -
proADAM10; mADAM10 - matureADAM10; pADAML7 - proADAM17; mADAMLY -
matureADAM17; ns — Non-significant.
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Figure 3. Treadmill exercise reduces the burden of A in the hippocampal region of Tg-mice.
Six-month-old Tg-mice (n=6/group) were allowed to gently run on the treadmill. Following

the treadmill exercise, AP levels were examined in hippocampal homogenates of different
groups of mice by Western Blot using the 82E1 monoclonal antibody (A). Actin was

used as the loading control. All the protein bands were scanned and densitometric analysis
representing mean + SD for AB levels relative to Non-Tg controls. (B) Quantification

of AR level in protein bands indicates - ***p<0.001 (=0.0005) vs Non-Tg mice and
***n<0.001(=0.0008) vs Tg-mice with treadmill exercise. (C) Diaminobenzidine staining
of hippocampal sections were performed using the monoclonal 82E1 antibody for
demonstrating the Ap pathology in cortex and hippocampus region of Tg-mice with and
without treadmill exercise. The Ap plaque pathology was characterized for number of
plaques (D), average size of plaques (E) and density of plaques (F). Results are mean

+ SD of six per group. All the quantification of Ap plaques was performed using

the Image J. Statistical analysis were conducted by using One-way ANOVA followed

by Tukey’s multiple comparison tests. The number of plaques in Cortex - ***p<0.001
(=2.8943%1075) vs non-Tg mice; ***p<0.001(=0.0005) vs Tg-mice with exercise and

in hippocampus - ***p<0.001(=6.2981x1075) vs non-Tg mice; ***p<0.001(=0.0008) vs
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Tg-mice with exercise. The size of plagues - ***<0.001 (=6.1500x10~%) vs non-Tg

mice; ***p<0.001 (=2.44x10713) vs Tg-mice with exercise and density of plaques -

**% n<0,001(=2.6173x10749) vs non-Tg mice; ***p<0.001(=9.1780x10719) vs Tg-mice with
exercise. ns — Non-significant.
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Figure 4. Treadmill exercise results in upregulation of ADAM10 via the PPARa pathway.
Six-month-old Tg-mice and TgAPPAR® mice (n=6/group) were initially allowed to perform

running exercise on the rotating treadmill. After treadmill exercise, mice were sacrificed

for monitoring the level of pPADAM10 and mADAM10 in hippocampal homogenates

by Western blot (A). Actin was used as the loading control. Bands were scanned and
densitometric analysis for pPADAM10 and mADAMZ10 levels relative to non-Tg controls
were performed using the NIH Image J Software. (B, C) Quantification of relative ADAM10
level in protein bands are mean + SD of six per group indicates - for pADAM10 — p<0.001
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(=0.0021) vs non-Tg mice; p<0.001 (=0.0033) vs Tg-mice with exercise; ns (=0.8117) vs
TgAPPARa mice without exercise and for pPADAM10 - £<0.001 (=0.0002) vs non-Tg mice;
p<0.001 (=0.0001) vs Tg-mice with exercise; ns (=0.0211) vs TgAPPAR® mjce without
exercise. (D) Diaminobenzidine staining of hippocampal sections were performed using
the monoclonal ADAM10 antibody for demonstrating the ADAMZ10+ cells in cortex and
hippocampus region of mice in Tg-mice and TgAPPARa mice with and without treadmill
exercise. Results are mean £ SD of six per group. All the quantification of Ap plaques

was performed using the Image J. Statistical analysis were conducted by using One-way
ANOVA followed by Tukey’s multiple comparison tests. (E) The A10+ cell density -

**% 0,001 (=8.6301%10749) vs non-Tg mice; ***p<0.001 (=2.5534x10729) vs Tg-mice; ns
(=0.1274) vs TgAPPARa mice with exercise and (F) the number of A10+ cells - ***p<0.001
(=1.6537x10724) vs non-Tg mice; ***p<0.001 (=2.6426x10714) vs Tg-mice with exercise;
ns (=0.8463) vs TgAPPAR® mice with exercise. (PADAM10 — proADAM10; mADAM10 -
mature ADAM10 and. ns — Non-significant).
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Figure 5. Treadmill exercise reduces the burden of AB in Tg-mice via the PPARa pathway.
AB level was analyzed in six-month-old Tg-mice and TgAPPAR® mice after treadmill

exercise and compared with non-exercise group of mice. Using the 6E10 monoclonal
antibody, the level of AR proteins were examined in the hippocampal homogenates of

mice by the Western blot (A). Actin was used as the loading control. All the protein bands
were scanned and densitometric analysis representing mean + SD for Ap levels relative to
non-Tg controls. Quantification of relative AB level (B) and CTF-p level (C) in protein
bands indicates - ***p<0.001(=0.0016) vs non-Tg mice; ***p<0.001 (=0.0012) vs Tg-mice
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with exercise; ns (=0.4829) vs TgAPPARa mice with exercise and ***p<0.001(=0.0018) vs
non-Tg mice; ***p<0.001 (=0.0025) vs Tg-mice with exercise; ns (=0.7484) vs TgAPPARa
mice with exercise. (D, E) Hippocampal sections were double-labeled using the Thio-S
and Ap 6E10 antibody for demonstrating the Ap pathology in cortex and hippocampus
region of Tg-mice and TgAPPAR® mice with and without treadmill exercise. Results are
mean x SD of six per group. All the quantification of Ap plaques was performed using

the Image J. Statistical analysis were conducted by using One-way ANOVA followed

by Tukey’s multiple comparison tests. Thio-S positive plagues in hippocampus and

cortex were further characterized for (F, G) the total area fraction (Thio-S area as a
percentage of total hippocampal area) - ***p<0.001(=1.8100x10718) vs non-Tg mice and
**%n<0.001(=8.9453%x1079) vs Tg-mice with exercise; ns (=0.1552) vs TgAPPARA mice
with exercise; (H, 1) the plaque count - ***<0.001 (=1.9361x10726) vs non-Tg mice and
**% 00,001 (=2.0106x10711) vs Tg-mice with exercise; ns (=0.3492) vs TgAPPAR mice
with exercise; (J, K) the average plaque size — p***0.001 (=4.6257 x10714) vs non-Tg mice
and ***p<0.001(=9.9493x10~7) vs Tg-mice with exercise; ns (=0.5694) vs TgAPPARe mjce
with exercise. ns — Non-significant.
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Figure 6. Treadmill exercise reduces the burden of A in Tg2PPARB mice,
Following the treadmill exercise, the level of AR proteins were examined in six-month

old Tg-mice and Tg2PPARB mice (n=6/group) and compared with non-exercise groups of
mice. Using the 6E10 monoclonal antibody, the Ap levels was analyzed in the hippocampal
homogenates in Tg-mice and TgAPPARB mice by the Western blot (A). Actin was used as the
loading control. All the protein bands were scanned and densitometric analysis representing
mean + SD for AP levels relative to non-Tg controls. Quantification of protein bands for (B)
relative AP level indicates - ***p<0.001(=0.0051) vs non-Tg mice; ***p<0.001 (=0.0016)
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vs Tg-mice with exercise; ***p<0.01 (=0.0115) vs TgAPPARB mice with exercise and (C)
CTF-B level - ***p<0.001 (=9.4200 x107°) vs non-Tg mice; ***p<0.001(=2.2000x107°)
vs Tg-mice with exercise; ***p<0.001 (=0.0002) vs TgAPPARB mice with exercise. (D,

E) Hippocampal sections were double labeled using Thio-S and Ap 6E10 antibody for
demonstrating the Ap pathology in cortex and hippocampus region of Tg-mice and
TgAPPARB mice with and without treadmill exercise. Results are mean + SD of six per group.
All the quantification of AP plaques was performed using the Image J. Statistical analysis
were conducted by using One-way ANOVA followed by Tukey’s multiple comparison
tests. Thio-S positive plaque in hippocampus and cortex were further characterized for

(F, G) the total area fraction (Thio-S area as a percentage of total hippocampal area) -

**% n<0.001(=5.9402x1079) vs non-Tg mice and ***p<0.001 (=8.8417x107%) vs Tg-mice
with exercise; ***p<0.001 (=0.0007) vs TgAPPARB mice with exercise; (H, 1) the average
plagque size — £***0.001 (=9.5979x10711) vs non-Tg mice and ***p<0.001 (=3.9553x107°)
vs Tg-mice with exercise; ***p<0.001 (=6.3974x107°) vs TgAPPARB mice with exercise;

(3, K) the plague count - ***p<0.001 (=1.1730x10711) vs non-Tg mice and ***p<0.001
(=8.0403x10711) vs Tg-mice with exercise; ***p<0.001 (=4.0153x1078) vs TgAPPARB mice
with exercise. ns — Non-significant.
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Figure 7. Treadmill exercise stimulates the recruitment of PPARa to the ADAM 10 gene promoter

in vivo in the hippocampus of Tg mice.

The schematic diagram shows the presence of PPRE in the ADAMZ10promoter very close
(=7 bp to =30 bp) to the transcription start site (A). Genomic DNA was isolated from
hippocampal tissues of normal as well as treadmill-exercised non-Tg (B & C) and Tg (D &
E) mice and binding of PPARa, PPARPB, PPARy, CBP, and RNA polymerase to the PPRE
site was analyzed by chromatin immunoprecipitation (ChlIP) followed by semi-quantitative
(B & D) and real-time PCR (C & E) quantification of the PPRE-containing 205 bp fragment.
Results are mean + SEM of four mice per group. ***p< 0.001.
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