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ABSTRACT

SON, H.J,, S. H. LEE, J. W.PARK, C. PARK, S. KIM, S. KIM, S.-J. KIM, Y. RYU, C. M. HA, and C. KIM. Voluntary Swimming Reduces
Amyloid Pathology in an Alzheimer’s Mouse Brain: An Integrated Amyloid PET/CT and Light-Sheet Microscopy Evaluation. Med. Sci.
Sports Exerc., Vol. 57, No. 7, pp. 1431-1440, 2025. Purpose: Despite numerous observational studies linking exercise to reduced dementia risk,
RCT level evidences remain limited to validate physical activity as an effective resistance-augmenting lifestyle intervention. However, transgenic
Alzheimer’s disease (AD) mouse models circumvent the confounding factors and adherence challenges of human studies by offering rigorous control
of exercise regimens, and the capability for advanced three-dimensional imaging to precisely quantify amyloid burden. Using an integrated platform
combining ["*Fflorapronol PET/CT with light-sheet fluorescence microscopy (LSFM) and tissue clearing techniques, we investigated the effect of a
7-wk voluntary swimming on decreasing beta-amyloid (AB) pathology in hAPPsw AD mouse. Methods: In a prospective interventional study, 20
female AD mice with a mean + SD age of 63.7 = 3.4 wk were randomly divided into an intervention and a nonexposure control group (each n = 10).
A 7-wk voluntary swimming regimen was conducted in 15-cm deep wavy using wave generators, starting with one 10-min session daily during week
1, progressing to six 10-min sessions per day by week 7. The standardized uptake value ratios (SUVRs) were measured using ['*F]florapronol PET/
CT. The excised brains were then prepared using hydrophilic tissue clearing and volume immunostaining with thioflavin S for Ap (488 nm). In
LSFM imaging, brain Ap quantitative and morphological parameters were quantified using Imaris-based 3D volumetric surface model. Results:
In ['8F]florapronol PET/CT, swim group exhibited mildly decreased uptake compared with control, although neocortical SUVR differences lacked
statistical significance (swim: 1.09 + 0.14; control: 1.21 + 0.16, P = 0.100). In LSFM imaging, swim group presented significantly lower A accu-
mulation, as indicated by decreases in total surface volume (swim, 76,401,421 + 14,403,875 pm3; control, 99,602,785 + 9,163,020 um3; P<0.001)
and plaque number (swim, 88,620 = 15,608; control, 104,612 + 14,311; P=0.007), than nonexposure control group. There were no statistically sig-
nificant differences in individual plaque area and volume or in the morphological shape parameters of amyloid particles, such as ellipticity and sphe-
ricity. Conclusions: We first demonstrated that a 7-wk voluntary swimming is an effective intervention for reducing Ap pathology in a mouse model
of advanced AD. Key Words: ALZHEIMER’S DISEASE, AMYLOID, FLORAPRONOL PET/CT, LIGHT-SHEET MICROSCOPE, SWIM
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In parallel, the concept of resistance has gained prominence,
referring to individuals who exhibit lower-than-expected levels
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US$40 billion out of the projected US$2 trillion in dementia
care costs (4,5).

Numerous observational studies link leisure-time physical
activities with a reduced dementia risk in nondemented elderly
individuals. For example, in a large Finnish prospective study,
midlife leisure-time physical activity at least twice a week was
linked to a 50% lower risk of dementia (6). Greater daily walk-
ing distances were associated with reduced dementia risk in re-
tired Japanese-American men in the Honolulu-Asia Aging
Study (7). However, variability in study populations, protocols
(exercise items, frequency, duration), and assessment methods
limits generalizability, and evidence from randomized con-
trolled trials (RCTs) remains insufficient. Notably, the LIFE
trial showed no significant cognitive benefits in a general el-
derly population, with effects observed only in subgroup anal-
yses of individuals over 80 yr old or with low baseline activity
(8). Additionally, according to the 2018 American Health and
Human Services Physical Activity Guidelines, the protective
effect of exercise on cognition has been demonstrated in indi-
viduals aged 613 yr and those over 50, but its effect on de-
mentia prevention in young to middle-aged adults (1850 yr)
remains unproven (9). Therefore, these knowledge gaps high-
light the need for well-designed interventional studies to estab-
lish causality and refine exercise-based prevention strategies.

Investigating the preventive effects of exercise on dementia re-
quires the precision and control offered by transgenic AD mouse
models, which overcome the inherent limitations of human studies.
Minimizing confounding factors—including comorbidities, life-
style, and genetic heterogeneity—in human research is challeng-
ing. Additionally, human observational studies often depend on
retrospective self-reporting, and even randomized trials face chal-
lenges with participant adherence, thus limiting the precise quanti-
fication of exercise interventions as intended by researchers. To ad-
dress these constraints, we employed a transgenic AD mouse
model featuring a uniform genetic background and tightly con-
trolled housing conditions, allowing researchers to isolate exercise
as the principal independent variable and enable precise manipula-
tion and standardization of exercise frequency, intensity, and dura-
tion, resulting in more reliable assessments of its impact on pathol-
ogy. Furthermore, our study prioritizes the reduction of amyloid
pathology—rather than clinical symptoms—as the primary out-
come to determine whether exercise effectively alters early biolog-
ical processes before cognitive deficits emerge. By employing a
transgenic AD mouse model, we were able to use advanced tissue
clearing techniques and light-sheet fluorescence microscopy
(LSFM) to visualize the entire transparent brain in three dimen-
sions, enabling precise quantification of total amyloid burden and
the morphological properties of individual aggregates, thus facili-
tating a more comprehensive analysis of preventive interventions.
Among various exercise items, we selected voluntary swimming, a
moderate-intensity regimen that can be systematically adjusted in
duration, interval, frequency, and consistency. This method offers
advantages in terms of human translatability and permitted a
more physiological intervention than forced swimming or tread-
mill running with electric shocks, which may introduce stress-
related confounders.

In this prospective animal interventional study, using an inte-
grated imaging platform that combines ['*F]florapronol PET/CT
with LSFM and tissue clearing techniques, we aimed to elucidate
the effect of a 7-wk voluntary swim exercise regimen on decreas-
ing amyloid pathology in a transgenic mouse model of AD.

METHODS

Animal model. The study included 20 female C57BL/6-
Tg(NSE-hAPPsw)Korl transgenic mice, commonly referred
to as the hAPPsw model, with a mean + SD age of 63.7
+ 3.4 wk at the time of experimentation, which express hAPP with
the Swedish mutation under the control of NSE promoter. The
transgenic line was originally developed to model aspects of AD
pathology, specifically the overproduction of beta-amyloid (AB)
peptides. All mice were housed in a temperature-controlled envi-
ronment (22°C + 2°C, 55% + 10% relative humidity) with a 12-
h light/12-h dark cycle, given ad libitum access to standard rodent
feed and water, and accommodated in standard polycarbonate
cages with autoclaved wood shavings and enrichment materials.
The mice were given a 1-wk acclimatization period before any ex-
perimental procedures. All animal experiments were conducted in
conformance with the policy statement of the American Col-
lege of Sports Medicine on research with experimental ani-
mals and approved by the Dankook Institutional Animal Care
and Use Committee and conducted in accordance with their
guidelines and regulations (DKU-23-041).

Voluntary swimming exercise regimen. The swimming
exercise, on the basis of previous research (10,11), was con-
ducted using a stainless-steel water tank (©900 x H450 mm/
550 mm) filled with fresh warm water at a controlled temperature
(32°C £ 1°C) and equipped with three identical wave generators
arranged in an equilateral triangle to ensure that the mice were
compelled to swim and unable to merely float (see Supplemental
Video 1, Supplemental Digital Content 1). Twenty transgenic
AD mice were randomly divided into two subgroups: voluntary
swim (n = 10) and nonexposure control (r = 10). The exercise reg-
imen involved swimming 5 d-wk ' for 7 wk, with each session
consisting of a 10-min swim followed by a 10-min rest. During
the first week, the mice were acclimated to a shallow water depth
(5 cm) for daily 10-min sessions. From the second to third week,
the water depth was increased to 15 cm, and the swimming duration
was extended to 20 min'd ' (two 10-min sessions). In the fourth to
fifth weeks, the swimming duration was increased to 30 min daily
(three 10-min sessions). By the sixth to seventh weeks, the swim-
ming duration was increased to 60 min-d ' (six 10-min sessions).
After each exercise session, the mice in the intervention group were
carefully removed from the tank, dried with paper towels, and kept
warm with an infrared lamp during the 10-min rest session. The
nonexposure control group was placed in a same empty water tank
and allowed free movement for the same time duration.

Amyloid PET/CT acquisition. PET/CT imaging was per-
formed using a nanoScan PET/CT system (Mediso, Hungary).
All mice were anesthetized (2.5%—3.0% isoflurane in 100% O,
gas) and received an intravenous injection of ['*Fflorapronol
(Alzavue®) (200 pCi/200 pL) through the tail vein for PET/CT
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imaging. After a 30-min uptake period following ['*Fflorapronol
administration, static PET images were acquired for 30 min with
an energy level of 400-600 keV, a 5-ns coincidence time window,
and 1:5 coincidence mode. CT imaging was then performed for both
anatomical reference and attenuation correction with the following pa-
rameters: 50 kVp, 580 pA, 170 ms exposure time, 1:4 binning, and
250 x 250 x 250 pm voxel size. PET images were reconstructed
using Tera-Tomo 3D in full detector mode with regularization and
4 x 6 iterations x subsets, resulting in a voxel size of 0.4 mm.

PET/MR imaging processing. In order to analyze amy-
loid uptake on ['®F]florapronol imaging between the voluntary
swim group and the control group, we conducted PET-only quanti-
tative analysis using an in-house amyloid-specific mouse brain PET
template for spatial normalization without MRI for the mouse
models. This template was constructed using data from an indepen-
dent group of nine control mice that underwent both amyloid PET
and 7 T MRI scans. Initially, PET images from these nine control
mice were coregistered to their corresponding 7-T MRI images
using PMOD software (version 3.4, PMOD Technologies Ltd.,
Zurich, Switzerland). Because the mouse T2 template embedded
in PMOD was skull stripped, we manually performed skull stripping
on the control mice using ITK-SNAP to create brain masks on indi-
vidual T2 MR images. These masks were then applied to the MRI
and spatially normalized to the mouse brain T2 template (12,13).
The coregistered PET images were normalized to the template space
using MRI normalization parameters, and a final template was gen-
erated by averaging and smoothing these normalized images.

In both the swim group and the control group, spatial normaliza-
tion was performed by cropping the whole-body PET scans to pre-
serve only the head region and to align the scans with the mouse
brain PET template. These head-region images were first aligned
to our in-house mouse brain PET template using rigid body regis-
tration and then spatially normalized to the template space. Finally,
the mouse atlas in PMOD was used for ROI-based quantitative
analysis of the spatially normalized PET images (14).

Hydrophilic clearing process and volume immuno-
staining for AB in brain samples. In accordance with proto-
cols established by the Institutional Animal Care and Use Commit-
tee, mice were euthanized using isoflurane anesthesia. Specifically,
each mouse was placed in an induction chamber filled with 5%
isoflurane mixed with oxygen. To effectively remove blood from
the whole-brain vasculature, transcardial perfusion with 1x
phosphate-buffered saline (PBS) was conducted on mice that were
deeply anesthetized but still alive. Subsequently, the brain tissues
were then fixed with a 4% paraformaldehyde (PFA) solution in
PBS. After fixation, the brains were dissected and subjected to
overnight postfixation at 4°C in 4% PFA. A 1-mm sagittal sec-
tion was then dissected, specifically targeting the CA1 hippocam-
pal region, with coordinates relative to the bregma: —2 mm
anterior/posterior, +1.8 mm lateral/medial, and —1.5 mm dorsal/
ventral. Tissue clearing was achieved using a hydrophilic Binaree
Tissue Clearing Kit (HRTI-012; Binaree, Daegu, Korea). PFA
was removed by three washes with 1x PBS at 4°C, each lasting
20 min. The samples were then submerged in 10 mL of starting
solution and incubated at 37°C for 48 h while shaking at 50 rpm.
The solution in each tube was then replaced with 10 mL of tissue

clearing solution A, and the incubation was repeated. Each tube
was rinsed four times with distilled water at 4°C, each wash last-
ing 30 min. The solution was then substituted with 3 mL of tissue
clearing solution B, and the samples were incubated again at 37°
C for 12 h while shaking at 50 rpm. To visualize AP plaques, the
samples were treated with thioflavin S, which emits at 488 nm.
The plaques were stained with a 1% thioflavin S solution in
50% ethanol, incubated at 25°C, shaken at 50 rpm for 15 min,
and then washed three times with 1x PBS at 4°C, each wash last-
ing 20 min. Finally, the samples were incubated in 6 mL of
mounting and storage solution (SHMS-060, Binaree) at 37°C
for 48 h while shaking at 50 rpm to match the high refractive in-
dex of the tissue and render the tissues transparent. Mounted sam-
ples were stored in the dark at room temperature until LSFM.

LSFM imaging acquisition and Imaris software-
based automated quantitative analysis of 3D volu-
metric surface model generation. LSFM imaging was
performed using a Lightsheet Z.1 microscope system (Carl
Zeiss Meditec, Inc., Oberkochen, Germany). LSFM was supported
by Brain Research Core Facilities in KBRI. The illumination lens, a
5% (Carl Zeiss, 0.1 NA) at air and a 5% objective lens (Carl Zeiss, EC
Plan-Neofluar, 0.16 NA), with a 0.71% zoom factor was used for op-
tical image acquisition. The excitation source was a 2 =488 nm laser
(30 mW, Diode laser; Lasos Laser GmbH, Germany) for the detec-
tion of cerebral AP deposition. The data were acquired by sCMOS
camera (1920 x 1920 pixel resolution, PCO.Edge; Excelitas Tech-
nologies, Pittsburgh, PA). Our cleared brain slice samples achieved
a sufficient signal-to-noise ratio with single side illumination mode,
which assisted to reduce phototoxicity. All acquisitions were con-
trolled by the ZEN software (version 9.2.7.54, Carl Zeiss). Czi files
by ZEN were converted into an Ims file format by Imaris converter,
and the stitching was performed using the Imaris stitcher (version
9.2.1, Bitplane). Quantitative image evaluation was performed using
Imaris software (version 9.2.1; Bitplane AG, Zurich, Switzerland).
The dimensions of the three-dimensional volumetric data (length,
width, and height) were each downscaled to 25% of their original
size to optimize computational efficiency during image analysis.
For the 488-nm laser wavelength utilized for AB detection, an auto-
mated computational surface model was generated using the Surface
Creation Wizard embedded in the Imaris software environment. The
minimal discernible feature size for AP detection was set at 4.0 pm,
corresponding to the smallest detected diameter of the targeted AP
particle within the slice-mode observations. Local contrast en-
hancement mode was applied for background subtraction to
segregate the true signal from extraneous noise. An automated
thresholding approach defined the largest permissible feature
size in the extraneous background, which was then manually
refined to ensure that the constructed surfaces accurately repli-
cated the morphological attributes of the cellular markers while
minimizing aberrant noise. Statistical validation was conducted by
applying a 95% confidence interval to the voxel dimensions, accu-
rately determining the volumetric characteristics of the surface
models. Volumetric data extraction was facilitated through the
“Statistics” functionality within the “Surpass” tab of the Imaris in-
terface, with the “Volume” metric specifically selected from the
available measurement parameters.
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Statistical analysis. Data normality was assessed using the
Shapiro-Wilk test. Variables that met the normality assumption
were analyzed using the #test and are presented as mean + SD.
nonnormally distributed (skewed) variables were analyzed using
the Wilcoxon rank-sum test and are reported as medians with inter-
quartile ranges (median [IQR]). Longitudinal changes in body
weight over a 7-wk period between the voluntary swim group
and the nonexposure control group were assessed using random
coefficients model with restricted cubic splines (15). This model
included fixed effects for time, group, and the interaction between
time and group and individual-specific random effects for intercept
and slope. Differences in weight change between the swim group
and the control group at three time points—baseline (day 0), mid-
intervention (day 19), and postintervention (day 38)—were further
assessed using #tests. Weight changes from baseline to day 19 and
from baseline to day 38 between groups were evaluated to deter-
mine statistical significance. A two-sided P value less than 0.05
was considered statistically significant. All statistical analyses were
performed using SAS version 9.4 (SAS Institute; Cary, NC) and R
version 4.2.2 (R Foundation for Statistical Computing) with Ime4
and rms package.

RESULTS

Effect of the exercise intervention on body weight
change. The longitudinal trend of daily weight measure-

Non-exposure control group

ments over 7 wk in the voluntary swim group and the
nonexposure control group was identified using random coef-
ficients model (Supplemental Fig. 1, Supplemental Digital
Content 4, http:/links.lww.com/MSS/D199). Both groups ex-
hibited an initial decrease in weight from the start of the swim
sessions until mid-intervention (day 19), followed by an in-
crease from mid-intervention to the end of the sessions. Al-
though there was no significant difference in the time trends
of weight change between the two groups (NumDF = 4,
DenDF = 123.25, F value = 2.38, p for interaction = 0.056),
the voluntary swim group showed a significantly greater
weight decrease from baseline to day 19 compared with the
control group (voluntary swim group: mean = —3.69 + 1.53;
nonexposure control: mean =—2.10 + 1.80; P = 0.047). Over-
all, the total weight change from baseline to the day 38 end
point of the intervention showed that the voluntary swim
group gained significantly less weight than the control group
(voluntary swim group: mean = 0.67 + 1.62 kg; control group:
mean = 3.03 + 1.80 kg; P = 0.0006).

Effect of voluntary swimming on ['®F]florapronol
PET/CT imaging. In the visual analysis of ['*F]florapronol
brain PET/CT imaging (Fig. 1), the voluntary swim group ex-
hibited mildly decreased AP uptake compared with the
nonexposure control group. In the quantitative analysis of sub-
regional SUVR using cerebellar gray matter as the reference
region (Fig. 2 and Table 1), the voluntary swim group showed

Voluntary swim group

FIGURE 1—Representative ['*F|florapronol PET/CT images. A, B, C. The nonexposure control group. D, E, F. The voluntary swim group. Note: the color

bar represents the SUV scale from 0 to 0.5.
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FIGURE 2—Comparison of SUVR values in [**F]florapronol PET/CT images between the voluntary swim group (n = 10) and the nonexposure control
group (n = 10) across various brain subregions (A, neocortex; B, right striatum; C, left striatum; D, left amygdala; E, brain stem; F, central gray; G, right
hippocampus; H, left hippocampus; I, thalamus; J, superior colliculi; K, olfactory bulb; L, right midbrain; M, basal forebrain and septum; N, hypothala-
mus; O, right amygdala; P, left midbrain; Q, left internal capsule; R, right internal capsule).

mildly lower mean SUVR in the neocortex, bilateral striatum,
bilateral hippocampus, hypothalamus, bilateral amygdala,
brainstem, central gray, superior colliculi, and left midbrain regions
compared with the control group. However, these differences
in SUVR values were not statistically significant (neocortex:
voluntary swim group: mean = 1.09 = 0.14; nonexposure con-
trol: mean = 1.21 £ 0.16; P = 0.100).

Effect of voluntary swimming on the total A load
and 3D morphological features in brain LSFM imaging.
Using an advanced LSFM and hydrophilic tissue clearing chem-
ical techniques, we conducted a comprehensive investigation into
the three-dimensional spatial distribution of A} accumulation, la-
beled with thioflavin S (488 nm, green channel), in the brains of
the voluntary swim group and the nonexposure control group. In
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TABLE 1. Comparison of subregional SUVR values of [mF]ﬂorapronoI PET/CT imaging
between the voluntary swim group and the nonexposure control group.

Voluntary Swim Group Nonexposure Control Group

Brain Subregion (n=10) (n=10) P

Neocortex 1.09+£0.14 1.21+£0.16 0.100
Right striatum 1.00 £ 0.09 1.07 £0.13 0.176
Left striatum 0.97 £ 0.09 1.07£0.13 0.006
Right hippocampus 0.87 £ 0.05 0.94 +0.07 0.024
Left hippocampus 0.90 + 0.05 0.92 +0.08 0.445
Thalamus 0.20 £ 0.02 0.19 £ 0.02 0.126
Basal forebrain 1.06 £ 0.13 110+ 0.09 0.429

and septum

Hypothalamus 1.00 £ 0.07 1.03 £ 0.07 0.391
Right amygdala 1.02 £ 0.14 1.04+0.11 0.770
Left amygdala 0.99+0.12 1.03+£0.10 0.466
Brain stem 0.99 +0.09 1.03 £ 0.06 0.335
Central gray 0.97 (0.94-0.99) 0.91 (0.87-0.93) 0.162
Superior colliculi 0.90 £ 0.08 0.92 £ 0.05 0.440
Olfactory bulb 1.68 £0.19 1.64 £0.18 0.599
Right midbrain 0.91 +0.06 1.00 £ 0.10 0.039
Left midbrain 0.92 + 0.06 0.98 + 0.06 0.026
Left internal capsule 0.92 + 0.05 0.97 + 0.08 0.117
Right internal capsule 0.95 + 0.06 0.95+0.05 0.849

Data are presented as mean + SD for normally distributed variables, or as median (IQR) for
nonnormally distributed variables.
* P<0.05 is considered statistically significant.

both groups, AP accumulation was predominantly distributed
throughout the whole-brain cortex, particularly in the bilateral
temporal, parietal, frontal, and anterior cingulate cortex, as well
as in the hippocampus and thalamus. A visual comparison be-
tween the voluntary swim group and the nonexposure control
group revealed that the mice subjected to 7 wk of voluntary swim
training presented significantly lower AP accumulation than the
control mice did (Fig. 3 and Supplemental Video 2, Supplemen-
tal Digital Content 2, and Supplemental Video 3, Supplemental
Digital Content 3). For our quantitative analysis via Imaris soft-
ware, we generated 3D volumetric surface models to measure
various parameters of brain AP plaques, including the individual

Non-exposure control
(raw)

A-1.

Voluntary swim group

(raw)

B-1.

plaque size (individual plaque area and volume), variability in in-
dividual plaque size (SD of individual plaque volume), total
plaque load (total plaque number, surface area, and volume),
and morphological shape parameters (individual plaque elliptic-
ity [both oblate and prolate] and sphericity) (Table 2 and
Fig. 4). The total surface volume of AP accumulation in the
brains of the voluntary swim group was significantly lower than
that of the nonexposure control group (voluntary swim group,
76.40 £ 14.40 mm3; nonexposure control, 99.60 = 9.16 mm3;
P <0.001). This difference remained significant in a linear re-
gression analysis adjusted for weight change (P < 0.003).
The total surface area of AP accumulation in the brains of the
voluntary swim group was also significantly lower than that of
the nonexposure control group (voluntary swim group,
35.85 + 9.88 mmz; nonexposure control, 46.28 + 4.30 rnmz;
P =0.010). This difference also remained significant in a linear re-
gression analysis adjusted for weight change (P < 0.029). The total
plaque number was also significantly lower in the voluntary swim
group than in the nonexposure control group, (voluntary swim
group, 88619.60 + 15607.99; nonexposure control, 104,613 =+
14,311; P=0.007). However, there were no statistically significant
differences between the groups in terms of the individual plaque
area (voluntary swim group, 405 + 54 um?; nonexposure control,
447 + 55 ym?; P = 0.186) or individual plaque volume (voluntary
swim group, 771 + 143 pm?®; nonexposure control, 906 +
183 um?; P=0.162). The variability in the individual plaque size,
measured by the SD of the individual plaque volume, did not
differ significantly between the groups (voluntary swim group,
1,772 + 335 pm3; nonexposure control, 2,333 £ 966 pm3;
P =0.104). Additionally, there were no statistically significant
differences in the morphological shape parameters of individual
amyloid particles, such as ellipticity (oblate: voluntary swim group,
0.15 + 0.01; nonexposure control, 0.16 += 0.00; P = 0.076),

Non-exposure control
(3D surface model)

Voluntary swim group

(3D surface model)

FIGURE 3—Representative macrolaser light-sheet illuminating microscope image with hydrophilic tissue clearing and volume immunostaining using
thioflavin S (488 nm, green channel) for AP in the brain. A. The nonexposure control group: A-1, raw image; A-2, Imaris-based volume rendering surface
model. B. The voluntary swim group: B-1, raw image; B-2, Imaris-based volume rendering surface model.
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TABLE 2. Comparison of quantitative and morphological parameters of brain amyloid measure using macrolaser LSFM imaging between the voluntary swim group and the nonexposure control

group.
Volume Voluntary Swim Group (n=10) Nonexposure Control Group (n = 10) P* P**
Individual plague area (jim?) 405.48 (358.50-447.27) 4320855 (426.113-441.337) 0.186
Individual plague volume (im®) 771.89 (637.05-882.97) 857.533 (828.041-885.789) 0.162
SD of individual plaque volume (um®) 1760.89 (1501.31-1886.41) 2039.43 (1810.48-2182.68) 0.104
Total plaque number 92836.5 (83121-98285) 102551.5 (101516-110862) 0.007*
Total plaque surface area (um?) 35,851,640 + 9,883,776 46,282,448 + 4,300,066 0.010* 0.029**
Total plaque surface volume (um®) 76,401,421 + 14,403,875 99,602,785 + 9,163,020 <0.001* 0.003**
Ellipticity (oblate) 0.15£0.01 0.16 £ 0.00 0.076
Ellipticity (prolate) 0.78 + 0.01 0.78 + 0.01 0.081
Sphericity 0.71 (0.70-0.71) 0.70 (0.70-0.71) 0.820

Data are presented as mean + SD for normally distributed variables, or as median (IQR) for nonnormally distributed variables.

*P<0.05 is considered statistically significant for t-tests or Wilcoxon rank-sum tests.

** P<0.05 is considered statistically significant for linear regression analyses adjusted for weight change.

ellipticity (prolate: voluntary swim group, 0.78 =+ 0.01;
nonexposure control, 0.78 £ 0.01; P = 0.081), or sphericity
(voluntary swim group, 0.70 £ 0.01; nonexposure control,
0.71 £ 0.00; P = 0.820).

DISCUSSION

Our integrated imaging platform, combining ['*F]florapronol
PET/CT with LSFM, revealed that the voluntary swim exercise
group exhibited reduced amyloid accumulation, as measured by
total amyloid surface volume, compared with nonexposure con-
trols. Although derived from a mouse model, these findings in-
dicate that leisure-time voluntary swimming may help mitigate
amyloid pathology—even in advanced stages of AD.

Evidence indicates that aerobic exercise promotes brain
function and cognition across the lifespan through a range of mo-
lecular and cellular mechanisms—particularly those supporting
endothelial integrity, improving sleep, and reducing pathological
protein aggregates (16-20). Various factors that could influence
our results include the age and sex of the animals; the environ-
mental conditions under which the swimming took place, such
as the water depth, temperature, and wave intensity; the duration
of daily swimming; the intervals between swimming and rest pe-
riods; and the overall duration of the swimming regimen. We se-
lected voluntary swimming in wavy water generated by wave
machines as our choice of intervention, as this protocol does
not cause significant pain or intense stress to the animals and
maintains physiological stability during the intervention sessions.
Forced and voluntary exercise differentially influence hippo-
campal parvalbumin and BDNF expression, longevity, body
composition, taste aversion learning, and open-field behavior

130000,

110000,

90000

Total plaque number

70000

#
H
Total plaque surface area (um?)

50000

Nonexposure
control

Voluntary
swim

Group

Nonexposure
control

Group

Voluntary
swim

(21-26) due to high stress levels, reduced brain BDNF expres-
sion, and impaired motor recovery (21). In an ischemic stroke
rat model, voluntary wheel running was more effective than
forced treadmill running or electrical stimulation—induced
muscle movement in increasing hippocampal BDNF levels,
enhancing motor recovery, and reducing corticosterone stress
responses (21). Forced exercise, associated with high stress,
lower BDNF expression, and impaired motor recovery, ap-
pears to be the least favorable option (21). Forced swimming
also may further elevate blood lactate concentrations due to
apnea and stress from the risk of drowning (27). Furthermore,
voluntary swimming, a moderate-intensity exercise, has shown
the strongest preventive effect against dementia onset by in-
creasing resistance to AD pathology (28). In the cognitively
healthy late- to middle-aged Wisconsin Registry cohort, it was
associated with higher AB42 levels and lower total tau/AB42
and phosphorylated tau/AB42 ratios compared with light- or
high-intensity exercise (28). We adapted our swimming proto-
col from previous studies on voluntary swimming programs
(10,11,29). In 11- to 12-wk-old rats with type 2 diabetes, a 4-
wk voluntary swimming regimen (up to 60 min-d ") reduced
depression-like behavior by mitigating inflammation (10).
Long-term exercise from adolescence to adulthood, incorporat-
ing voluntary wheel running, swimming (up to 60 min-d "), or
treadmill exercise on alternating days for 3 months, signifi-
cantly reduced anxiety and depression-like behaviors in off-
spring (11). Given differences in weight, basal metabolic rate,
and neurobiological circuits between transgenic AD mice and
nondemented rats—as well as the advanced age and heightened
sensitivity to novel stimuli in our 63-wk-old model—we mod-
ified the swimming protocol from previous studies to extend

0

Group.
B Contrd
B swin

Total plaque surface volume (pm?)

Voluntary

Nonexposure
control swim

Group

FIGURE 4—Comparison of the total Ap load and 3D morphological features in the brain LSFM images between the voluntary swim group (z = 10) and the
nonexposure control group (n = 10). Total plaque number (A), total plaque surface area (pmz) (B), total plaque surface volume (pm3 ) (O).
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the total duration to 7 wk, with daily sessions of up to 60 min,
aiming to balance stress prevention and health maintenance
with the maximal efficacy of exercise on AD pathology.

To evaluate the effects of a 7-wk voluntary swimming reg-
imen on reducing amyloid pathology in a transgenic AD
mouse model, we used an integrated imaging platform com-
bining ['*F]florapronol amyloid PET/CT with LSFM and tis-
sue clearing techniques. In our study, we used [ *F]florapronol
as the in vivo amyloid PET/CT imaging tracer (30). Compared
with other ['®F]-labeled AB PET tracers approved by the FDA,
such as ['®F]flutemetamol (45-130 min) (31) and ['°F]
florbetaben (90 min) (32), ['*F]florapronol offers the clinical
advantage of a shorter waiting time of approximately 30 min
between tracer administration and the start of PET imaging
(33). However, although visual analysis of [ISF]ﬂorapronol
PET/CT images showed mildly reduced amyloid uptake in
the voluntary swim group compared with controls, the differ-
ence in neocortical SUVRs was not statistically significant.
Although amyloid PET imaging is invaluable for the noninva-
sive early detection of amyloid pathology in AD patients
(34,35), translating this technique to preclinical mouse studies
presents significant challenges. The small size of the mouse
brain, approximately 1/1,000 the volume of the human brain,
amplifies the inherent limitations of small-animal PET imag-
ing, leading to partial volume effects that blur or underestimate
amyloid plaque signals. This reduced resolution complicates
the precise quantification of amyloid distribution in specific
brain regions. Moreover, current semiquantitative methods
using SUVR cannot reliably distinguish between specific
binding of radiotracers to AP and nonspecific binding to other
targets, particularly B-sheet structured myelin protein in white
matter (36,37). The cortical gray matter regions used for amy-
loid quantification also contain myelinated axons, resulting in
the integration of nonspecific signals into SUVR estimates
(37). The low spatial resolution of small-animal PET scanners
further exacerbates this issue, causing white matter signals to
spill into gray matter regions, reducing imaging sensitivity
and resolution, complicating the precise quantification of sub-
tle pathological changes (36,37). Therefore, LSFM used in our
study provides a complementary solution to the spatial resolu-
tion limitations of conventional amyloid PET imaging in pre-
clinical research. It offers a broad field of view without
compromising spatial resolution, enabling whole-brain imag-
ing while preserving 3D integrity. This approach provides
comprehensive insights into the 3D spatial distribution of
complex neuropathological networks within the fully transpar-
ent brain, a capability previously unattainable with conven-
tional techniques (38—41). Building on previous animal studies
of exercise and brain pathology, this study not only quantifies
the total amyloid load but also provides detailed measurements
of individual plaque area, volume, variability in individual
plaque volume, and morphological features. These parameters
were difficult to assess with traditional techniques, which relied
on spot counting in thin 2D sections of localized subregions,
limiting the ability to evaluate the 3D spatial distribution of
AP within intact brain structures.

Our analysis first demonstrated that 63-wk-old transgenic
AD mice subjected to a 7-wk voluntary swimming regimen
(up to 60 min daily in 15 cm deep, wavy water) had reduced
AP accumulation, as measured by total amyloid surface vol-
ume, compared with nonexposure controls. This difference
of total surface volume between swim and control groups re-
mained significant in a linear regression analysis adjusted for
weight change (P < 0.003), suggesting that the observed re-
duction in AP accumulation was not solely attributable to
changes in body weight and may reflect an independent effect
of exercise on amyloid pathology. Our decision to use total
surface volume—calculated by summing the 3D rendered sur-
face volumes of individual amyloid plaques using Imaris
software—as a representative measure of an individual’s over-
all amyloid load is based on the premise that volumetric mea-
surements offer a more accurate reflection of the true extent of
pathological amyloid burden than simply counting the number
of plaques (42). In addition to significantly reducing total am-
yloid surface volume, the voluntary swim exercise regimen
decreased the overall surface area and total plaque number
without affecting the area or volume of individual plaques,
suggesting that the voluntary swim regimen reduced the net
amyloid load in the brain primarily by decreasing the number
of amyloid particles rather than by altering the size or shape of
existing plaques. Moreover, morphological features such as el-
lipticity and sphericity remained unchanged. By integrating to-
tal amyloid load assessment with detailed morphological analysis
of individual plaques, our platform overcomes the limitations of
conventional amyloid PET imaging, enabling a more compre-
hensive evaluation of preventive interventions in AD pathology.

Despite the promising findings, several limitations should be
noted. First, the sample size was small (10 mice per group),
which may have contributed to the lack of statistical differences
in ['®F]florapronol PET SUVR between the groups and could
limit the generalizability of the results. Second, the 7-wk inter-
vention may not have been sufficient to assess the long-term ef-
fects of voluntary swimming on amyloid pathology. Third, al-
though LSFM provided detailed insights into amyloid plaque
distribution and morphology, it does not capture functional as-
pects of neuroprotection or cognitive outcomes. Most impor-
tantly, from a human translational perspective, the use of a
transgenic AD mouse model may not fully capture the com-
plexity of human sporadic dementia. Future studies with larger
cohorts, extended intervention periods, and functional assess-
ments are needed to further validate and expand these findings.

In conclusion, using an advanced integrated imaging plat-
form that integrates ['°F]florapronol PET/CT with LSFM
and hydrophilic tissue clearing techniques, we demonstrate
that voluntary swimming reduces amyloid pathology in a
mouse model of advanced AD. Further research is needed to
assess the translatability of these findings to humans.
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