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Abstract: Although the precise molecular mechanisms responsible for neuronal death and motor
dysfunction in late-onset Parkinson’s disease (PD) are unknown, evidence suggests that mitochondrial
dysfunction and neuroinflammation occur early, leading to a collective increase in reactive oxygen
species (ROS) production and oxidative stress. However, the lack of methods for tracking oxidative
stress in the living brain has precluded its use as a potential biomarker. The goal of the current study
is to address this need through the evaluation of the first superoxide (O,°~)-sensitive radioactive
tracer, [18F JROStrace, in a model of late-onset PD. To achieve this goal, MitoPark mice with a
dopaminergic (DA) neuron-specific deletion of transcription factor A mitochondrial (Tfam) were
imaged with ["®FJROStrace from the prodromal phase to the end-stage of PD-like disease. Our data
demonstrate ['®F]JROStrace was sensitive to increased oxidative stress during the early stages of
PD-like pathology in MitoPark mice, which persisted throughout the disease course. Similarly to PD
patients, MitoPark males had the most severe parkinsonian symptoms and metabolic impairment.
[18F]ROStrace retention was also highest in MitoPark males, suggesting oxidative stress as a potential
mechanism underlying the male sex bias of PD. Furthermore, [8F]ROStrace may provide a method
to identify patients at risk of Parkinson’s before irreparable neurodegeneration occurs and enhance
clinical trial design by identifying patients most likely to benefit from antioxidant therapies.

Keywords: reactive oxygen species (ROS); neurodegenerative disease; positron emission tomography
(PET); oxidative stress; neuroinflammation; mitochondria; MitoPark mouse model

1. Introduction

As the second most common neurodegenerative disease, Parkinson’s disease (PD)
has become a pressing public health crisis in modern society. PD is characterized by both
motor and non-motor symptoms. The classic motor symptoms, such as tremors, rigidity,
and bradykinesia, result from the progressive loss of dopaminergic (DA) neurons in the
substantia nigra (SN). While the exact causes are unknown, death of the DA neurons is
associated with mitochondrial dysfunction and neuroinflammation. Healthy mitochondria
are vital organelles for adenosine triphosphate (ATP) production, providing ~90% of the
energy required to fuel the brain. However, dysfunctional mitochondria are a primary
source of reactive oxygen species (ROS) [1,2]. Persistent ROS production can cause oxidative
stress and damage to subcellular components (DNA, RNA, proteins, etc.) [3]. Furthermore,
ROS can directly activate microglia, the resident macrophages of the brain, which in turn
produce more ROS via NADPH oxidase (NOX) and nitric oxide synthase (NOS) [3,4].
Thus, oxidative stress represents a critical link between mitochondrial dysfunction and
neuroinflammation. Oxidative stress is an early molecular signature that emerges in the
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preclinical stages of PD before the loss of DA neurons and persists throughout the disease
course [5]. Therefore, developing a non-invasive method to track ROS production in the
brain could serve as a powerful tool for early detection and monitoring of PD progression
in patients.

['8F]ROStrace is a positron emission tomography (PET) radiotracer that we specifically
developed for imaging oxidative stress in vivo [6,7]. Dihydroethidium (DHE) is the parent
compound of ['8F]ROStrace, which is oxidized by superoxide (O,°~) and related ROS to
ethidium and then becomes trapped in the cell [8]. Due to this trapping mechanism, an
increase in ROS within the brain will result in a focal increase in the ['8FJROStrace signal [7].
Notably, only the neutral species of ['8FJROStrace freely crosses the blood-brain barrier
(BBB); once oxidized, [\F]ROStrace cannot enter the brain.

The major goal of our current study was to investigate whether ['®FJROStrace can
detect oxidative stress in conditions that mimic the complexity of PD pathogenesis in
most late-onset patients. For this purpose, we employed the MitoPark mouse. The Mi-
toPark phenotype is driven by mitochondrial and immune (mito-immune) stress signaling
pathways that represent a major point of convergence between known genetic and envi-
ronmental risk factors of PD. The MitoPark model recapitulates key prodromal features
prior to motor impairment caused by DA neuron loss [9]. MitoPark’s clinical relevance is
extended by the recent discovery that variation in mtDNA maintenance genes influences
the risk of late-onset PD [5]. MitoPark mice are generated by the selective deletion of the
Transcription Factor A Mitochondrial, Tfam, in DA neurons. TFAM is a mitochondrial
DNA (mtDNA) binding protein that regulates nucleoid architecture and mtDNA stability.
Loss of TEAM leads to the release of mtDNA [10] and constitutive activation of STING
signaling to IRF3 [11], neuroinflammation [12], progressive nigrostriatal deterioration, and
L-DOPA-responsive motor impairment [13]. The crucial role of mitochondria-induced in-
flammation in MitoPark pathogenesis is found in reports that manganese, which magnifies
mito-immune stress signaling via sensitizing the cGAS/STING pathway [14-16] and in-
creasing ROS, also accelerates the MitoPark phenotype [17]. On the other hand, drugs that
suppress the mitochondrial O,*~ signal attenuate neuroinflammation and halt the progres-
sion of MitoPark PD [12]. Taken together, the results suggest that mitochondrial oxidative
stress is a key driver of MitoPark PD pathology via an inflammatory pathway [18].

Therefore, we hypothesized that ['®FJROStrace retention would correlate with PD-like
symptoms and increased neuroinflammatory burden in the MitoPark mice. To examine
this hypothesis, wild-type (WT) and MitoPark mice were imaged with ["®FJROStrace
microPET from the prodromal phase (2-3 months) to end-stage of disease (6 months).
The relationship between ['F][ROStrace and PD-like pathology was further explored by
metabolic, behavioral and histological analysis conducted in the same animals (Figure S1).
Collectively, our data demonstrate ['8F]ROStrace was sensitive to increased oxidative stress
caused by mitochondrial dysfunction and neuroinflammation in MitoPark mice, which
occurred early and persisted throughout the disease course.

2. Materials and Methods
2.1. Animal Models and Experimental Scheme

MitoPark (DAT*/Cre: TFAM LoxP/LoxP, C57BL/6 background) mice were kindly
provided by Dr. Nils-Goran Larson at the Karolinska Institute, Stockholm, Sweden (now
at Max Planck Institute for Biology of Aging, Cologne, Germany). The generation and
characterization of MitoPark mice have been described in detail [13]. MitoPark and control
mice (WT) were group-housed in a ventilated caging system with ad libitum access to
food and water. The environment was temperature (24 °C) controlled and on a 12 h
light/dark cycle. All animal care and use in this study was performed under protocols
approved by the Institutional Animal Care and Use Committee (IACUC) at Children’s
Hospital of Philadelphia Institute. The general experimental scheme is shown in Figure S1.
Briefly, animals (WT and MitoPark) from each age group were first subjected to a battery of
behavioral studies. Then, an average of 200 uCi of ['®®FJROStrace was given to each animal
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via tail vein injection. After a one-hour dynamic PET scan, the animals were recovered
overnight. There was no toxicity observed in animals treated with the radiotracer or the
parent compound, DHE.

2.2. Open Field (OF) Test

OF testing was conducted as previously described with minor changes [19]. Mice
were acclimated to procedure room conditions for at least 1 h prior to testing. They were
then placed in a clear-walled, square arena (43.2 x 43.2 x 35 cm) for a trial of 15 min. Each
trial was video recorded. Movement over time (xy coordinates), time spent in the center
zone, latency to approach the center, and total rears were measured. These measures were
quantified by Ethovision XT v9.0 software.

2.3. Metabolic Analysis

Comprehensive Lab Animal Monitoring System (CLAMS) was applied to monitor
changes in animals” metabolism and circadian rhythmic activity in the home cage environ-
ment [20]. The calorimetry system measures the concentrations of O, and CO, at both the
inlet and outlet ports of a chamber that channels a specific volume of air. These data allow
for the calculation of O, consumption, CO; production, and the respiratory exchange ratio
(RER), which in turn yield precise and consistent information regarding overall energy
expenditure of the animal. Infrared (IR) beams from the walls of the cage continuously
measure the animal’s activity. CO, concentration difference (ACO,), RER, and energy
expenditure (KCal/h) from age-matched WT and MitoPark mice were recorded over 4 days
with ad libitum access to food and water.

2.4. Tapered Balance Beam Test

Balance beam testing was performed as previously described with minor changes [21].
Mice were acclimated to the procedure room and individual home cage for at least 1 h prior
to testing. During a three-day experiment, age-matched WT and MitoPark mice underwent
a series of five trials each day, which were recorded on video. The first two days served
as training days for the mice to cross a beam, during which they were gently nudged
to encourage them to do so. On the third day, a grid was added to the beam, and each
mouse was required to walk across it without any interference. Performance on the beam
was evaluated on the third day by measuring the frequency of paw slips that occurred in
the process.

2.5. Bead Latency Assay

The bead latency assay was employed to measure distal colonic motility and performed
as previously described with minor modifications [22]. In brief, mice were first fasted
overnight before starting the assay. After they were anesthetized by isoflurane inhalation
(~2%), a Vaseline-lubricated glass bead (2 mm diameter) was inserted into the distal colon
(2 cm from anal margin) of each mouse using a lubricated glass rod. Then, mice were
placed in clear cages with paper towels at bottom and no food and water accessible. The
time required for each mouse to expulse the glass bead was recorded.

2.6. Micro-PET Imaging

The radiosynthesis of ['®FJROStrace was performed as previously described [7]. Mouse
imaging was performed on an Inveon integrated PET/CT scanner (Siemens Medical So-
lutions, Inc., Malvern, PA, USA). Animals were anesthetized with 2% isoflurane, a tail
vein catheter was placed for PET tracer administration, and each animal was placed on
the scanner bed. Following injection of 200 uCi of ['8FJROStrace, dynamic acquisitions
were performed from 0 to 65 min. CT scans for attenuation and image registration were
performed after PET imaging for animals imaged on the Inveon PET/CT. PET images were
reconstructed using a two-dimensional ordered sets expectation maximization (2D-OSEM)
algorithm (Siemens Medical Solutions, Inc., Malvern, PA, USA) as implemented in the
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manufacturer’s software, including normalization and corrections for radioactive decay,
dead time, attenuation, randoms, and scatter. PET images were reconstructed with a matrix
size of 159 x 128 x 128 and a voxel size of 0.8 mm (Inveon). Image frame lengths following
injection began with a 5-s duration to capture early activity and extended to 5 min at the end
of the scan. CT images were reconstructed with a matrix size of 1024 x 1024 x 1016 and a
voxel size of 0.09 x 0.09 x 0.09 mm (Inveon) with a manufacturer-supplied reconstruction
program.

2.7. Micro-PET Image Analysis

PET/CT images were analyzed in PMOD image analysis software version 3.7 (PMOD
Technologies Ltd., Zurich, Switzerland). Radiotracer activity concentrations were normal-
ized to injected dose and animal weight to provide semi-quantitative standard uptake
values (SUVs) for comparisons. Micro-CT images were manually co-registered and rescaled
to the Mirrione mouse MRI-T2 weighted brain template [23], and transformations were ap-
plied to micro-PET images to convert them to atlas space, followed by manual adjustment as
needed. Whole brain and regional activity concentrations of ['F][ROStrace were measured
in 10 volumes of interest (VOlIs), including cortex, thalamus, cerebellum, hypothalamus,
brain stem, periaqueductal gray, striatum, hippocampus, amygdala, and midbrain.

Voxel-wise analyses were performed using Statistical Parametric Mapping 12 (SPM12,
Welcome Department of Cognitive Neurology, Institute of Neurology, London, UK; https:
/ /www.fil.ion.ucl.ac.uk/spm, accessed on 3 June 2015) and the SPMMouse (http://www.
spmmouse.org/, accessed on 6 February 2015) [24] toolbox implemented in MATLAB
R2018a (MathWorks Inc., Natick, MA, USA), matching methods in [25] Hsieh et al., 2022.
For each comparison group, a voxel-wise two-sample f-test was used with an uncorrected
p-value threshold of <0.005 and a voxel extent of 50, n = 5~13 per group.

2.8. Mouse Brain Tissue Preparation

After euthanasia by inhalation of isoflurane, selected WT and MitoPark mice were
perfused with cold heparinized PBS (0.2%). Mouse brains were extracted and fixed in 4%
paraformaldehyde (PFA) in PBS for 48 h. Then, brains were washed with PBS and moved to
cryoprotectant (30% sucrose in PBS) at 4 °C, embedded in the optimal cutting temperature
compound (O.C.T) and rapidly frozen with chilled isopentane. Brain tissues were sagittal
or coronal sectioned at 12 pm of thickness using a Cryostat (Leica Biosystems, Nussloch,
Germany), and slides stored at —80 °C.

2.9. Ex Vivo Autoradiography (ARG)

Mouse brains were collected 1 h after [\ F]JROStrace tail vein injection. Each mouse
brain was embedded in the O.C.T tissue block. Then, 30 um thickness of sagittal tissue
section was applied to each tissue block. The tissue slides were exposed to phosphor plates
(BAS 2040, GE Healthcare, Chicago, IL, USA) for 24 h. The ARG images were acquired by
Typhoon FLA 7000 (West Avenue, Stamford, CT, USA).

2.10. Ex Vivo Visualization of Superoxide (O,°~)-Derived Oxidant Production

DHE is oxidized by O,°~ and related ROS to ethidium, which can be detected using
Ex A =532nm, Em A = 580 nm [26,27]. To visualize ROS production via microscopy, animals
from each age group received 20 mg/kg DHE (DHE stock solution = 1 mg/mL, 100 mg/mL
in DMSO, diluted 1:10 with 50/50 mixed Tween 20 and EtOH solution, then further diluted
1:10 with sterile saline) IP, 2 h prior to euthanasia. Mice were perfused with cold PBS, and
brains were fixed at 4% PFA in PBS for 24 h in the dark before sectioning. Brains were sliced
into 12 um thick sections, and slides were processed following our immunofluorescence
protocol without antigen retrieval. Panoramic fluorescent images of DHE-treated brain
tissues were acquired by Keyence BZ-X800 Microscope (Osaka, Japan).
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2.11. Immunofluorescence (IF) Analysis

After drying slides at room temperature for 10 min, the antigen retrieval procedure
(sodium citrate buffer: 10 mM sodium citrate, 0.05% Tween 20, pH 6.0. 30 min at 95 °C) was
applied to selected brain tissues. Brain tissues were then incubated with 0.5% Triton X-100
for 15 min. After rinsing with PBS, brain tissues were blocked with 10% bovine serum
albumin (BSA) in PBS for 30 min at 37 °C. Selected slides were incubated with primary
antibodies (Table S1) overnight at 4 °C. The following day, after rinsing with 1% BSA in PBS,
slides were incubated with corresponding secondary antibodies (Table 1) for 1 h at room
temperature. All slides were counterstained with Hoechst (1:2000, PBS, Thermo Fisher
Scientific, Waltham, MA, USA, H3570) and mounted with VectaShield Antifade Mounting
Media (Vector Laboratories, Newark, CA, USA, 101098-042). Images were acquired by
using the Keyence BZ-X800 Microscope (Osaka, Japan) and Zeiss 710 Confocal Microscope
(Jena, Germany). For astrocyte, microglia and DA neuron quantification, images were
uploaded onto Fiji software (version 2.3.0/1.53f), GFAP, Iba and Th positive cells within
the ROI (0.1764 mm?) were counted by the cell counter plugin, and quantification results
were scaled to n/mm?. Quantification analysis of lysosomal vesicle storage inside the
soma of microglia was performed as previously described [28]. A minimum of 5 individual
microglia z-stack images were captured at the SN region from each animal brain section.
Maximum intensity z-projections of the image stacks were created by Zen software (version
number: 14.0.28.201) (Zeiss, Germany). The area size of each microglial soma and lysosomal
vesicle inside soma were manually measured by using Fiji software, and the results are
presented as the percentage of microglial soma area occupied by CD68" vesicles.

Table 1. List of primers used in the study.

Gene Product Forward Primer Reverse Primer Assay No.
NADH dehydrogenase GCTACTA- GGGCTCTTTGGTGAAGAG- Mm04225325 o1
subunit 6 (MT-ND6) CAACCCTTCGCTGCCA TTTTATTGC -5

2.12. Circulating Cell-Free Mitochondrial DNA (ccf-mtDNA) Quantification

Ccf-mtDNA quantification was conducted as previously described with minor
changes [29]. Blood (100 uL) was collected from each mouse through retro-orbital blood col-
lection, and the plasma collected after sequential centrifugations at 1600 x ¢ and 16,000 g
for 10 min each. Protein concentrations from mouse plasma were determined from the re-
sulting supernatant using the Bio-Rad Bradford protein assay (Bio-Rad, Hercules, CA, USA).
DNA was isolated from equal amounts of protein using the DNA Clean & Concentrator-5
kit (Zymo Research, Irvine, CA, USA, 11-303). Levels of mitochondrial DNA in the cytoso-
lic enriched fraction were then determined via TagMan Real-Time PCR assays to detect
mitochondrial NADH dehydrogenase subunit 6 (MT-ND6) using the TagMan probe.

2.13. Western Blot (WB) Analysis

The ventral midbrain (VM) and striatum were micro-dissected and homogenized on
ice in 10:1 RIPA lysis and extraction buffer (Thermo Scientific, 89901) with Protease and
Phosphatase Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA, PPC1010). Protein
concentrations were determined using BCA Protein Assay (Thermo Scientific) and 16 pg
of protein was loaded and separated via SDS-PAGE in NuPAGE 4-12% Bis-Tris Gel with
NuPAGE MES Running Buffer (tyrosine hydroxylase (TH) and GAPDH). The proteins were
transferred to PVDF membranes using iBlot 2 Transfer Stacks (Invitrogen, Waltham, MA,
USA, 1B24001) and blocked in 3% BSA in PBS for 30 min at room temperature. Antibodies
for TH (ThermoFisher Scientific, PA5-85167) were diluted in 1% BSA (1:1000) in PBS
at 4 °C overnight. Antibodies for GAPDH (ThermoFisher Scientific, MA5-15738) were
diluted in 3% BSA (1:2000) in PBS for 1 h at room temperature. Subsequently, LI-COR
secondary antibodies IRDye 800 CW and IRDye 680 RD were diluted 1:20,000 and 1:10,000,
respectively, in 3% BSA in PBS and incubated for 1 h at room temperature. After primary
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and secondary incubations, TBST (0.1% Tween) washes were performed 3 times (5 min each).
Membranes were rinsed in PBS for 5 min prior to imaging in the LI-COR Odyssey, and
quantification was performed using Image Studio (LI-COR Biosciences, Lincoln, NE, USA).

2.14. Statistical Analysis

All the statistical analyses were performed in GraphPad Prism software, version 7.02
(GraphPad Inc., San Diego, CA, USA), and the results were presented as mean =+ standard
error of the mean (SEM). The statistical significance between different animal groups was
determined with either one-way or two-way ANOVA following Sidak’s or Tukey post hoc
t-test. p-value < 0.05 was considered as statistically significant.

3. Results

3.1. Increased ['8FIROStrace Retention in MitoPark Mice Occurred Early and Persisted to
End-Stage Disease

We first sought to determine whether O,°~ is a key trackable signal of neuroinflam-
mation in the MitoPark mouse model of PD. In this model, mitochondrial dysfunction is
induced in dopaminergic (DA) neurons by the selective deletion of Tfam, which results
in progressive degradation of the nigrostriatal DA axis and parkinsonian symptoms that
become fatal by 7 months of age [13]. To quantify oxidative stress in vivo, we compared
['8F]ROStrace retention in the whole brain of age-matched WT and MitoPark mice using
micro-PET/CT (Inveon, Siemens Medical Solutions, Inc., Malvern, PA, USA). MitoPark
mice exhibited increased whole-brain ['®F]JROStrace retention as early as 2 months of age
(n =11, p = 0.0167), with this increase persisting from 3 months to 6 months of age (n = 15,
p = 0.0013) (Figure 1A, middle panel). To validate these PET findings, we performed
ex vivo autoradiography (ARG) using ['8F]ROStrace, which confirmed elevated signals
in the whole brain of MitoPark mice compared to WT (Figure 1A, left panel). Next, we
applied the Mirrione mouse brain atlas (Figure 1A, right panel) to our PET data to assess
['8F]ROStrace retention in specific brain subregions, focusing on regions either housing DA
neurons (olfactory bulb, midbrain) or influenced by the nigrostriatal DA system (corteX,
hippocampus, striatum). Our results show that ['®F][ROStrace retention was increased in
the cortex, striatum and midbrain of 3-month-old MitoPark mice (Figure 1B, 3 months),
compared to WT. ['® FJROStrace signal was further elevated and widespread to the brain
regions most associated with the dopaminergic pathway in the 6-month-old MitoPark mice
(Figure 1B). To further explore the relationship between ['®F]ROStrace retention and age,
we performed linear regression analyses for the whole brain, striatum (Figure 1C), and
midbrain (Figure 1D) SUVs in aging MitoPark mice. These analyses revealed a positive
correlation between ['®F]ROStrace SUV and age in whole brain (p = 0.0067, R? = 0.2) as
well as nigrostriatal brain regions of MitoPark mice (Figure 1C,D), but not in WT controls
(WT whole brain, p = 0.0603, R2=0.1).

3.2. ['8F]ROStrace Retention Correlates with the Gradual Deterioration of Motor and Metabolic
Functions in MitoPark Mice

PD is clinically characterized by the progressive deterioration of the patient’s motor
system, resulting in symptoms such as bradykinesia, tremor, or stiffness [30]. Therefore,
to investigate the relationship between ['8F]ROStrace retention and PD-associated motor
deficits in the MitoPark model, a series of neurobehavioral assessments was conducted. To
evaluate gross motor function, we first examined spontaneous locomotor activity in the
open field test. Progressively reduced movement was observed in the aging MitoPark mice,
as demonstrated by the representative activity tracings in Figure 2A. Motor impairment in
the MitoPark mice was further characterized by measuring the velocity (Figure 2B), distance
traveled (Figure 2C), rearing (Figure 2D) and percentage of immobile time (Figure 2E) in the
open field. Our data revealed a consistent deterioration of motor function in MitoPark mice.
To explore the relationship between oxidative stress and PD-related motor impairment,
cumulative time spent active was plotted against ['¥FJROStrace SUV in nigrostriatal regions.
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A negative correlation was observed between striatum and midbrain ['8F]ROStrace SUV
vs. activity in MitoPark mice (Figure 2FG), suggesting a link between oxidative stress and
motor impairment.
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Figure 1. Increased ['®F]ROStrace retention in MitoPark mice occurred early and persisted to end-
stage of disease. (A, left panel) Brain subregions derived from Mirrione mouse brain atlas highlighted
as follows: olfactory bulb (OB; white), cortex (Ctx; light blue), basal forebrain septum (BFS; orange),
hippocampus (Hip; dark green), thalamus (Th; light green), hypothalamus (HyTh; teal), superior
colliculi (SC; magenta), midbrain (Mb: pink), cerebellum (Cb, yellow), and brain stem (BS; brown).
(A, middle panel) Sagittal view of [*8F]ROStrace PET images showing increased [BF]ROStrace retention
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(A)

in the brain of MitoPark mice at 3 and 6 months of age compared to WT mice. (A, right panel)
Ex vivo ARG validation of ['8F]JROStrace PET in 6-month-old MitoPark mice. (B) Quantification
of [®8FJROStrace standardized uptake value (SUV) in brain subregions highlighted in (A). Values
represent mean = SEM, n = 6-15 per group. p values of MitoPark vs. WT determined by unpaired
t-test (* p < 0.05; ** p < 0.01; *** p < 0.001). (C,D) Linear regression analysis of WT (black dots, n = 37)
and MitoPark (red triangles, n = 39) age vs. Striatum (C) and Midbrain (D) [18F]ROStrace SUV.
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Figure 2. Progressive decline of motor function in MitoPark mice. Representative images (A) showing
the progressive reduction in distance traveled by MitoPark (right panel) compared to WT (left panel)
within 15 min at 2-6 months of age. Quantitative analysis revealed a progressive decrease in motor
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function determined by reduced velocity (B), total distance traveled (C), number of rears (D), and
increased time immobile (E) during the 15 min test. Values represent mean + SEM, n = 1547 per
group. p values of MitoPark vs. WT determined by two-way ANOVA with mixed effects model
followed by Tukey’s post-test (* p < 0.05; *** p < 0.001; **** p < 0.0001). (F,G) Linear regression analysis
of WT (black dots, n = 13) and MitoPark (red triangles, n = 23) of cumulative time in activity vs.
Striatum (F) and Midbrain (G) [\8F]ROStrace SUV.

Next, movement and metabolism of MitoPark mice were continuously monitored
in the home cage environment via the Comprehensive Lab Animal Monitoring System
(CLAMS; Columbus Instruments, Columbus, OH, USA). The results again highlighted the
progressive nature of the MitoPark phenotype, with significant deterioration of activity
(Figure 3A,B), whole body respiration (ACO;; Figure 3C) and the respiratory exchange
ratio (RER; Figure 3D) from 2 to 6 months of age. Similarly, whole-body energy expenditure
(kcal/h) in the MitoPark mice was also decreased (Figure 3E) over time. Together, these
findings indicate that early detection of oxidative stress via [®F]ROStrace can predict the
progressive deterioration of motor function in the MitoPark model.
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Figure 3. Gradual deterioration of metabolic function in MitoPark mice. Progressive decrease in
MitoPark activity calculated as mean number of infrared (IR) beam breaks per time point within
the CLAMS home cage during the dark cycle (A, shaded regions). Quantification analysis revealed
decreased average activity in the dark cycle (B), respiration (delta CO,; C), respiratory exchange ratio
(RER, VCO,/VO5,; D) and energy expenditure (Kcal/h; E) in MitoPark mice over time. Bar graphs
represent the mean £ SEM, n = 7-26 per group, p values of MitoPark vs. WT determined by two-way
ANOVA with mixed effects model followed by Tukey’s post-test (** p < 0.01; **** p < 0.0001).

3.3. ['8F]ROStrace Identifies the Male Sex Bias in MitoPark Mice

Growing clinical evidence indicates that males are more susceptible to developing
PD than females [31,32], which may be partially explained by higher oxidative stress and
lower mitochondrial function in males [33]. Consistent with this, multiple PD animal
models also reveal that males develop parkinsonian symptoms (rigidity, bradykinesia,
and postural instability) sooner than females [34,35]. Therefore, we hypothesized that
MitoPark mice may also demonstrate a male sex bias that is detectable by ['8F]ROStrace
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imaging. To test this hypothesis, statistical parametric mapping (SPM) was used to dis-
tinguish brain regions with elevated [18F]ROStrace signal in MitoPark relative to WT in
both sexes (Figure 4A). The SPM analysis revealed that regional differences between the
two genotypes were largely driven by the male sex (Figure 4A). Importantly, the brain
regions showing increased ['®FJROStrace retention in males were key dopaminergic areas,
such as the olfactory bulb (OB), striatum and midbrain. Since MitoPark males showed
significant differences from WT at a young age (2 months), we sought to determine if male
MitoPark mice also show greater changes in behavior related to prodromal PD. Gastroin-
testinal motility and fine motor coordination were previously shown to be impaired in the
“prodromal” stage of rodent PD models [22,36]. Thus, we employed the bead expulsion
and tapered beam assays to investigate sex differences in gastrointestinal motility and fine
motor coordination, respectively. Young MitoPark males exhibited reduced gut motility
(Figure 4B) and impaired fine motor coordination (Figure 4C) compared to WT, whereas
female MitoPark were indistinguishable from WT (Bead: 2 months, p = 0.9912; 4 months,
p = 0.6644; Beam: 2 months, p = 0.1348; 4 months, p = 0.2279). Both male and female aged
MitoPark mice were unable to complete these behavioral tasks due to the advanced PD-like
phenotype at 6 months of age. However, when the intrinsic stress associated with these tests
was eliminated and the mice were observed at baseline in their home cage environment,
male MitoPark mice had the lowest whole-body oxygen consumption (VO,) at both the early
(2 months) and end (6 months) stages of disease (Figure 4D), indicating more severe metabolic
symptoms throughout the disease course. Collectively, these results show that [18F]ROStrace
effectively identifies the male sex bias in the PD-like phenotype of MitoPark mice.
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Figure 4. ['8F]ROStrace detects male sex bias in MitoPark mice. (A) Voxel-wise analyses by statistical
parametric mapping (SPM; p value and threshold) showing the greatest differences in ['8F]ROStrace
retention in male WT vs. MitoPark brains (A, middle panel), with MitoPark females more closely
resembling WT (A, lower panel). (B) Progressive impairment of gut motility, measured by latency
to bead expulsion, in MitoPark males. (C) Impaired motor coordination in MitoPark males from
2—4 months of age, measured by foot slips on a tapered beam. (D) Decreased O, consumption by
male MitoPark mice vs. WT males and MitoPark females in the home cage environment. Values
represent mean + SEM, n = 5~14 per group, p values of MitoPark vs. WT determined by two-way
ANOVA followed by Tukey’s post-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.4. Oxidative Stress and Neuroinflammation Precede the Loss of Dopaminergic (DA) Neurons in
the SN Region of MitoPark Mice

Previous studies have shown a loss of DA neurons in the SN and increased oxidative
damage in MitoPark mice at 67 months of age [12]. To further validate our in vivo PET
data showing increased early and persistent oxidative stress in the MitoPark brain, we
treated WT and MitoPark animals with dihydroethidium (DHE; (20 mg/kg), the parent
compound of ['8F]ROStrace, at 2-6 months of age. When DHE is oxidized to ethidium
by O,°~ or related ROS, it becomes fluorescent (Aexcitation/Aemission = 532 nm /580 nm)
and locked in the cell, thereby indicating local ROS [37-40]. The fluorescent signal from
oxidized DHE and TH+ neurons within the SN region was acquired from age-matched WT
and MitoPark brain sections. MitoPark mice exhibited increased oxidized DHE at all time
points (Figure 5A), mirroring the PET results. However, loss of DA neurons in the SN region
did not begin until 4 months of age (Figure 5A,B), which was confirmed by Western blot
analysis of TH levels in the ventral midbrain (VM) (Figure 5C,D). To identify the potential
cellular sources of ROS, we examined colocalization of oxidized DHE with cell-type-specific
markers for DA neurons (TH), astrocytes (GFAP), and microglia (IBA-1) in the SN region
(Figure S2). Our results revealed that oxidized DHE was infrequently detected in astrocytes
(Figure S2A,D) in both WT and MitoPark. However, it was localized to the cytoplasm of
microglia (Figure S2B,E) and nuclei of dysfunctional DA neurons (Figure S2C,F). These
findings suggest that astrocytes play a minimal role in the early ['8F]JROStrace signal in the
SN, with ROS primarily generated by microglia and dysfunctional DA neurons.
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Figure 5. Increased DHE signal in the substantia nigra (SN) accompanied by progressive loss of DA
neurons in MitoPark mice. (A(i—vi)) Representative coronal images of the SN from WT (A(i-iii)) and
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MitoPark (A(iv-vi)) mice at 2-6 months of age showing increased DHE signal and decreased tyrosine
hydroxylase (TH)-positive neurons in the MitoPark SN. Scale bar = 100 um. (B) Quantification
of TH-positive neurons in the SN of age-matched WT and MitoPark mouse brain tissues. Values
represent mean + SEM, n = 5-11 per group, p values of MitoPark vs. WT determined by two-way
ANOVA followed by Tukey’s post-test. ** p < 0.01, *** p < 0.001. Western blots confirmed decreased
TH in the SN (C,D) of MitoPark mice at 4-6 months of age, n = 6-11 per group, values represent mean
=+ SEM. p values determined by two-way ANOVA with mixed effects model followed by Tukey’s
post-test. * p < 0.05; ** p < 0.01.

Chronic neuroinflammation is a crucial factor in the progression of PD in both human
patients and animal models [41], including MitoPark [12]. Neuroinflammation is intimately
tied to oxidative stress. Thus, to better understand potential mechanisms contributing
to high ['8F]JROStrace retention in the MitoPark mice, we examined neuroinflammatory
markers in the SN region by IF. Our analysis revealed early infiltration of microglia and
astrocytes in the MitoPark SN region between 2 months and 4 months of age, prior to the
loss of DA neurons (Figure 6A(i,ii,iv,v)). By 6 months of age, only a sparse population of DA
neurons remained in the SN, with astrocytic branches continuing to envelop the surviving
neurons (Figure 6A(vi), white arrow). The presence of astrocytes encasing Tfam-deficient
DA neurons across all stages of degeneration indicates their potential role in supporting
these neurons throughout disease progression. Although further quantitative analysis of
astrocytic (Figure 6B) and microglial (Figure 6C) densities did not demonstrate statistical
differences between age-matched WT and MitoPark in the SN region, a general trend of an
increased number of both cells was observed in MitoPark across all age groups.

Recently, single-cell RNA sequencing analysis of microglial phenotypic heterogeneity
during the progression of neurodegeneration showed that microglia proliferate in neu-
rodegenerative disease conditions, especially in the early stages, but their morphology
and functional changes (e.g., expression of inflammatory markers) are more indicative of
disease progression than their numbers [42]. Furthermore, researchers also indicated that
functional microglial changes, such as increased phagocytosis and activation, correlate
more closely with disease severity than sheer cell number [43]. Therefore, we applied CD68,
an endosomal-lysosomal reporter of phagocytosis [44,45], to the brain tissues from age-
matched mice. Our results demonstrated increased size of CD68* lysosomal vesicles in the
microglia of the MitoPark SN at 24 months of age compared to WT (Figure 6A(vii,viii,x,xi)),
which appeared to normalize by 6 months of age (Figure 6A(ix,xii)). The increased percent-
age of microglial soma occupied by CD68* lysosomal vesicles in the 2- and 4-month-old
MitoPark mice suggests a heightened phagocytic activity early in the disease process
(Figure 6D).

Stressed mitochondria, such as those observed in Tfam-deficient DA neurons (Figure S3),
can lead to the release of mtDNA, which has pro-inflammatory properties [11]. Circulating
cell-free mtDNA (ccf-mtDNA) has been linked to DA neuronal death and neuroinflam-
mation in PD models [15]. Furthermore, we have recently found that the release of pro-
inflammatory ccf-mtDNA is regulated by ROS during viral infection [29]. To determine
whether a similar mechanism may be involved in MitoPark pathology, we measured and
compared ccf-mtDNA levels in plasma from MitoPark and control mice by using real-time
PCR. Our results showed that ccf-mtDNA levels were highest in young MitoPark mice
(Figure 6E) but became undetectable by 6 months of age, at which point degeneration of DA
neurons in the MitoPark SN was nearly complete (Figure 5C,D). Collectively, these results
suggest that activated microglia may contribute to increased oxidative stress detected by
DHE and ['8F]ROStrace PET/CT, and these early changes coincide with systemic markers
of pro-inflammatory mitochondrial stress.
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Figure 6. Neuroinflammation preceded loss of DA neurons in the SN region of MitoPark mice.
(A(i—vi)) Representative images from the WT and MitoPark SN showing infiltration of astrocytes
(green) and microglia (red) surrounding DA neurons (yellow) in the SN region of MitoPark (white ar-
row). (A(vii—xii)) Representative images showing microglia (white) co-stained with CD68 (green) are
increased in the SN of MitoPark at 2—4 months of age. Scale bar = 25 pm. (B,C) Quantification of astro-
cytes and microglia in the SN region showing an increased trend in MitoPark mice from 2-6 months
of age compared to age-matched control (n = 6-11 per group, values represent mean + SEM, p values
determined by two-way ANOVA with mixed effects model followed by Tukey’s post-test). (D) Quan-
tification of the % of CD68" microglial soma demonstrating enlarged lysosomal vesicles in MitoPark
mice from 2—4 months of age compared to age-matched control (n = 6-11 per group, values represent
mean + SEM, p values of MitoPark vs. WT determined by two-way ANOVA with mixed effects
model followed by Tukey’s post-test, * p < 0.05; **** p < 0.0001). (E) Increased circulating cell-free
mitochondrial DNA (ccf-mtDNA) expression level detected by real-time PCR from plasma of WT and
MitoPark mice at 24 months of age. n = 14-24 per group, values represent mean + SEM, p values of
MitoPark vs. WT determined by one-way ANOVA followed by Tukey’s post-test. (*** p < 0.001).

4. Discussion

Evidence suggests a crucial, early role of oxidative stress in the pathogenesis of preva-
lent neurodegenerative diseases (ND), including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS) [46]. Mitochondrial dysfunction
appears central to this process, as it can trigger the release of reactive oxygen species
(ROS) and other mitochondrial stress signals that activate the innate immune response [47].
Oxidative stress emerges as both a cause and consequence of neuroinflammation, further
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contributing to the abnormal processing and accumulation of proteins such as amyloid-f3
(AB), a-synuclein, and tau [47-52]. As a result, oxidative stress acts as a pivotal player,
intertwining mitochondrial dysfunction, neuroinflammation, and proteotoxicity in the com-
plex landscape of neurodegenerative diseases. Oxidative stress can be silently cultivated
in the brain of ND patients’ years before the appearance of diagnostic symptoms. This
extensive prodromal phase may afford a valuable opportunity for early disease interven-
tion, underscoring the urgent need for noninvasive methods to detect oxidative stress in
the brain.

Positron emission tomography (PET) imaging holds great promise for addressing
this issue. Several PET probes have been developed to monitor levels of ROS in vivo, and
most of these involve a trapping mechanism of an oxidized metallic or ethidium-based
radiotracer in tissues with high ROS [53]. Metallic radionuclides have the advantage of
simpler synthesis and higher radiochemical yields. Of these, ®®Ga-Galuminox has shown
promise in vitro and in a mouse model of LPS-induced acute lung injury, but brain uptake
has not been described [54]. Copper radionuclides have also been described as potential
probes for oxidative stress. One example, [**Cu]Cu-ATSM, becomes trapped in cells
exhibiting high NADH levels [54], which indicates reductive stress. While [6*Cu]Cu-ATSM
may prove valuable for detecting mitochondrial dysfunction [54,55], it does not measure
ROS and can accumulate in cells that primarily depend on glycolysis independent of ROS
levels. Conversely, Cu chelators such as [¢*Cu][Cul(BCS),]*~ do directly detect ROS, but
do not cross intact cell membranes and are less stable in blood, thus requiring further
optimization for in vivo imaging [56]. The second major class of ROS-sensitive PET probes
was developed by our group and is based on the fluorescent probe dihydroethidium (DHE).
DHE is an uncharged lipophilic compound that easily passes through cell membranes and
the blood-brain barrier (BBB) but becomes trapped in the cell when oxidized by superoxide
(O2°7) and related ROS. Studies in a doxorubicin model of cardiotoxicity involving O,°*~
demonstrated feasibility of the first DHE-based radiotracer for imaging ROS levels in tissues
under oxidative stress in vivo with PET. Unfortunately, this radiotracer does not cross the
BBB and cannot be used in central nervous system (CNS) imaging studies [6]. The second-
generation compound involved the replacement of the “click” moiety for radiolabeling
with a 2-fluoroethoxy group to form ['8F]ROStrace, with a half-life of 109.7 min [7]. Initial
in vivo imaging studies of ["®F][ROStrace were conducted in an LPS-treated mouse model
of neuroinflammation. This study demonstrated that ['8F]ROStrace has a high initial brain
uptake (0-3 min), followed by a rapid washout of the reduced form and stabilization
of the oxidized form after 20 min. The average whole brain ['8F]ROStrace SUV during
this plateau phase (20-60 min post-injection) was higher 24 h post-LPS and correlated
with the sickness score [7]. We have recently validated the utility of ['8F]ROStrace in
multiple models of proteinopathy, including the APP/PS1 AD model [25] and the A53T
model of synucleinopathy [57]. ['8F]ROStrace retention occurred in the initial phase of
each proteinopathy, spatially and temporally correlated with amyloid and alpha-synuclein
accumulation, and detected increased sensitivity of A53T mice to immune challenge [25,57].
These studies highlight the potential utility of ['®F][ROStrace for early detection of oxidative
stress in AD and synucleinopathies.

Herein, we investigated whether ['8FJROStrace could detect oxidative stress in con-
ditions mimicking PD pathogenesis. Overproduction of ROS by stressed mitochondria is
implicated in the erosion of the dopaminergic axis and the acceleration of PD pathogene-
sis [41,58,59]. A phenotyping pipeline was employed to evaluate the relationship between
['8F]ROStrace and common clinical disease outcomes in MitoPark mice, an established
model of late-onset PD induced by mitochondrial dysfunction [13]. We discovered an early
increase in ['8F]ROStrace retention in MitoPark mice that persisted throughout the course
of disease. Behavioral studies indicated early GI dysfunction and progressive deterioration
of locomotor activity and metabolic function, coincident with elevated neuroinflamma-
tion and oxidative damage that was detectable by [!8F]ROStrace. One limitation of the
MitoPark model is the lack of alpha-synuclein pathology, a key feature of PD. However,
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as aforementioned, we recently found that ['®F]ROStrace correlates with alpha-synuclein
aggregation in a model of synucleinopathy [57], which suggests [!®FJROStrace may also be
useful for detecting alpha-synuclein-associated neuroinflammation in PD.

Our findings also revealed a noticeable sex bias, with male MitoPark mice exhibiting
more severe oxidative stress and PD-like symptoms compared to females. Since the
animals used in this study were young (<6 months), the protective effects of estrogen on
mitochondrial biogenesis [60,61], antioxidant defenses [62], and microglial activation [63,64]
may have reduced oxidative stress and PD-like symptoms in premenopausal females. The
sex-specific difference in ['®FJROStrace retention underscores the higher susceptibility of
males to PD, in line with clinical observations. PD prevalence is twice as high in males and
is often associated with earlier onset and more severe symptoms. The PD male sex bias
has recently been linked to advanced brain aging by structural changes in T1-weighted
MRI [65]. Experimental models of PD suggest these structural changes may be related to
greater mitochondrial dysfunction [66], neuroinflammation [67], and cell death [68] in male
subjects. Thus, our results suggest ['®F[ROStrace PET may be a useful tool to explore these
functional changes clinically.

Mitochondrial dysfunction and inflammation are inextricably linked by ROS [69-72].
Stressed mitochondria release pro-inflammatory damage-associated molecular patterns
(DAMPs), such as ROS and mtDNA [73]. In MitoPark animals, deletion of Tfam causes
mtDNA instability, which may lead not only to the release of mtDNA [10,11], but also to an
increase in ROS production from a faulty respiratory chain [74]. Once oxidized, cell-free
mtDNA activates the inflammasome [75], resulting in the production of proinflammatory
cytokines that promote gliosis, oxidative stress, and neuronal damage [76]. We found
increased circulating cell-free mtDNA (Figure 6E) and increased ROS in the SN region of
MitoPark mice prior to loss of DA neurons (Figure 5A,B). The increase in ROS detected by
DHE was accompanied by activated microglia in the SN region of MitoPark mice, which
were absent in the age-matched WT. Although there was no significant difference observed
in the number of astrocytes and microglia between the MitoPark and WT SN, astrocytes
appeared to play a role in supporting Tfam '~ DA neurons. Moreover, microglia in the
MitoPark SN exhibited greater phagocytic activity, as evidenced by the increased size of
CD68* lysosomal vesicles (Figure 6D). The temporal increase in ['8F]ROStrace retention
in MitoPark mice correlated with ex vivo measures of ROS and neuroinflammation in the
SN region of MitoPark mice, demonstrating that [18F]ROStrace tracks PD-related oxidative
stress in vivo.

The early and persistent increase in oxidative stress identified by ['®F]ROStrace in
MitoPark mice suggests that sustained oxidative stress might be a key driver of PD progres-
sion. This finding aligns with its established connection between mitochondrial dysfunction
and neuroinflammation, highlighting the potential for targeting oxidative stress to alter
disease outcomes. Future studies are required to determine whether ['8F]ROStrace can
be used to evaluate the efficacy of mitochondria-targeted antioxidants [50] and other
mito-immune therapies.

5. Conclusions

In summary, our study demonstrated that mitochondrial dysfunction in dopaminergic
(DA) neurons leads to a progressive decline in both metabolic and motor function in
MitoPark mice. The PET probe [®®FJROStrace proved an effective tool for tracking the
abnormal production of ROS during the progression of MitoPark pathology. Notably,
increased oxidative stress, as detected by ['8F]ROStrace, was observed early in the disease
course and correlated with disease severity, revealing a male sex bias in the MitoPark
model. Furthermore, ['8F][ROStrace retention was high in young MitoPark mice, prior to
the loss of dopaminergic neurons, suggesting the potential utility of ['* FJROStrace for the
early detection of Parkinson’s disease in at-risk patients.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox13101226/s1, Figure S1: Schematic illustration of experi-
mental scheme; Figure S2: Colocalization of oxidized DHE in the MitoPark microglia and DA neurons.
Figure S3: Abnormal mitochondria in TH+ neurons of young MitoPark mice; Video S1: 4-month-old
WT, tapered beam. Video S2: 4-month-old MitoPark, tapered beam. Table S1: Information for
primary antibodies.
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