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Abstract: The synucleinopathies are a diverse group of neurodegenerative disorders characterized
by the accumulation of aggregated alpha-synuclein (aSyn) in vulnerable populations of brain cells.
Oxidative stress is both a cause and a consequence of aSyn aggregation in the synucleinopathies;
however, noninvasive methods for detecting oxidative stress in living animals have proven elusive.
In this study, we used the reactive oxygen species (ROS)-sensitive positron emission tomography
(PET) radiotracer [18F]ROStrace to detect increases in oxidative stress in the widely-used A53T mouse
model of synucleinopathy. A53T-specific elevations in [18F]ROStrace signal emerged at a relatively
early age (6–8 months) and became more widespread within the brain over time, a pattern which
paralleled the progressive development of aSyn pathology and oxidative damage in A53T brain tissue.
Systemic administration of lipopolysaccharide (LPS) also caused rapid and long-lasting elevations in
[18F]ROStrace signal in A53T mice, suggesting that chronic, aSyn-associated oxidative stress may
render these animals more vulnerable to further inflammatory insult. Collectively, these results
provide novel evidence that oxidative stress is an early and chronic process during the development
of synucleinopathy and suggest that PET imaging with [18F]ROStrace holds promise as a means of
detecting aSyn-associated oxidative stress noninvasively.

Keywords: alpha-synuclein; oxidative stress; reactive oxygen species; PET imaging; Parkinson’s
disease; synucleinopathy; A53T; M83

1. Introduction

Alpha-synuclein (aSyn) is a 140 amino acid protein that is highly enriched in the presy-
naptic terminals of mature neurons [1–3]. Despite decades of focused research, the diverse
physiological functions of aSyn within the cell remain incompletely understood, with various
studies demonstrating roles for aSyn in the regulation of exo- and endocytosis [4–7], vesicle
trafficking and recycling [8–10], dopamine metabolism and homeostasis [11], DNA/RNA
expression and repair [12], mitochondrial calcium homeostasis [13], and the assembly of solu-
ble N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) complexes that
mediate membrane fusion events [14]. Similarly, the structural properties of native aSyn are
not fully characterized, in large part because aSyn’s structure is thought to be both dynamic
and context-dependent [15–18]. Although the structure and function of aSyn under healthy
conditions remain topics of intense scientific interest, it is well-established that misfolding
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and aggregation of aSyn plays a central role in the pathogenesis of several prominent
neurodegenerative disorders, including Parkinson’s disease (PD), dementia with Lewy
bodies (DLB), and multiple system atrophy (MSA), among others. These disorders—which
are collectively labeled synucleinopathies—are characterized by the aberrant accumulation
of insoluble, aSyn-rich inclusions in vulnerable populations of neurons or glial cells. While
aSyn aggregation is associated with cytotoxicity [19], it has long been recognized that
aSyn-associated neurodegeneration may precede clinical symptom presentation by years
or even decades [20]. This extensive preclinical (i.e., prodromal) phase may represent a
critical window for disease-altering interventions; therefore, noninvasive biomarkers that
can identify and track disease progression in the absence of clinical symptoms are needed.

While the biological mechanisms underlying aSyn aggregation and aSyn-induced
toxicity remain incompletely understood, a substantial body of evidence suggests that
oxidative stress—i.e., an imbalance in the production and clearance of reactive oxygen
species (ROS) such as superoxide, hydrogen peroxide, and the hydroxyl radical—is both
a cause and a consequence of aSyn aggregation in synucleinopathies. For example, it is
well-established that insoluble Lewy bodies (LBs) from PD brain tissue contain oxidatively
modified aSyn, whereas soluble aSyn generally does not bear similar markers of ROS-
induced damage [21]. Likewise, animal studies in primates [22] and rodents [23] have
demonstrated that neurotoxin-induced oxidative stress promotes the formation of insoluble
inclusions that contain oxidatively modified aSyn, and more recent studies have shown
that oxidizing conditions enhance both the formation and intracellular propagation of aSyn
pathology [24,25]. Additional in vitro experiments support a direct causal link between
increased levels of ROS and enhanced aSyn aggregation. For instance, exposure of aSyn-
expressing cells to oxidants such as peroxynitrite has been shown to induce the formation
of insoluble aSyn inclusions [26], supporting the idea that ROS and reactive nitrogen
species (RNS) interact with aSyn in a manner that promotes aggregation. Critically, aSyn
aggregates themselves can also induce ROS production through a variety of mechanisms,
including disrupting mitochondrial complex I activity [27,28] and inducing microglial
activation [29,30]. Indeed, oxidatively modified aSyn has been shown to be more toxic to
dopaminergic neurons than wild-type aSyn [31] and elicit a more severe immune response
than wild-type aSyn [32]. The cyclical relationship between aSyn aggregation and increased
ROS production suggests that ROS could be leveraged as predictive biomarkers of disease
progression; however, the utility of ROS as biomarkers is currently limited by the lack of
noninvasive methodologies for detecting them in vivo.

The positron emission tomography (PET) radiotracer [18F]ROStrace detects changes in
ROS production in vivo [33,34] and therefore holds promise as a means by which to identify
and track aSyn-associated oxidative stress noninvasively. When [18F]ROStrace is injected
intravenously, its lipophilicity and neutral charge allow it to cross the blood–brain barrier
and enter the brain parenchyma. Subsequently, [18F]ROStrace is oxidized by ROS to [18F]ox-
ROStrace, which is unable to exit the brain because of its positive charge. Previous imaging
studies in rodent models of neuroinflammation and neurodegeneration have shown that
elevations in ROS production result in increased trapping of [18F]ox-ROStrace in brain, and
therefore in higher brain PET signal [33–35]. However, this methodological platform has
not yet been assessed in the context of aSyn aggregation. To address this knowledge gap,
we utilized the widely studied M83 mouse line, which overexpresses the A53T mutant
form of the human aSyn protein under the control of the mouse prion promoter [36].
A53T aSyn results from a G209A base-pair change in the SNCA gene, and expression of
A53T aSyn in humans is associated with an early and rapidly progressing form of familial
PD [37]. Likewise, A53T mice are known to show age-dependent accumulation of aSyn
pathology throughout the spinal cord, brainstem, and brain, and as such we hypothesized
that A53T animals would show higher average [18F]ROStrace signal in brain compared
with age-matched B6C3 controls. Furthermore, we postulated that A53T-specific elevations
in [18F]ROStrace signal would become detectable prior to the onset of debilitating late-stage
motor symptoms in A53T mice. To test these hypotheses, we performed [18F]ROStrace PET
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imaging on A53T and B6C3 mice at early (6–8 months old; mo) and middle (12 mo) stages of
aSyn aggregation. These studies demonstrated that average [18F]ROStrace signal is elevated
in A53T mice, coincident with neurobehavioral changes at 6–8 mo and the development
of phosphorylated aSyn pathology in A53T brain. Furthermore, A53T-specific elevations
in [18F]ROStrace signal became progressively larger and more widespread over time, and
consistently appeared well before the emergence of the late-stage ataxic phenotype that is
characteristic of the A53T model. To evaluate the predictive power of [18F]ROStrace PET
for aSyn-dependent nigrostriatal degeneration [38], additional cohorts of A53T and B6C3
mice were injected with lipopolysaccharide (LPS) at 7 mo and imaged either 24 h, 1 m,
or 5 m after the injection alongside saline-injected controls. In these studies, LPS-injected
A53T mice showed both acute and chronic elevations in whole-brain [18F]ROStrace signal
compared with LPS-injected B6C3 mice, coincident with increased sickness and mortality
rates in LPS-injected A53T animals. Together, these results support the idea that oxidative
stress is elevated early in synucleinopathy and highlight the utility of [18F]ROStrace PET as
a means of detecting aSyn-associated oxidative stress noninvasively.

2. Results

2.1. Corpus Callosum Is the Most Appropriate Pseudo-Reference Region for [18F]ROStrace
Quantification in A53T Mice

To measure levels of oxidative stress in presymptomatic A53T mice, we conducted
60 min dynamic [18F]ROStrace PET imaging experiments on cohorts of 6–8 mo and 12 mo
A53T and B6C3 animals of both sexes. While the gold-standard approach to PET image
quantification involves the collection of arterial blood samples at pre-established timepoints
throughout each scan, mice do not have sufficient blood volume to enable this approach.
Previous small animal PET studies have surmounted this challenge by normalizing the
PET signal to that of a reference region—i.e., a volume of interest (VOI) within the brain
that is known to show no specific uptake of the radiotracer [39–42]. However, ROS are
continuously produced in brain cells as byproducts of cellular respiration [43] and are also
important contributors to redox signaling even under normal physiological conditions [44].
As such, no major brain region is likely to show zero specific [18F]ROStrace signal. In
light of this, we opted to normalize the [18F]ROStrace signal to that of a pseudo-reference
region, which is a region in the brain that is known to be unaffected by the disease or
process being studied (in this case, aSyn aggregation and any associated increases in ROS
production) [45,46]. To identify a region that is unaffected by aSyn aggregation and aSyn-
associated oxidative stress in presymptomatic A53T mice, we immunostained brain sections
from 8–16 mo A53T animals with multiple established markers of protein aggregation and
oxidative stress (Figure S1). These studies revealed that the corpus callosum (CC) is the
brain region least affected by aSyn aggregation and aSyn-associated oxidative stress in the
A53T model (further details available in the Methods Section). As such, a CC VOI was
added to the M. Mirrione mouse brain atlas [47], and each [18F]ROStrace PET image was
normalized to the average signal in the corresponding CC. This resulted in a final PET
outcome measure of standardized uptake value relative to CC (SUVRcc).

2.2. A53T Mice Show Progressive Increases in Brain [18F]ROStrace Signal

Since previous [18F]ROStrace studies in mice have demonstrated that tracer uptake
in brain peaks within 2–3 min and then plateaus around 40 min [34,35], we compared
the average SUVRcc in brain from 40–60 min across A53T and B6C3 animals at both
timepoints. As expected, A53T mice showed significantly higher whole-brain SUVRcc than
B6C3 mice regardless of age (Figure 1; p ≤ 0.003). These results were corroborated by ex
vivo autoradiography studies, which showed a similar difference between A53T and B6C3
animals when the raw images were normalized to the average intensity in corpus callosum
(Figure 1B). While both male and female animals were scanned at each timepoint (sample
sizes shown in Table S1), no significant sex effect was observed in either genotype (A53T
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male vs. A53T female p = 0.699; B6C3 male vs. B6C3 female p = 0.408; p-values calculated
via one-way ANOVA with Šidák’s multiple comparisons test).
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Figure 1. Whole-brain average [18F]ROStrace signal is elevated in A53T mice. (A) Average brain
[18F]ROStrace PET images from B6C3 and A53T mice at 6–8 and 12 months old (mo). In all PET
images, colors represent unitless SUVRcc values, which are calculated by dividing each animal’s
raw PET image by the average signal in the corpus callosum (CC). Brain subregions are overlayed
onto each PET image, with corresponding labels shown in the MRI Template images; OB = olfac-
tory bulb, Ctx = cortex, BF = basal forebrain and septum, CC = corpus callosum, Thal = thalamus,
Hyp = hypothalamus, Hip = hippocampus, Mb = midbrain, SC = superior colliculi, IC = inferior
colliculi, CG = central grey, BS = brainstem, Cb = cerebellum. (B) Representative ex vivo autora-
diography images from 12 mo male B6C3 and A53T animals ~60 min after [18F]ROStrace injection.
As in the PET images, these autoradiographs are normalized to the average signal in the corpus
callosum. (C) Whole-brain SUVRcc values in B6C3 and A53T mice at each timepoint. Mean values
were as follows: 6–8 mo B6C3 = 1.062; 6–8 mo A53T = 1.108; 12 mo B6C3 = 1.058; 12 mo A53T = 1.122.
p-values were calculated via one-way ANOVA with post hoc Šídák’s multiple comparisons tests.

Having established that A53T mice show higher whole-brain [18F]ROStrace signal
than B6C3 mice at both 6–8 mo and 12 mo, we next investigated how the spatial distribution
of [18F]ROStrace signal differences changed over time (Figure 2). Voxel-level statistical
comparisons between the A53T and B6C3 SUVRcc image sets were first performed using
statistical parametric mapping (SPM; Figure 2A,C). These SPM results revealed widespread
A53T-specific elevations in SUVRcc at both timepoints, with cortex, hippocampus, thalamus,
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striatum, and midbrain showing clusters of significant A53T > B6C3 differences at both
6–8 mo and 12 mo. Notably, several additional regions only showed significant differences
at 12 mo, including brainstem, deep cerebellar grey matter, and olfactory bulbs, among
others. To further clarify which regions showed significant elevations in [18F]ROStrace
signal at each timepoint, we next overlayed the M. Mirrione mouse brain atlas [47] onto
each PET image and calculated the average SUVRcc in 14 VOIs throughout the brain. The
resulting region-specific SUVRcc values were then compared across genotypes at each
timepoint (Figure 2B,D). As expected based on the SPM results, A53T mice showed higher
average SUVRcc than B6C3 mice in a subset of brain regions at 6–8 mo, and in every brain
region at 12 mo. These VOI-level results align with the voxel-level results shown in the
SPM images and indicate that A53T-specific elevations in [18F]ROStrace signal become
more widespread within the brain as the animals age.
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Figure 2. A53T-specific elevations in [18F]ROStrace signal become more widespread with age.
(A) Statistical parametric mapping (SPM) images showing voxels that have significantly higher
average SUVRcc in 6–8 mo A53T mice vs. 6–8 mo B6C3 mice. Hotter colors correspond to higher
t-scores (i.e., lower p-values) and significant clusters are overlayed onto a standard mouse brain
MRI. The right hemisphere is shown; p < 0.005 uncorrected; extent threshold = 50. (B) Subregion-
specific SUVRcc values from 6–8 mo B6C3 (blue) and A53T (orange) mice. p-values were calculated
via multiple unpaired t-tests with the Holm–Šidák method of multiple comparison correction,
and only values less than 0.05 are shown. A dashed line at SUVRcc = 1 is also added for visual
clarity. (C,D) Corresponding SPM images (C) and subregional SUVRcc results (D) from 12 mo
B6C3 and A53T mice. Notably, every subregion showed significant A53T > B6C3 differences in
[18F]ROStrace signal at the 12 mo timepoint, including those that did not show such elevations at
the 6–8 mo timepoint.

2.3. A53T Mice Exhibit Progressively Severe aSyn Pathology That Colocalizes with Indicators of
Oxidative Stress

To determine whether increased [18F]ROStrace signal is associated with increased his-
tological evidence of oxidative stress, we next stained 6–8 and 12 mo A53T and B6C3 brain
sections with antibodies against 3-nitrotyrosine (3NT). Nitration of tyrosine residues is a
well-established biomarker of oxidative and nitrative stress [48–51], and increased tyrosine ni-
tration has consistently been observed in both human synucleinopathy [21,52] and in various
animal models of genetic- and toxin-induced neurodegeneration [23,35,53–56]. As expected
based on the PET results, A53T animals showed 3NT staining throughout the brain at both
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timepoints (Figure 3). At the 6–8 mo timepoint (Figure 3A), average 3NT fluorescence was
higher in A53T animals than in B6C3 animals in cortex, midbrain, and brainstem, but not
in hypothalamus. This result aligns with the VOI-level [18F]ROStrace PET results at this
timepoint (Figure 2B). The 3NT staining results at 12 mo also align with the [18F]ROStrace
PET results, as every examined brain region showed significantly higher 3NT fluorescence
in 12 mo A53T animals compared with 12 mo B6C3 animals (Figure 3B). When the 3NT
staining in 12 mo A53T animals was compared with that in 6–8 mo A53T animals, most
brain regions showed significantly higher signals in 12 mo animals (Figure 3C), consistent
with the idea that aSyn-associated oxidative stress becomes progressively severe over time.
Taken together, these 3NT staining results support the in vivo PET results and suggest that
[18F]ROStrace imaging provides a viable means by which to assess changes in oxidative
stress noninvasively.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW  7  of  22 
 

 

2.3. A53T Mice Exhibit Progressively Severe aSyn Pathology that Colocalizes with Indicators of 

Oxidative Stress 

To determine whether increased [18F]ROStrace signal is associated with increased his-

tological evidence of oxidative stress, we next stained 6–8 and 12 mo A53T and B6C3 brain 

sections with antibodies against 3-nitrotyrosine (3NT). Nitration of tyrosine residues is a 

well-established biomarker of oxidative and nitrative stress [48–51], and increased tyro-

sine nitration has consistently been observed in both human synucleinopathy [21,52] and 

in various animal models of genetic- and toxin-induced neurodegeneration [23,35,53–56]. 

As expected based on the PET results, A53T animals showed 3NT staining throughout the 

brain at both  timepoints  (Figure 3). At  the 6–8 mo  timepoint  (Figure 3A), average 3NT 

fluorescence was higher in A53T animals than in B6C3 animals in cortex, midbrain, and 

brainstem, but not in hypothalamus. This result aligns with the VOI-level [18F]ROStrace 

PET results at this timepoint (Figure 2B). The 3NT staining results at 12 mo also align with 

the [18F]ROStrace PET results, as every examined brain region showed significantly higher 

3NT fluorescence in 12 mo A53T animals compared with 12 mo B6C3 animals (Figure 3B). 

When the 3NT staining in 12 mo A53T animals was compared with that in 6–8 mo A53T 

animals, most brain regions showed significantly higher signals in 12 mo animals (Figure 

3C), consistent with the idea that aSyn-associated oxidative stress becomes progressively 

severe over time. Taken together, these 3NT staining results support the in vivo PET results 

and  suggest  that  [18F]ROStrace  imaging  provides  a  viable means  by which  to  assess 

changes in oxidative stress noninvasively. 

 

Figure 3. A53T mice show progressive increases in tyrosine nitration relative to age-matched B6C3 

mice.  (A) Representative  immunofluorescent  images of 3-nitrotyrosine  (3NT) staining  in various 

regions of 6–8 mo B6C3 (left) and A53T (middle) mouse brain. In all  images, 3NT staining (red) 

shows  tyrosine  residues  that have been nitrated by  reactive oxygen and nitrogen  species, while 

Hoechst staining (blue) shows cell nuclei. Box-and-whisker plots (right) quantify the 3NT staining 

shown in each region, with p-values calculated via two-tailed unpaired t-tests. (B) Equivalent im-

ages and graphs from 12 mo animals. (C) Box-and-whisker plots comparing the 3NT fluorescence 

of 6–8 mo and 12 mo A53T animals. Sample sizes for staining quantification are as follows: 6–8 mo 

B6C3 = 4, 6–8 mo A53T = 4, 12 mo B6C3 = 6, 12 mo A53T = 5. 

Having established that A53T animals show significant elevations in both [18F]ROS-

trace  PET  signal  and  3NT  fluorescence,  we  next  sought  to  characterize  the  spatial 

Figure 3. A53T mice show progressive increases in tyrosine nitration relative to age-matched B6C3
mice. (A) Representative immunofluorescent images of 3-nitrotyrosine (3NT) staining in various
regions of 6–8 mo B6C3 (left) and A53T (middle) mouse brain. In all images, 3NT staining (red)
shows tyrosine residues that have been nitrated by reactive oxygen and nitrogen species, while
Hoechst staining (blue) shows cell nuclei. Box-and-whisker plots (right) quantify the 3NT staining
shown in each region, with p-values calculated via two-tailed unpaired t-tests. (B) Equivalent images
and graphs from 12 mo animals. (C) Box-and-whisker plots comparing the 3NT fluorescence of
6–8 mo and 12 mo A53T animals. Sample sizes for staining quantification are as follows: 6–8 mo
B6C3 = 4, 6–8 mo A53T = 4, 12 mo B6C3 = 6, 12 mo A53T = 5.

Having established that A53T animals show significant elevations in both [18F]ROStrace
PET signal and 3NT fluorescence, we next sought to characterize the spatial associations
between these oxidation biomarkers and aSyn pathology. To this end, we first co-stained
6–8 and 12 mo A53T and B6C3 brain sections with 3NT and phospho-serine 129 (ps129),
a selective marker of pathological aSyn aggregates in human LBs [57–60] (Figure 4). As
expected, these studies revealed phosphorylated aSyn pathology in A53T brain sections at
both timepoints, as well as an absence of pathology in all B6C3 brain sections. Regardless
of age, ps129-labeled aSyn aggregates were predominantly found in 3NT-positive cells
(examples indicated by white arrowheads in Figure 4; higher magnification images shown
in Figure S2), supporting the idea that aSyn pathology is spatially associated with oxida-
tive stress at the cellular level. Likewise, in brain samples co-stained with ps129 and the
ROS-sensitive fluorescent probe dihydroethidium (DHE), ps129-positive inclusions were
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exclusively found in DHE-positive neurons (Figure S1H), providing further evidence that
phosphorylated aSyn aggregates colocalize with fluorescent indicators of oxidative stress
in A53T brain tissue. While the spatial associations between ps129 and 3NT/DHE were
highly consistent across A53T brain samples regardless of age, we observed that the nature
and distribution of the ps129 signal differed dramatically between 6–8 mo and 12 mo A53T
animals. In younger A53T mice, ps129 fluorescence was relatively dim, predominantly
perikaryal, and localized primarily to the superficial layers of cortex, superior and inferior
colliculi, grey matter of cerebellum, olfactory bulb, and caudal brainstem/cervical spinal
cord. This pattern of staining was highly consistent across all 6–8 mo A53T brains in this
study (n = 11), and no such staining was observed in age-matched B6C3 brains. By contrast,
most 12 mo A53T animals showed ps129-positive inclusions in all major brain regions
except CC, including the regions spared by ps129 pathology at 6–8 mo (e.g., hypothalamus
and deep cerebellar grey matter; Figure 4). In general, the ps129 signal in 12 mo A53Ts was
most abundant in midbrain, cortex, hypothalamus, cerebellum, and brainstem, a pattern
which aligned with the distribution of [18F]ROStrace signal differences at this timepoint
(Figure 2C).
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Figure 4. Phosphorylated aSyn pathology becomes more widespread over time and colocalizes with
oxidative damage in A53T mouse brain. All panels show representative immunofluorescent images
of 6–8 mo B6C3 (top), 6–8 mo A53T (middle), or 12 mo A53T (bottom) brain sections stained with
phospho-serine 129 (ps129) and 3-nitrotyrosine (3NT). In all images, ps129 staining (green) shows
phosphorylated aSyn pathology, 3NT staining (red) shows evidence of oxidative stress, and Hoechst
staining (blue) shows cell nuclei. Diffuse aSyn pathology was detectable in the cortex and brainstem
of 6–8 mo A53Ts, whereas 12 mo A53Ts showed bright and distinct pathology in all examined brain
regions. B6C3 animals did not show ps129 staining at any timepoint. In samples with positive
ps129 staining, the majority of the ps129 signal was found in 3NT-positive cells (examples indicated
by white arrowheads; higher magnification images shown in Figure S2).

To further characterize the cellular localization of aSyn aggregates in A53T brains at
each timepoint, we next co-stained 6–8 and 12 mo A53T brain sections with ps129 and
antibodies against NeuN (neurons), ionized calcium-binding adaptor molecule 1 (Iba1;
microglia), glial fibrillary acidic protein (GFAP; astrocytes), or SRY-box transcription factor
10 (Sox10; oligodendrocytes—Figure S3). These studies revealed that the vast majority
(~80%) of the ps129 signal was found in neurons, with a much smaller fraction (~20%) found
in oligodendrocytes and an even smaller fraction (<1%) found in microglia. Negligible
ps129 was present in astrocytes at either timepoint. In most A53T animals, the ps129 signal
in neurons was localized predominantly to the cell body, although some 6–8 mo A53Ts
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did show neurite-like pathology in and around the olfactory bulb, and the most severely
affected 12 mo A53Ts showed axonal and/or dendritic pathology throughout the brain
(e.g., the 12 mo A53T shown in Figure 4). Notably, Iba1 staining revealed minimal microglial
activation in the vast majority of A53T mice, regardless of age (Figure S4). Indeed, activated
microglia were only observed in acutely symptomatic animals, suggesting that A53T mice
generally do not show widespread microgliosis until the onset of fatal motor symptoms in
the last 2–3 weeks of life.

2.4. A53T-Specific Behavioral Abnormalities Emerge Early in Life and Persist through Middle Age

In human synucleinopathy, the presentation of clinical motor symptoms is often pre-
ceded by an extensive ‘prodromal’ phase characterized by a variety of nonmotor symptoms
and/or subtle disruptions to normal motor function [20]. Given our observation that A53T
animals showed significant elevations in whole-brain average [18F]ROStrace signal well
before the onset of fatal end-stage motor symptoms (~12–16 mo in our A53T colony), we
next sought to determine whether A53T mice also show behavioral evidence of a subacute,
‘prodromal-like’ disease state. Towards this end, we conducted a variety of behavioral
assays on A53T and B6C3 mice at both 6–8 and 12 mo. These assays revealed a subtle
but highly consistent A53T-specific behavioral phenotype characterized by hyperactivity,
diminished nesting behavior, and increased limb clasping (Figure 5). Notably, this pheno-
type did not become progressively more severe over time; rather, A53T-specific behavioral
disruptions developed at an early age (~6 mo in most animals) and then remained relatively
stable until the sudden and dramatic loss of function in the final 2–3 weeks of the A53T
lifespan. Because we did not observe major differences in behavior between the 6–8 and
12 mo timepoints, and because previous studies in A53T mice have noted a similar plateau
in motor symptom development [61], we ultimately chose to combine the behavioral data
from both timepoints.

To evaluate gross locomotor activity in A53T and B6C3 mice, we first housed cohorts of
male and female animals in the Comprehensive Lab Animal Monitoring System (CLAMS).
These studies consistently revealed higher motor activity in A53T animals compared with
B6C3 animals, as determined by both total distance traveled (‘X total’; Figure 5A) and
running wheel usage (‘wheel’; Figure 5B). These results were corroborated by the open
field task, which also showed a higher average velocity (Figure 5C) and longer distance
traveled in A53T mice compared with B6C3 mice (A53T average distance = 4031 cm, B6C3
average distance = 3000 cm, p = 0.016 by two-tailed unpaired t-test). While the open field
test did not reveal any significant difference in vertical activity (rearing) between A53T
and B6C3 mice (A53T mean = 19 rears/trial, B6C3 mean = 15 rears/trial; p = 0.356), we did
observe that A53T mice visited the center of the testing area significantly more quickly than
B6C3 mice (Figure 5D), suggesting that A53T mice may be less anxious relative to similarly
aged controls. These results are highly consistent with previous studies in homozygous
A53T animals, which also found a hyperactive and anxiolytic phenotype in A53Ts relative
to controls [61–63]. The A53T animals used for this study also consistently demonstrated
reduced nesting behavior, as measured by both the nesting task (Figure 5E) and routine
observations of A53T and B6C3 cages. Nesting is an intrinsic behavior in both male and
female mice [64], and throughout this study B6C3 animals of both sexes universally made
deep, well-defined nests that utilized all or most of the available nesting material. By
contrast, A53T animals demonstrated little or no nest-building in both the nesting task
and in their normal home cages. This behavioral change emerged at a very young age in
A53T mice (~2–3 mo), and aligns with previous nesting results in the A53T model [61].
Finally, we observed significantly more limb clasping in A53T mice compared with B6C3
mice (Figure 5F) regardless of the age of the animals. In sum, our results indicate that A53T
mice develop a variety of subtle but consistent behavioral abnormalities early in life, which
then persist without worsening until the emergence of the fatal late-stage ataxia that is
characteristic of this model.
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Figure 5. A53T mice display an abnormal and persistent behavioral phenotype characterized by
hyperactivity, limb clasping, and disruptions to nesting behavior. (A,B) A53T mice display increased
locomotion (A) and running wheel usage (B) over the course of 3–4 nights in the Comprehensive Lab
Animal Monitoring System (CLAMS); B6C3 n = 11, A53T n = 11, p-values calculated via unpaired
t-tests. (C,D) A53T mice show higher average velocity (C) and lower average latency to center (D) in
the open field task; B6C3 n = 34, A53T n = 38. (E) A53T mice show reduced nesting behavior during
the nesting task; B6C3 n = 17, A53T n = 20. (F) A53T mice show significant elevations in clasping
behavior relative to age-matched B6C3 mice. Each dot on this graph shows the average clasping score
for an individual animal; B6C3 n = 27, A53T n = 63. In all graphs, animal ages range from 6–12 mo.

2.5. A53T Mice Show Increased [18F]ROStrace Signal and Mortality following
Lipopolysaccharide Injection

It has previously been demonstrated that a single intraperitoneal (I.P.) injection of
lipopolysaccharide (LPS) initiates ROS-dependent neuroinflammation and nigrostriatal
degeneration in 7 mo A53T mice [38]. As such, we next sought to determine whether
[18F]ROStrace PET imaging is sensitive enough to detect the increased susceptibility of
A53T mice to a PD-related environmental challenge. To this end, we injected 7 mo A53T
and B6C3 mice with LPS (5 mg/kg I.P.) and then imaged the animals with [18F]ROStrace
either 24 h, 1 m, or 5 m after injection (Figure 6). As in the uninjected animals, LPS-injected
A53T mice showed higher whole-brain average SUVRcc than LPS-injected B6C3 mice
(Figure 6A). Moreover, the mean SUVRcc in LPS-injected A53Ts stayed relatively consistent
up to 5 m post-injection, whereas the mean SUVRcc in LPS-injected B6C3s decreased
over time (Figure 6B). Interestingly, while previous studies have reported that acute LPS-
induced inflammation is similar in A53T and B6C3 animals [38], we found significant
A53T-specific elevations in [18F]ROStrace signal as early as 24 h post-injection, suggesting
that increased ROS production is an early consequence of LPS challenge in 7 mo A53T
brain. During this acute phase (up to 5 days post-injection), LPS-injected A53T animals
also showed higher average sickness scores and a 25% increase in mortality compared with
LPS-injected B6C3 animals (Figure 6C,D). Taken together, these results suggest that early
and persistent increases in [18F]ROStrace signal are associated with increased vulnerability
of A53T animals to inflammatory insult.
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Figure 6. A53T animals show increased [18F]ROStrace signal and mortality after a single injection of
LPS. (A) Average brain [18F]ROStrace images from LPS-injected B6C3 (top) and A53T (bottom) mice
24 h, 1 m, or 5 m after injection (performed at 7 mo). Colors represent CC-normalized PET signal
(SUVRcc), and mean SUVRcc values and corresponding sample sizes are shown below each image.
(B) Whole-brain SUVRcc values in LPS-injected B6C3 and A53T mice at each timepoint. p-values
were calculated using multiple 2-tailed Welch t-tests with the two-stage step-up method of Benjamini,
Krieger, and Yekutieli for multiple comparison correction. (C) Average sickness scores in LPS-injected
B6C3 and A53T mice 24 h post-injection. LPS-injected A53T animals showed significantly higher
sickness scores than LPS-injected B6C3 animals as calculated by two-tailed Welch’s t-test. (D) Percent
survival for LPS-injected B6C3 and A53T animals 1–5 days post-injection.

3. Discussion

Oxidative stress is thought to be both a cause and a consequence of aSyn aggregation
in the synucleinopathies. Yet despite the putative importance of oxidative stress in the
pathogenesis of PD, MSA, and other prevalent neurodegenerative disorders, noninvasive
methods for quantifying ROS production in these disorders have proven elusive. In this
study, we used PET imaging with the ROS-sensitive radiotracer [18F]ROStrace to detect
increased oxidative stress in the brains of living A53T mice, which demonstrate aSyn
aggregation similar to that seen in human synucleinopathy (Figure 1). A53T-specific in-
creases in [18F]ROStrace signal emerged relatively early in disease progression (6–8 mo)
and became more widespread within the brain as the animals aged (Figure 2). These in vivo
PET results were supported by 3NT staining experiments, which revealed significant and
progressive increases in tyrosine nitration in A53T animals relative to age-matched wild-
type controls (Figure 3). Similar trends were observed in the ps129 staining results, which
showed a progressive transition from sparse, diffuse, and primarily perikaryal aggregates
in 6–8 mo A53T animals to bright, distinct, and neurite-like pathology that affected most
major brain regions in 12 mo A53T animals (Figure 4). Moreover, A53T-specific increases in
[18F]ROStrace signal—and accompanying increases in 3NT and ps129 staining—were de-
tectable during the subacute phase of disease progression (Figure 5), suggesting that small
but significant elevations in ROS production are a relatively early and long-lasting feature
of this model. Finally, A53T mice showed increased [18F]ROStrace signal and decreased
survival following a single I.P. injection of LPS (Figure 6), suggesting that [18F]ROStrace can
detect the increased vulnerability of A53T animals to LPS-induced neurodegeneration [38].
Together, these results support the idea that aSyn aggregation is associated with elevated
ROS production during synucleinopathy and suggest that [18F]ROStrace PET imaging
holds promise as a means of detecting aSyn-associated oxidative stress noninvasively.
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While our PET, 3NT, and ps129 staining results strongly suggest that aSyn aggregation
is associated with elevated ROS production in A53T mice, the vast majority of our A53T
animals did not show evidence of significant neuroinflammation or behavioral decline,
regardless of their age. Indeed, robust microglial activation and late-stage motor symptom
development (i.e., weight loss, paralysis, etc.) were only observed in a handful of 12–16 mo
A53T mice, with the remainder showing minimal glial activation or behavioral decline
no matter the timepoint (Figure S4). These observations point towards the existence
of at least two distinct phases of disease progression in A53T mice. In the first phase,
sparse and diffuse aSyn pathology is accompanied by minimal microglial activation and
modest but significant behavioral disruptions that do not worsen over time. During
this subacute phase, our [18F]ROStrace and 3NT results indicate that ROS production
is nonetheless elevated in A53T animals. By contrast, the later-stage, ‘acute’ phase of
disease progression is characterized by the accumulation of Triton-insoluble, neuritic aSyn
pathology that affects most major brain regions, alongside robust microglial activation and
the rapid development of progressively severe and ultimately fatal gross motor symptoms.
The sudden and catastrophic onset of this late-stage disease has been noted throughout
the existence of the A53T model [36], yet it remains unclear what factor or factors are
ultimately responsible for the rapid shift from sub-acute to acute disease. In light of
this uncertainty, our [18F]ROStrace PET results are particularly interesting, as they show
that significant and progressive increases in aSyn-associated oxidative stress precede the
onset of acute disease by a substantial margin. Since oxidizing conditions are known to
promote aSyn aggregation [26] and cell-to-cell transmission [24], such long-term increases
in ROS production may accelerate the formation of insoluble aSyn lesions in particularly
vulnerable populations of cells. Alternatively, chronic increases in oxidative stress could
predispose A53T animals towards developing the disease later in life by interfering with
intracellular antioxidant defense systems and reducing the animal’s ability to respond to
future inflammatory insults. This putative mechanism is supported by our LPS results,
which suggest that middle-aged A53T mice are both more susceptible to LPS-induced
neuroinflammation and less able to recover from that inflammation over time.

In human PD, it is increasingly recognized that the presymptomatic (i.e., prodromal)
phase of disease is likely to be a key window for outcome-altering interventions, as cardinal
motor symptoms typically do not develop until substantial neurodegeneration has already
occurred [20]. The current PET, staining, and behavioral results indicate that A53T mice
also experience a prolonged ‘prodromal-like’ disease phase, characterized by subtle but con-
sistent behavioral alterations (primarily hyperactivity, limb-clasping, and reduced nesting
behavior [61–63]) and increased oxidative stress in the absence of widespread neuroin-
flammation. Given that CC-normalized [18F]ROStrace PET imaging consistently reveals
increased ROS production in A53T brain during this sub-acute phase, future studies should
now seek to establish whether early interventions with antioxidants and/or drugs that
target aSyn aggregation are capable of reducing aSyn-associated increases in [18F]ROStrace
signal. To this end, several antioxidant and antibiotic drugs have already shown neu-
roprotective effects in rodent models of neurodegeneration, including resveratrol [62],
MitoQ [56,65,66], 7-nitroindazole [67], minocycline [68], and diphenyleneiodonium [69],
among others. Direct and indirect inhibitors of aSyn aggregation, such as KYP-2047 [70,71],
MCC950 [72], and MT101-5 [73], have also shown beneficial effects in rodent models of
synucleinopathy, as have poly (ADP-ribose) polymerase-1 (PARP-1) inhibitors like ABT-
888 [74] and Veliparib [75]. While the mechanisms of action, degrees of efficacy, and
side effects vary dramatically amongst these drugs (and other related drugs not listed
here), all of these compounds represent promising candidates for further investigation via
[18F]ROStrace PET. Indeed, a unique advantage of [18F]ROStrace PET imaging is that it
enables the in vivo assessment of antioxidant and anti-inflammatory drug efficacy, such
that multiple candidate therapeutics could be tested and quantitatively compared in paral-
lel in living animals. Further, interventions with different categories of pharmaceuticals
(e.g., aSyn aggregation inhibitors vs. mitochondria- or microglia-targeted therapeutics)
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could provide valuable insights into the primary drivers of the [18F]ROStrace signal during
each stage of disease progression. For instance, reduced [18F]ROStrace retention following
treatment with inhibitors of aSyn aggregation (such as KYP-2047, MCC950, or MT101-5)
would further solidify the putative causative relationship between aSyn aggregation and
oxidative stress. Along similar lines, future studies should also seek to include cohorts of
animals that are imaged longitudinally, as such studies would enable us to more thoroughly
characterize both the predictive power of [18F]ROStrace PET and the extent to which the
[18F]ROStrace signal progresses over the course of synucleinopathy.

In sum, the current results indicate that PET imaging with [18F]ROStrace is capable
of detecting aSyn-associated oxidative stress in living animals, and suggest that such
oxidative stress is an early and persistent feature of synucleinopathy in the A53T mouse
model. To our knowledge, this study represents the first use of PET imaging as a means of
detecting oxidative stress in the context of aSyn aggregation, and as such these experiments
establish [18F]ROStrace PET as a novel and potentially valuable tool for the noninvasive
characterization of oxidative stress in preclinical models of synucleinopathy.

4. Materials and Methods
4.1. Animals

Breeding pairs of SNCAA53T (‘A53T’) and B6C3F1/J (‘B6C3’) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA; stock numbers 004479 and 100010,
respectively) and used to establish stable colonies. All housing, breeding, and experimental
procedures were performed in accordance with the NIH Guide for the Care and Use of Ex-
perimental Animals and were approved by the Animal Care and Use Committees (IACUCs)
at the Children’s Hospital of Philadelphia (CHOP) and the University of Pennsylvania
(when applicable).

4.2. Immunohistochemistry

Upon reaching their designated endpoints (shown in Figure S5), animals were anes-
thetized and subsequently perfused with ice-cold heparinized saline. Following perfusion,
the brain was extracted, and the brain hemispheres were either snap-frozen in liquid ni-
trogen (left hemisphere) or drop-fixed in 4% paraformaldehyde for a minimum of 48 h
(right hemisphere). Drop-fixed hemispheres were then transferred to 30% sucrose for
cryoprotection and subsequently embedded in Tissue-Tek optimal cutting temperature
compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and frozen in a slurry of dry
ice and isopentane. Then, 12 µm thick sections were cut from each brain and mounted on
slides for immunohistochemical staining. Slides were first rinsed with phosphate-buffered
saline (PBS) and permeabilized with a 0.5% solution of Triton X-100 in PBS. Blocking was
achieved via a 10 min incubation with 100 mM Glycine followed by a 1 h incubation
with 10% bovine serum albumin (BSA; for rabbit primary antibodies) or Mouse on Mouse
IgG Blocking Reagent (for mouse primary antibodies; Vector Laboratories, Newark, CA,
USA, stock no. MKB-2213-1). Blocking reagents were rinsed off with 1% BSA, and slides
were then incubated with primary antibodies (Table S2) overnight at 4 ◦C. The following
day, slides were rinsed with 1% BSA and then incubated with corresponding secondary
antibodies for 1 h at room temperature. Following this incubation step, a subset of slides
was also treated with an additional primary/secondary antibody combination (from a
different host species); in these cases, both the primary and secondary antibodies were
incubated for 1 h at room temperature with 1% BSA washes in between. Finally, all slides
were counterstained with Hoechst (1:2000 in PBS, Thermo Fisher Scientific, Waltham, MA,
USA, stock no. H3570) and mounted with VectaShield Antifade Mounting Media (Vector
Laboratories, Newark, CA, USA, stock no. 101098-042).

Completed slides were imaged using a Zeiss Axio Observer Microscope (Carl Zeiss
AG, Oberkochen, Germany), and panoramic whole-brain images were collected using a
Keyence BZ-X810 Microscope (Keyence Corporation, Osaka, Japan). For quantification,
3–5 20× images were acquired per region per animal using the Zeiss microscope. In
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all quantification images, red, green, and blue channels were acquired, and antibody-
specific Fiji scripts were used to quantify the positive staining in each image (Fiji version
2.14.0/1.54f). Fiji scripts are available at the following GitHub repository: https://github.
com/Evangall/fiji-scripts (uploaded/accessed on 27 November 2023). In all cases where
staining was quantified, staining and acquisition parameters were kept identical across
groups being compared (e.g., 3NT staining was performed the same way in all animals,
and 3NT images were acquired and quantified the same way in all animals).

4.3. Dihydroethidium (DHE) Injections

Animals were weighed prior to DHE preparation, and the appropriate amount of DHE
solid (20 mg/kg) was then dissolved in DMSO (10 µL DMSO/mg DHE) under low-light
conditions. The DHE/DMSO solution was then diluted to 1:100 with a 50/50 mixture of
ethanol and Tween 20, and the resulting solution was further diluted to 1:1000 with sterile
saline. The final DHE solution (concentration = 1 mg/mL) was then injected I.P. under low-
light conditions. For DHE imaging and quantification, animals were sacrificed, perfused
with PBS and 4% paraformaldehyde, and dissected 2 h post-injection. Brain hemispheres
were then drop-fixed in 4% paraformaldehyde for 2 h and subsequently submerged in 10%
sucrose overnight. The brains were then embedded and sectioned as previously described.
Following sectioning, slides were warmed to room temperature, rinsed with PBS, stained
with Hoechst 1:2000 for 1 min, and immediately mounted and imaged using the Zeiss
microscope (as DHE was not used to quantify superoxide in this study, confocal imaging
with specific excitation and emission wavelengths was not necessary [76]). To maximize
the DHE signal and prevent photobleaching, all preparations of DHE and DHE-injected
tissue (e.g., dissection, perfusion, embedding, sectioning, etc.) were performed under
low-light conditions.

4.4. Pseudo-Reference Region Identification

To identify the brain region least affected by aSyn-associated oxidative stress in
presymptomatic A53T mice without relying on PET imaging, immunohistochemistry was
performed on sagittal and coronal brain sections from 8, 12, and 16 mo A53T and B6C3
animals (Figure S1). ROS levels in both genotypes were first visualized via DHE. Whole-
brain fluorescent imaging of DHE-injected brain sections revealed a notable lack of DHE
fluorescence in corpus callosum (CC), indicating that ROS production in CC is relatively
low compared with other major brain structures (Figure S1A,B). To probe whether the low
DHE signal in CC was associated with aSyn aggregation, additional brain sections were
immunostained with ps129. While ps129-positive aSyn inclusions were widespread in
A53T brain sections at all timepoints, CC consistently showed minimal ps129 fluorescence
(Figure S1C,D), suggesting that CC remains largely unaffected by phosphorylated aSyn
pathology throughout the majority of the A53T lifespan. Tissue sections from presymp-
tomatic A53T animals were next stained with the antibody A11 (Figure S1E,F), which
was developed against β-amyloid (Aβ) oligomers but which also detects soluble aSyn
oligomers [77,78]. This staining again revealed low A11 signal in CC, indicating that CC
contains relatively low concentrations of aSyn oligomers. Moreover, in sections that were
co-stained with DHE and either ps129 or A11, DHE did not colocalize with either antibody
in CC (Figure S1G,H), further supporting the idea that the low levels of DHE fluorescence
observed in CC are not associated with the accumulation of oligomeric or phosphorylated
aSyn. By contrast, A53T and B6C3 mice both showed robust ionized calcium-binding
adaptor molecule 1 (Iba1) staining in CC (Figure S1I), suggesting that the DHE fluorescence
observed in CC could be attributable to microglial ROS.

Since the IHC results collectively indicated that CC is spared from aSyn pathology
and aSyn-associated oxidative stress in presymptomatic A53T animals, we next asked
whether CC also shows low [18F]ROStrace signal in presymptomatic A53Ts. Towards
this end, we first performed ex vivo autoradiography on A53T and B6C3 brain sections
immediately following PET imaging with [18F]ROStrace. As expected, CC showed minimal
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[18F]ROStrace retention in both A53T and B6C3 brain tissue (representative image shown
in Figure S1J). Likewise, the average [18F]ROStrace PET signal in CC was the lowest of any
brain region examined (Figure S1K,L) as measured in standardized uptake value (SUV),
which normalizes the [18F]ROStrace signal to account for differences in body weight and
injected dose. The average SUV in CC also did not differ significantly across genotypes or
timepoints (p = 0.286 by one-way ANOVA), indicating that signal variability in this region
is relatively low compared with other major brain structures. Taken together, these results
demonstrate that the corpus callosum is the most appropriate pseudo-reference region for
quantification of [18F]ROStrace signal in A53T mice.

4.5. Preparation of [18F]ROStrace

Prior to each set of PET scans, [18F]ROStrace was prepared as previously described [34].
Synthesis was performed using a Trasis AllInOne radiochemistry synthesizer (Liège,
Belgium), and the final product was diluted with 0.6 mL of ethanol, 0.1% ascorbic acid, and
6 mL of sterile saline before being filtered through a 0.2 µM nylon filter. The radiochemical
yield was 4–20%, and the specific activity was 74 GBq/mol.

4.6. PET Imaging

A simplified diagram showing the time course of PET imaging experiments is shown
in Figure S5. In all experiments, imaging was performed at one of two different sites.
At CHOP, imaging was performed using a Siemens Inveon PET/CT scanner (Siemens
Healthineers, Erlangen, Germany), whereas at Penn, imaging was performed using a
Molecubes β-Cube PET scanner and X-Cube CT scanner (Molecubes, Ghent, Belgium). At
both sites, animals were weighed prior to each scan and subsequently anesthetized using
1.5–2.5% isoflurane. A needle with an attached catheter was then inserted into the lateral
tail vein and taped in place, after which the animals were transferred to heated beds in
the PET scanners and injected with 200–300µCi of [18F]ROStrace. Dynamic PET images
were acquired for 60 min following injection, with 5 min (Molecubes) or 10 min (Inveon)
CT acquisitions following each PET scan. Anesthesia was maintained throughout both
scans via a nose cone delivering 0.7–1.4% isoflurane, and each animal’s breath rate and
temperature were also monitored continuously to maintain a stable scanning environment.
Residual activity in the syringe was measured immediately after the injection, and residual
activity in the needle and catheter was measured at the conclusion of each scan. These
measurements were decay-corrected and used to calculate the final injected dose for each
animal. Following each set of scans, all PET and CT images were reconstructed using
manufacturer-supplied reconstruction software.

4.7. PET Image Analysis

All PET and CT image analysis was performed using the Pmod software package
(version 3.7, PMOD Technologies Ltd., Zurich, Switzerland). Reconstructed dynamic PET
images were first coregistered to their corresponding CT images using Pmod’s automated
rigid-body alignment tool with 6 degrees of freedom. Once the coregistration was checked
and adjusted if necessary, each CT image was manually scaled, rotated, and translated to
align with the M. Mirrione T2-weighted mouse brain MRI and accompanying atlas [47].
The resulting transformation was then applied to the corresponding PET image to align
it with both the CT image and the brain atlas. In its unmodified state, the Mirrione
mouse brain atlas includes volumes of interest (VOIs) for 14 brain regions: striatum, cortex,
hippocampus, thalamus, cerebellum, basal forebrain and septum, hypothalamus, amygdala,
brainstem, central grey, superior colliculi, olfactory bulbs, midbrain, and inferior colliculi.
For this project, a corpus callosum (CC) VOI was also added to the Mirrione atlas by
manually tracing the CC on each coronal slice of the Mirrione T2 mouse brain MRI. The
resulting modified atlas was used to calculate whole-brain and subregion-specific PET
results for the remainder of the project. Notably, the CC VOI was created completely
independently from the PET and CT datasets, as the VOI was drawn on an MR image that
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comes included with Pmod. As such, the creation of the CC VOI was not influenced in any
way by the PET or CT images.

Voxel-wise statistical comparisons were performed on SUVRcc images using Statistical
Parametric Mapping version 12 (Wellcome Centre for Human Neuroimaging, UCL Queen
Square Institute of Neurology, London, UK) with the SPMMouse toolbox [79] implemented
in MATLAB R2017b (MathWorks Inc., Natick, MA, USA).

4.8. LPS Injection and Sickness Scoring

LPS injections and assessments of LPS-induced neurotoxicity were performed as pre-
viously described [34]. Briefly, 7 mo A53T and B6C3 animals were injected intraperitoneally
with 5 mg of LPS/kg (MilliporeSigma, Burlington, MA, USA, product number L2630).
Sickness scoring was performed 24 h post-injection and entailed visual identification of
(1) hunched posture, (2) neglect of grooming, (3) lack of movement, (4) piloerection, and
(5) discharge from the eyes. Each symptom was categorized as either absent (0), mild (1),
or severe (2), and the final sickness score was calculated based on the sum of the individual
symptom scores. Summed symptom scores of 0–2 were assigned a 0, scores of 3 or 4 were
assigned a 1, scores of 5–6 were assigned a 2, scores of 7–8 were assigned a 3, and scores
of 9–10 were assigned a 4. In this study, no animal was assigned a score of 0 or 4; the
maximum score assigned was 3 (given to two A53Ts). Sample sizes for sickness scoring
were as follows: A53T n = 24, B6C3 n = 17.

4.9. Behavioral Assessments
4.9.1. Clasping

Clasping was evaluated during routine cage checks every 2–3 days. Animals were
lifted by their tail and suspended ~12 inches from the cage floor for ~10 s. The animals were
then slowly lowered back towards the cage floor, and limb clasping behavior was quantified
based on the following scheme: 0 = no clasping; 1 = consistent clasping of one limb, or
intermittent clasping of two limbs; 2 = consistent clasping of two limbs; 3 = consistent
clasping of all limbs. The final outcome measure for each animal was the average clasping
score across the animal’s entire lifespan (average of ~75 observations per animal).

4.9.2. Open Field Task

For the open field task, mice were placed in an open field arena (42 cm × 42 cm) and
allowed to behave freely for 15 min. Each trial was recorded via an overhead camera,
and EthoVision XT software (Version 15.0, Noldus Information Technology, Wageningen,
The Netherlands) was used to quantify a variety of behavioral outcome measures, including
mean velocity, total distance traveled, percent of the trial spent not moving, percent of the
trial spent in the center zone, latency to the center zone, average distance from the center
zone, and percent of the trial spent in the contracted body state. Animals were allowed to
acclimate to the testing room for at least one hour prior to testing.

4.9.3. Nesting Task

For the nesting task, mice were individually placed in new, clean cages containing
one square of intact nesting material (i.e., ‘nestlet’; approx. 3 g each) one hour before
the beginning of the 12 h dark cycle. The mice were housed in these cages for 14 h with
food and water provided ad libitum, after which they were returned to their home cages.
At the conclusion of each trial, nesting behavior was assessed both quantitatively and
qualitatively. For nestlet quantification, intact nestlets were weighed before and after the
trial, and these measurements were used to calculate the percent of the original nestlet used
by the mouse to build a nest. For qualitative assessment of nesting, a condition-blinded
observer evaluated each nest and scored it on a scale from 1 to 5, with 1 representing a
complete or nearly complete lack of nesting behavior (i.e., more than 90% of the nestlet
left intact) and 5 representing a fully formed nest (i.e., a deep, well-defined nest with more
than 90% of the original nestlet used).
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4.9.4. Multi-Day Behavioral and Metabolic Profiling

In a subset of animals, behavioral and metabolic activity was assessed using the
Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments,
Columbus, OH, USA). Mice were individually housed and allowed to acclimate for
72 h prior to testing, after which they were transferred to the CLAMS apparatus for
3–4 day/night cycles. During the testing sessions, the CLAMS measured respiration fre-
quency, O2 consumption, CO2 production, respiratory exchange ratio, and heat production
every 15 min. Locomotor activity was also detected by passive infrared sensors and running
wheels. Throughout their time in the CLAMS, animals were checked daily, and food and
water were provided ad libitum.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25094943/s1.

Author Contributions: Conceptualization, E.G., C.H., R.H.M. and M.J.M.; methodology, E.G. and
Y.Z.; software, E.G. and C.-J.H.; validation, C.-J.H.; formal analysis, E.G., investigation, E.G., C.H.,
P.H., R.C., M.S. and S.R.; resources, H.L., S.L., K.X. and K.C.L.; data curation, E.G., C.H. and C.-J.H.;
writing—original draft preparation, E.G.; writing—review and editing, C.H., K.C.L., R.H.M. and
M.J.M.; visualization, E.G.; supervision, R.H.M. and M.J.M.; project administration, E.G., C.H., R.H.M.
and M.J.M.; funding acquisition, E.G., R.H.M. and M.J.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Institute of Neurological Disorders and Stroke
grants R01NS114656, R01NS088322, and U19NS110456, as well as National Institute on Aging grant
T32AG076411. This project also received funding from the Michael J. Fox Foundation.

Institutional Review Board Statement: The animal study protocols were approved by the Institu-
tional Animal Care and Use Committees at the Children’s Hospital of Philadelphia (IAC-21-001303;
approved 2 October 2021) and the University of Pennsylvania (805127; approved 16 November 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Acknowledgments: We gratefully acknowledge Eric Blankemeyer and Sergey Magnitsky for their
ongoing assistance with [18F]ROStrace imaging throughout this project. We would also like to thank
Harry Ischiropoulos and Jacob Dubroff for their guidance and support throughout the preparation of
this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Burré, J.; Sharma, M.; Südhof, T.C. Cell Biology and Pathophysiology of α-Synuclein. Cold Spring Harb. Perspect. Med. 2018,

8, a024091. [CrossRef]
2. Si, X.; Pu, J.; Zhang, B. Structure, Distribution, and Genetic Profile of α-Synuclein and Their Potential Clinical Application in

Parkinson’s Disease. J. Mov. Disord. 2017, 10, 69–79. [CrossRef]
3. Dent, S.E.; King, D.P.; Osterberg, V.R.; Adams, E.K.; Mackiewicz, M.R.; Weissman, T.A.; Unni, V.K. Phosphorylation of the

Aggregate-Forming Protein Alpha-Synuclein on Serine-129 Inhibits Its DNA-Bending Properties. J. Biol. Chem. 2022, 298, 101552.
[CrossRef]

4. Larsen, K.E.; Schmitz, Y.; Troyer, M.D.; Mosharov, E.; Dietrich, P.; Quazi, A.Z.; Savalle, M.; Nemani, V.; Chaudhry, F.A.; Edwards,
R.H.; et al. Alpha-Synuclein Overexpression in PC12 and Chromaffin Cells Impairs Catecholamine Release by Interfering with a
Late Step in Exocytosis. J. Neurosci. 2006, 26, 11915–11922. [CrossRef] [PubMed]

5. Abeliovich, A.; Schmitz, Y.; Fariñas, I.; Choi-Lundberg, D.; Ho, W.-H.; Castillo, P.E.; Shinsky, N.; Verdugo, J.M.G.; Armanini,
M.; Ryan, A.; et al. Mice Lacking α-Synuclein Display Functional Deficits in the Nigrostriatal Dopamine System. Neuron 2000,
25, 239–252. [CrossRef] [PubMed]

6. Vargas, K.J.; Makani, S.; Davis, T.; Westphal, C.H.; Castillo, P.E.; Chandra, S.S. Synucleins Regulate the Kinetics of Synaptic Vesicle
Endocytosis. J. Neurosci. 2014, 34, 9364–9376. [CrossRef]

7. Schechter, M.; Atias, M.; Abd Elhadi, S.; Davidi, D.; Gitler, D.; Sharon, R. α-Synuclein Facilitates Endocytosis by Elevating the
Steady-State Levels of Phosphatidylinositol 4,5-Bisphosphate. J. Biol. Chem. 2021, 295, 18076–18090. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms25094943/s1
https://www.mdpi.com/article/10.3390/ijms25094943/s1
https://doi.org/10.1101/cshperspect.a024091
https://doi.org/10.14802/jmd.16061
https://doi.org/10.1016/j.jbc.2021.101552
https://doi.org/10.1523/JNEUROSCI.3821-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17108165
https://doi.org/10.1016/S0896-6273(00)80886-7
https://www.ncbi.nlm.nih.gov/pubmed/10707987
https://doi.org/10.1523/JNEUROSCI.4787-13.2014
https://doi.org/10.1074/jbc.RA120.015319
https://www.ncbi.nlm.nih.gov/pubmed/33087443


Int. J. Mol. Sci. 2024, 25, 4943 17 of 20

8. Murphy, D.D.; Rueter, S.M.; Trojanowski, J.Q.; Lee, V.M. Synucleins Are Developmentally Expressed, and Alpha-Synuclein
Regulates the Size of the Presynaptic Vesicular Pool in Primary Hippocampal Neurons. J. Neurosci. 2000, 20, 3214–3220. [CrossRef]

9. Diao, J.; Burré, J.; Vivona, S.; Cipriano, D.J.; Sharma, M.; Kyoung, M.; Südhof, T.C.; Brunger, A.T. Native α-Synuclein In-
duces Clustering of Synaptic-Vesicle Mimics via Binding to Phospholipids and Synaptobrevin-2/VAMP2. eLife 2013, 2, e00592.
[CrossRef]

10. Sancenon, V.; Lee, S.-A.; Patrick, C.; Griffith, J.; Paulino, A.; Outeiro, T.F.; Reggiori, F.; Masliah, E.; Muchowski, P.J. Suppression of
α-Synuclein Toxicity and Vesicle Trafficking Defects by Phosphorylation at S129 in Yeast Depends on Genetic Context. Hum. Mol.
Genet. 2012, 21, 2432–2449. [CrossRef]

11. Guo, J.T.; Chen, A.Q.; Kong, Q.; Zhu, H.; Ma, C.M.; Qin, C. Inhibition of Vesicular Monoamine Transporter-2 Activity in
α-Synuclein Stably Transfected SH-SY5Y Cells. Cell Mol. Neurobiol. 2008, 28, 35–47. [CrossRef] [PubMed]

12. Schaser, A.J.; Osterberg, V.R.; Dent, S.E.; Stackhouse, T.L.; Wakeham, C.M.; Boutros, S.W.; Weston, L.J.; Owen, N.; Weissman,
T.A.; Luna, E.; et al. Alpha-Synuclein Is a DNA Binding Protein That Modulates DNA Repair with Implications for Lewy Body
Disorders. Sci. Rep. 2019, 9, 10919. [CrossRef]

13. Calì, T.; Ottolini, D.; Negro, A.; Brini, M. α-Synuclein Controls Mitochondrial Calcium Homeostasis by Enhancing Endoplasmic
Reticulum-Mitochondria Interactions. J. Biol. Chem. 2012, 287, 17914–17929. [CrossRef]

14. Burré, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Südhof, T.C. Alpha-Synuclein Promotes SNARE-Complex
Assembly in Vivo and in Vitro. Science 2010, 329, 1663–1667. [CrossRef] [PubMed]

15. Ulmer, T.S.; Bax, A.; Cole, N.B.; Nussbaum, R.L. Structure and Dynamics of Micelle-Bound Human α-Synuclein. J. Biol. Chem.
2005, 280, 9595–9603. [CrossRef] [PubMed]

16. Bodner, C.R.; Dobson, C.M.; Bax, A. Multiple Tight Phospholipid-Binding Modes of α-Synuclein Revealed by Solution NMR
Spectroscopy. J. Mol. Biol. 2009, 390, 775–790. [CrossRef] [PubMed]

17. Burré, J.; Vivona, S.; Diao, J.; Sharma, M.; Brunger, A.T.; Südhof, T.C. Properties of Native Brain α-Synuclein. Nature 2013,
498, E4–E6. [CrossRef]

18. Fauvet, B.; Mbefo, M.K.; Fares, M.-B.; Desobry, C.; Michael, S.; Ardah, M.T.; Tsika, E.; Coune, P.; Prudent, M.; Lion, N.; et al.
α-Synuclein in Central Nervous System and from Erythrocytes, Mammalian Cells, and Escherichia Coli Exists Predominantly as
Disordered Monomer. J. Biol. Chem. 2012, 287, 15345–15364. [CrossRef] [PubMed]

19. Osterberg, V.R.; Spinelli, K.J.; Weston, L.J.; Luk, K.C.; Woltjer, R.L.; Unni, V.K. Progressive Aggregation of Alpha-Synuclein and
Selective Degeneration of Lewy Inclusion-Bearing Neurons in a Mouse Model of Parkinsonism. Cell Rep. 2015, 10, 1252–1260.
[CrossRef]

20. Mahlknecht, P.; Seppi, K.; Poewe, W. The Concept of Prodromal Parkinson’s Disease. J. Park. Dis. 2015, 5, 681–697. [CrossRef]
21. Giasson, B.I.; Duda, J.E.; Murray, I.V.J.; Chen, Q.; Souza, J.M.; Hurtig, H.I.; Ischiropoulos, H.; Trojanowski, J.Q.; Lee, V.M.-Y.

Oxidative Damage Linked to Neurodegeneration by Selective α-Synuclein Nitration in Synucleinopathy Lesions. Science 2000,
290, 985–989. [CrossRef]

22. McCormack, A.L.; Mak, S.K.; Shenasa, M.; Langston, W.J.; Forno, L.S.; Di Monte, D.A. Pathological Modifications of α-Synuclein
in 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP)-Treated Squirrel Monkeys. J. Neuropathol. Exp. Neurol. 2008, 67, 793–802.
[CrossRef]

23. Przedborski, S.; Chen, Q.; Vila, M.; Giasson, B.I.; Djaldatti, R.; Vukosavic, S.; Souza, J.M.; Jackson-Lewis, V.; Lee, V.M.-Y.;
Ischiropoulos, H. Oxidative Post-Translational Modifications of α-Synuclein in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine
(MPTP) Mouse Model of Parkinson’s Disease. J. Neurochem. 2001, 76, 637–640. [CrossRef] [PubMed]

24. Musgrove, R.E.; Helwig, M.; Bae, E.-J.; Aboutalebi, H.; Lee, S.-J.; Ulusoy, A.; Monte, D.A.D. Oxidative Stress in Vagal Neurons
Promotes Parkinsonian Pathology and Intercellular α-Synuclein Transfer. J. Clin. Investig. 2019, 129, 3738–3753. [CrossRef]

25. Helwig, M.; Ulusoy, A.; Rollar, A.; O’Sullivan, S.A.; Lee, S.S.L.; Aboutalebi, H.; Pinto-Costa, R.; Jevans, B.; Klinkenberg, M.; Di
Monte, D.A. Neuronal Hyperactivity–Induced Oxidant Stress Promotes in Vivo α-Synuclein Brain Spreading. Sci. Adv. 2022,
8, eabn0356. [CrossRef]

26. Paxinou, E.; Chen, Q.; Weisse, M.; Giasson, B.I.; Norris, E.H.; Rueter, S.M.; Trojanowski, J.Q.; Lee, V.M.-Y.; Ischiropoulos, H.
Induction of α-Synuclein Aggregation by Intracellular Nitrative Insult. J. Neurosci. 2001, 21, 8053–8061. [CrossRef] [PubMed]

27. Devi, L.; Raghavendran, V.; Prabhu, B.M.; Avadhani, N.G.; Anandatheerthavarada, H.K. Mitochondrial Import and Accumulation
of α-Synuclein Impair Complex I in Human Dopaminergic Neuronal Cultures and Parkinson Disease Brain. J. Biol. Chem. 2008,
283, 9089–9100. [CrossRef] [PubMed]

28. Parihar, M.S.; Parihar, A.; Fujita, M.; Hashimoto, M.; Ghafourifar, P. Mitochondrial Association of Alpha-Synuclein Causes
Oxidative Stress. Cell. Mol. Life Sci. 2008, 65, 1272–1284. [CrossRef] [PubMed]

29. Thomas, M.P.; Chartrand, K.; Reynolds, A.; Vitvitsky, V.; Banerjee, R.; Gendelman, H.E. Ion Channel Blockade Attenuates
Aggregated Alpha Synuclein Induction of Microglial Reactive Oxygen Species: Relevance for the Pathogenesis of Parkinson’s
Disease. J. Neurochem. 2007, 100, 503–519. [CrossRef]

30. Zhang, W.; Wang, T.; Pei, Z.; Miller, D.S.; Wu, X.; Block, M.L.; Wilson, B.; Zhang, W.; Zhou, Y.; Hong, J.-S.; et al. Aggregated
α-Synuclein Activates Microglia: A Process Leading to Disease Progression in Parkinson’s Disease. FASEB J. 2005, 19, 533–542.
[CrossRef]

31. Yu, Z.; Xu, X.; Xiang, Z.; Zhou, J.; Zhang, Z.; Hu, C.; He, C. Nitrated α-Synuclein Induces the Loss of Dopaminergic Neurons in
the Substantia Nigra of Rats. PLoS ONE 2010, 5, e9956. [CrossRef] [PubMed]

https://doi.org/10.1523/JNEUROSCI.20-09-03214.2000
https://doi.org/10.7554/eLife.00592
https://doi.org/10.1093/hmg/dds058
https://doi.org/10.1007/s10571-007-9227-0
https://www.ncbi.nlm.nih.gov/pubmed/17985233
https://doi.org/10.1038/s41598-019-47227-z
https://doi.org/10.1074/jbc.M111.302794
https://doi.org/10.1126/science.1195227
https://www.ncbi.nlm.nih.gov/pubmed/20798282
https://doi.org/10.1074/jbc.M411805200
https://www.ncbi.nlm.nih.gov/pubmed/15615727
https://doi.org/10.1016/j.jmb.2009.05.066
https://www.ncbi.nlm.nih.gov/pubmed/19481095
https://doi.org/10.1038/nature12125
https://doi.org/10.1074/jbc.M111.318949
https://www.ncbi.nlm.nih.gov/pubmed/22315227
https://doi.org/10.1016/j.celrep.2015.01.060
https://doi.org/10.3233/JPD-150685
https://doi.org/10.1126/science.290.5493.985
https://doi.org/10.1097/NEN.0b013e318180f0bd
https://doi.org/10.1046/j.1471-4159.2001.00174.x
https://www.ncbi.nlm.nih.gov/pubmed/11208927
https://doi.org/10.1172/JCI127330
https://doi.org/10.1126/sciadv.abn0356
https://doi.org/10.1523/JNEUROSCI.21-20-08053.2001
https://www.ncbi.nlm.nih.gov/pubmed/11588178
https://doi.org/10.1074/jbc.M710012200
https://www.ncbi.nlm.nih.gov/pubmed/18245082
https://doi.org/10.1007/s00018-008-7589-1
https://www.ncbi.nlm.nih.gov/pubmed/18322646
https://doi.org/10.1111/j.1471-4159.2006.04315.x
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1371/journal.pone.0009956
https://www.ncbi.nlm.nih.gov/pubmed/20386702


Int. J. Mol. Sci. 2024, 25, 4943 18 of 20

32. Benner, E.J.; Banerjee, R.; Reynolds, A.D.; Sherman, S.; Pisarev, V.M.; Tsiperson, V.; Nemachek, C.; Ciborowski, P.; Przedborski, S.;
Mosley, R.L.; et al. Nitrated α–Synuclein Immunity Accelerates Degeneration of Nigral Dopaminergic Neurons. PLoS ONE 2008,
3, e1376. [CrossRef] [PubMed]

33. Chu, W.; Chepetan, A.; Zhou, D.; Shoghi, K.I.; Xu, J.; Dugan, L.L.; Gropler, R.J.; Mintun, M.A.; Mach, R.H. Development of
a PET Radiotracer for Non-Invasive Imaging of the Reactive Oxygen Species, Superoxide, in Vivo. Org. Biomol. Chem. 2014,
12, 4421–4431. [CrossRef] [PubMed]

34. Hou, C.; Hsieh, C.-J.; Li, S.; Lee, H.; Graham, T.J.; Xu, K.; Weng, C.-C.; Doot, R.K.; Chu, W.; Chakraborty, S.K.; et al. Development
of a Positron Emission Tomography Radiotracer for Imaging Elevated Levels of Superoxide in Neuroinflammation. ACS Chem.
Neurosci. 2017, 9, 578–586. [CrossRef] [PubMed]

35. Hsieh, C.-J.; Hou, C.; Zhu, Y.; Lee, J.Y.; Kohli, N.; Gallagher, E.; Xu, K.; Lee, H.; Li, S.; McManus, M.J.; et al. [18F]ROStrace Detects
Oxidative Stress in Vivo and Predicts Progression of Alzheimer’s Disease Pathology in APP/PS1 Mice. EJNMMI Res. 2022, 12, 43.
[CrossRef] [PubMed]

36. Giasson, B.I.; Duda, J.E.; Quinn, S.M.; Zhang, B.; Trojanowski, J.Q.; Lee, V.M.-Y. Neuronal α-Synucleinopathy with Severe
Movement Disorder in Mice Expressing A53T Human α-Synuclein. Neuron 2002, 34, 521–533. [CrossRef]

37. Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.
Mutation in the α-Synuclein Gene Identified in Families with Parkinson’s Disease. Science 1997, 276, 2045–2047. [CrossRef]

38. Gao, H.-M.; Zhang, F.; Zhou, H.; Kam, W.; Wilson, B.; Hong, J.-S. Neuroinflammation and α-Synuclein Dysfunction Potentiate
Each Other, Driving Chronic Progression of Neurodegeneration in a Mouse Model of Parkinson’s Disease. Environ. Health
Perspect. 2011, 119, 807–814. [CrossRef]

39. Zanderigo, F.; Ogden, R.T.; Parsey, R.V. Reference Region Approaches in PET: A Comparative Study on Multiple Radioligands. J.
Cereb. Blood Flow Metab. 2013, 33, 888–897. [CrossRef]

40. Innis, R.B.; Cunningham, V.J.; Delforge, J.; Fujita, M.; Gjedde, A.; Gunn, R.N.; Holden, J.; Houle, S.; Huang, S.-C.; Ichise, M.; et al.
Consensus Nomenclature for in Vivo Imaging of Reversibly Binding Radioligands. J. Cereb. Blood Flow Metab. 2007, 27, 1533–1539.
[CrossRef]

41. Brendel, M.; Probst, F.; Jaworska, A.; Overhoff, F.; Korzhova, V.; Albert, N.L.; Beck, R.; Lindner, S.; Gildehaus, F.-J.;
Baumann, K.; et al. Glial Activation and Glucose Metabolism in a Transgenic Amyloid Mouse Model: A Triple-Tracer PET Study.
J. Nucl. Med. 2016, 57, 954–960. [CrossRef] [PubMed]

42. Takkinen, J.S.; López-Picón, F.R.; Al Majidi, R.; Eskola, O.; Krzyczmonik, A.; Keller, T.; Löyttyniemi, E.; Solin, O.; Rinne, J.O.;
Haaparanta-Solin, M. Brain Energy Metabolism and Neuroinflammation in Ageing APP/PS1-21 Mice Using Longitudinal
18F-FDG and 18F-DPA-714 PET Imaging. J. Cereb. Blood Flow Metab. 2017, 37, 2870–2882. [CrossRef] [PubMed]

43. Chen, R.; Lai, U.H.; Zhu, L.; Singh, A.; Ahmed, M.; Forsyth, N.R. Reactive Oxygen Species Formation in the Brain at Different
Oxygen Levels: The Role of Hypoxia Inducible Factors. Front. Cell Dev. Biol. 2018, 6, 132. [CrossRef] [PubMed]

44. Schieber, M.; Chandel, N.S. ROS Function in Redox Signaling and Oxidative Stress. Curr. Biol. CB 2014, 24, R453. [CrossRef]
45. Nugent, S.; Croteau, E.; Potvin, O.; Castellano, C.-A.; Dieumegarde, L.; Cunnane, S.C.; Duchesne, S. Selection of the Optimal

Intensity Normalization Region for FDG-PET Studies of Normal Aging and Alzheimer’s Disease. Sci. Rep. 2020, 10, 9261.
[CrossRef] [PubMed]

46. López-González, F.J.; Silva-Rodríguez, J.; Paredes-Pacheco, J.; Niñerola-Baizán, A.; Efthimiou, N.; Martín-Martín, C.; Moscoso,
A.; Ruibal, Á.; Roé-Vellvé, N.; Aguiar, P. Intensity Normalization Methods in Brain FDG-PET Quantification. NeuroImage 2020,
222, 117229. [CrossRef]

47. Mirrione, M.M.; Schiffer, W.K.; Fowler, J.S.; Alexoff, D.L.; Dewey, S.L.; Tsirka, S.E. A Novel Approach for Imaging Brain-Behavior
Relationships in Mice Reveals Unexpected Metabolic Patterns during Seizures in the Absence of Tissue Plasminogen Activator.
Neuroimage 2007, 38, 34–42. [CrossRef] [PubMed]

48. Radi, R. Nitric Oxide, Oxidants, and Protein Tyrosine Nitration. Proc. Natl. Acad. Sci. USA 2004, 101, 4003–4008. [CrossRef]
49. Ischiropoulos, H. Biological Tyrosine Nitration: A Pathophysiological Function of Nitric Oxide and Reactive Oxygen Species.

Arch. Biochem. Biophys. 1998, 356, 1–11. [CrossRef]
50. Radi, R. Protein Tyrosine Nitration: Biochemical Mechanisms and Structural Basis of Functional Effects. Acc. Chem. Res. 2013,

46, 550–559. [CrossRef]
51. Beckman, J.S.; Koppenol, W.H. Nitric Oxide, Superoxide, and Peroxynitrite: The Good, the Bad, and Ugly. Am. J. Physiol.-Cell

Physiol. 1996, 271, C1424–C1437. [CrossRef] [PubMed]
52. Good, P.F.; Hsu, A.; Werner, P.; Perl, D.P.; Olanow, C.W. Protein Nitration in Parkinson’s Disease. J. Neuropathol. Exp. Neurol. 1998,

57, 338–342. [CrossRef]
53. Tieu, K.; Ischiropoulos, H.; Przedborski, S. Nitric Oxide and Reactive Oxygen Species in Parkinson’s Disease. IUBMB Life 2003,

55, 329–335. [CrossRef]
54. Peng, J.; Oo, M.L.; Andersen, J.K. Synergistic Effects of Environmental Risk Factors and Gene Mutations in Parkinson’s Disease

Accelerate Age-Related Neurodegeneration. J. Neurochem. 2010, 115, 1363–1373. [CrossRef]
55. Maki, R.A.; Holzer, M.; Motamedchaboki, K.; Malle, E.; Masliah, E.; Marsche, G.; Reynolds, W.F. Human Myeloperoxidase

(hMPO) Is Expressed in Neurons in the Substantia Nigra in Parkinson’s Disease and in the hMPO-α-Synuclein-A53T Mouse
Model, Correlating with Increased Nitration and Aggregation of α-Synuclein and Exacerbation of Motor Impairment. Free. Radic.
Biol. Med. 2019, 141, 115–140. [CrossRef]

https://doi.org/10.1371/journal.pone.0001376
https://www.ncbi.nlm.nih.gov/pubmed/18167537
https://doi.org/10.1039/C3OB42379D
https://www.ncbi.nlm.nih.gov/pubmed/24847866
https://doi.org/10.1021/acschemneuro.7b00385
https://www.ncbi.nlm.nih.gov/pubmed/29099578
https://doi.org/10.1186/s13550-022-00914-x
https://www.ncbi.nlm.nih.gov/pubmed/35895177
https://doi.org/10.1016/S0896-6273(02)00682-7
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1289/ehp.1003013
https://doi.org/10.1038/jcbfm.2013.26
https://doi.org/10.1038/sj.jcbfm.9600493
https://doi.org/10.2967/jnumed.115.167858
https://www.ncbi.nlm.nih.gov/pubmed/26912428
https://doi.org/10.1177/0271678X16677990
https://www.ncbi.nlm.nih.gov/pubmed/27834284
https://doi.org/10.3389/fcell.2018.00132
https://www.ncbi.nlm.nih.gov/pubmed/30364203
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1038/s41598-020-65957-3
https://www.ncbi.nlm.nih.gov/pubmed/32518360
https://doi.org/10.1016/j.neuroimage.2020.117229
https://doi.org/10.1016/j.neuroimage.2007.06.032
https://www.ncbi.nlm.nih.gov/pubmed/17707126
https://doi.org/10.1073/pnas.0307446101
https://doi.org/10.1006/abbi.1998.0755
https://doi.org/10.1021/ar300234c
https://doi.org/10.1152/ajpcell.1996.271.5.C1424
https://www.ncbi.nlm.nih.gov/pubmed/8944624
https://doi.org/10.1097/00005072-199804000-00006
https://doi.org/10.1080/1521654032000114320
https://doi.org/10.1111/j.1471-4159.2010.07036.x
https://doi.org/10.1016/j.freeradbiomed.2019.05.033


Int. J. Mol. Sci. 2024, 25, 4943 19 of 20

56. McManus, M.J.; Murphy, M.P.; Franklin, J.L. The Mitochondria-Targeted Antioxidant MitoQ Prevents Loss of Spatial Memory
Retention and Early Neuropathology in a Transgenic Mouse Model of Alzheimer’s Disease. J. Neurosci. 2011, 31, 15703–15715.
[CrossRef] [PubMed]

57. Karampetsou, M.; Ardah, M.T.; Semitekolou, M.; Polissidis, A.; Samiotaki, M.; Kalomoiri, M.; Majbour, N.; Xanthou, G.; El-Agnaf,
O.M.A.; Vekrellis, K. Phosphorylated Exogenous Alpha-Synuclein Fibrils Exacerbate Pathology and Induce Neuronal Dysfunction
in Mice. Sci. Rep. 2017, 7, 1–18. [CrossRef]

58. Tapias, V.; Hu, X.; Luk, K.C.; Sanders, L.H.; Lee, V.M.; Greenamyre, J.T. Synthetic Alpha-Synuclein Fibrils Cause Mitochondrial
Impairment and Selective Dopamine Neurodegeneration in Part via iNOS-Mediated Nitric Oxide Production. Cell. Mol. Life Sci.
2017, 74, 2851–2874. [CrossRef] [PubMed]

59. Luk, K.C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M.-Y. Pathological α-Synuclein Transmission
Initiates Parkinson-like Neurodegeneration in Non-Transgenic Mice. Science 2012, 338, 949–953. [CrossRef]

60. Kim, S.; Kwon, S.-H.; Kam, T.-I.; Panicker, N.; Karuppagounder, S.S.; Lee, S.; Lee, J.H.; Kim, W.R.; Kook, M.; Foss, C.A.; et al.
Transneuronal Propagation of Pathologic α-Synuclein from the Gut to the Brain Models Parkinson’s Disease. Neuron 2019,
103, 627–641.e7. [CrossRef]

61. Paumier, K.L.; Rizzo, S.J.S.; Berger, Z.; Chen, Y.; Gonzales, C.; Kaftan, E.; Li, L.; Lotarski, S.; Monaghan, M.; Shen, W.; et al.
Behavioral Characterization of A53T Mice Reveals Early and Late Stage Deficits Related to Parkinson’s Disease. PLoS ONE 2013,
8, e70274. [CrossRef] [PubMed]

62. Zhang, L.; Yu, X.; Ji, M.; Liu, S.; Wu, X.; Wang, Y.; Liu, R. Resveratrol Alleviates Motor and Cognitive Deficits and Neuropathology
in the A53T α-Synuclein Mouse Model of Parkinson’s Disease. Food Funct. 2018, 9, 6414–6426. [CrossRef] [PubMed]

63. Graham, D.R.; Sidhu, A. Mice Expressing the A53T Mutant Form of Human Alpha-Synuclein Exhibit Hyperactivity and Reduced
Anxiety-Like Behavior. J. Neurosci. Res. 2010, 88, 1777–1783. [CrossRef] [PubMed]

64. Deacon, R.M. Assessing Nest Building in Mice. Nat. Protoc. 2006, 1, 1117–1119. [CrossRef] [PubMed]
65. Kim, D.-C.; Um, H.S.; Oh, E.-T.; Cho, J.-Y.; Jang, Y. The effect of endurance exercise and MitoQ intake on pathological characteristics

in MPTP-induced animal model of Parkinson’s disease. J. Korean Appl. Sci. Technol. 2020, 37, 744–754. [CrossRef]
66. Ghosh, A.; Chandran, K.; Kalivendi, S.V.; Joseph, J.; Antholine, W.E.; Hillard, C.J.; Kanthasamy, A.; Kanthasamy, A.; Kalyanaraman,

B. Neuroprotection by a Mitochondria-Targeted Drug in a Parkinson’s Disease Model. Free Radic. Biol. Med. 2010, 49, 1674–1684.
[CrossRef] [PubMed]

67. Watanabe, Y.; Kato, H.; Araki, T. Protective Action of Neuronal Nitric Oxide Synthase Inhibitor in the MPTP Mouse Model of
Parkinson’s Disease. Metab. Brain Dis. 2008, 23, 51–69. [CrossRef] [PubMed]

68. Du, Y.; Ma, Z.; Lin, S.; Dodel, R.C.; Gao, F.; Bales, K.R.; Triarhou, L.C.; Chernet, E.; Perry, K.W.; Nelson, D.L.G.; et al. Minocycline
Prevents Nigrostriatal Dopaminergic Neurodegeneration in the MPTP Model of Parkinson’s Disease. Proc. Natl. Acad. Sci. USA
2001, 98, 14669–14674. [CrossRef]

69. Wang, Q.; Qian, L.; Chen, S.-H.; Chu, C.-H.; Wilson, B.; Oyarzabal, E.; Ali, S.; Robinson, B.; Rao, D.; Hong, J.-S. Post-Treatment with
an Ultra-Low Dose of NADPH Oxidase Inhibitor Diphenyleneiodonium Attenuates Disease Progression in Multiple Parkinson’s
Disease Models. Brain 2015, 138, 1247–1262. [CrossRef]

70. Svarcbahs, R.; Julku, U.H.; Myöhänen, T.T. Inhibition of Prolyl Oligopeptidase Restores Spontaneous Motor Behavior in the
α-Synuclein Virus Vector–Based Parkinson’s Disease Mouse Model by Decreasing α-Synuclein Oligomeric Species in Mouse
Brain. J. Neurosci. 2016, 36, 12485–12497. [CrossRef]

71. Savolainen, M.H.; Richie, C.T.; Harvey, B.K.; Männistö, P.T.; Maguire-Zeiss, K.A.; Myöhänen, T.T. The Beneficial Effect of a Prolyl
Oligopeptidase Inhibitor, KYP-2047, on Alpha-Synuclein Clearance and Autophagy in A30P Transgenic Mouse. Neurobiol. Dis.
2014, 68, 1–15. [CrossRef] [PubMed]

72. Gordon, R.; Albornoz, E.A.; Christie, D.C.; Langley, M.R.; Kumar, V.; Manotovani, S.; Robertson, A.A.B.; Butler, M.S.; Rowe, D.B.;
O’Neill, L.A.; et al. Inflammasome Inhibition Prevents α-Synuclein Pathology and Dopaminergic Neurodegeneration in Mice. Sci.
Transl. Med. 2018, 10, eaah4066. [CrossRef] [PubMed]

73. Kim, S.; Choi, J.G.; Kim, S.W.; Park, S.C.; Kang, Y.; Park, D.S.; Son, M.; Lee, C.H. Inhibition of α-Synuclein Aggregation by
MT101-5 Is Neuroprotective in Mouse Models of Parkinson’s Disease. Biomed. Pharmacother. 2022, 154, 113637. [CrossRef]

74. Kam, T.-I.; Mao, X.; Park, H.; Chou, S.-C.; Karuppagounder, S.S.; Umanah, G.E.; Yun, S.P.; Brahmachari, S.; Panicker, N.;
Chen, R.; et al. Poly (ADP-Ribose) Drives Pathologic α-Synuclein Neurodegeneration in Parkinson’s Disease. Science 2018,
362, eaat8407. [CrossRef] [PubMed]

75. Mao, K.; Chen, J.; Yu, H.; Li, H.; Ren, Y.; Wu, X.; Wen, Y.; Zou, F.; Li, W. Poly (ADP-ribose) Polymerase 1 Inhibition Prevents
Neurodegeneration and Promotes A-synuclein Degradation via Transcription Factor EB-dependent Autophagy in Mutant
α-synucleinA53T Model of Parkinson’s Disease. Aging Cell 2020, 19, e13163. [CrossRef] [PubMed]

76. Zhao, H.; Joseph, J.; Fales, H.M.; Sokoloski, E.A.; Levine, R.L.; Vasquez-Vivar, J.; Kalyanaraman, B. Detection and Characterization
of the Product of Hydroethidine and Intracellular Superoxide by HPLC and Limitations of Fluorescence. Proc. Natl. Acad. Sci.
USA 2005, 102, 5727–5732. [CrossRef] [PubMed]

77. Kayed, R.; Head, E.; Thompson, J.L.; McIntire, T.M.; Milton, S.C.; Cotman, C.W.; Glabe, C.G. Common Structure of Soluble
Amyloid Oligomers Implies Common Mechanism of Pathogenesis. Science 2003, 300, 486–489. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.0552-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/22049413
https://doi.org/10.1038/s41598-017-15813-8
https://doi.org/10.1007/s00018-017-2541-x
https://www.ncbi.nlm.nih.gov/pubmed/28534083
https://doi.org/10.1126/science.1227157
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1371/journal.pone.0070274
https://www.ncbi.nlm.nih.gov/pubmed/23936403
https://doi.org/10.1039/C8FO00964C
https://www.ncbi.nlm.nih.gov/pubmed/30462117
https://doi.org/10.1002/jnr.22331
https://www.ncbi.nlm.nih.gov/pubmed/20077428
https://doi.org/10.1038/nprot.2006.170
https://www.ncbi.nlm.nih.gov/pubmed/17406392
https://doi.org/10.12925/jkocs.2020.37.4.744
https://doi.org/10.1016/j.freeradbiomed.2010.08.028
https://www.ncbi.nlm.nih.gov/pubmed/20828611
https://doi.org/10.1007/s11011-007-9080-3
https://www.ncbi.nlm.nih.gov/pubmed/18030609
https://doi.org/10.1073/pnas.251341998
https://doi.org/10.1093/brain/awv034
https://doi.org/10.1523/JNEUROSCI.2309-16.2016
https://doi.org/10.1016/j.nbd.2014.04.003
https://www.ncbi.nlm.nih.gov/pubmed/24746855
https://doi.org/10.1126/scitranslmed.aah4066
https://www.ncbi.nlm.nih.gov/pubmed/30381407
https://doi.org/10.1016/j.biopha.2022.113637
https://doi.org/10.1126/science.aat8407
https://www.ncbi.nlm.nih.gov/pubmed/30385548
https://doi.org/10.1111/acel.13163
https://www.ncbi.nlm.nih.gov/pubmed/32475059
https://doi.org/10.1073/pnas.0501719102
https://www.ncbi.nlm.nih.gov/pubmed/15824309
https://doi.org/10.1126/science.1079469


Int. J. Mol. Sci. 2024, 25, 4943 20 of 20

78. Cascella, R.; Chen, S.W.; Bigi, A.; Camino, J.D.; Xu, C.K.; Dobson, C.M.; Chiti, F.; Cremades, N.; Cecchi, C. The Release of Toxic
Oligomers from α-Synuclein Fibrils Induces Dysfunction in Neuronal Cells. Nat. Commun. 2021, 12, 1814. [CrossRef]

79. Sawiak, S.J.; Wood, N.I.; Williams, G.B.; Morton, A.J.; Carpenter, T.A. SPMMouse: A New Toolbox for SPM in the Animal Brain.
In Proceedings of the ISMRM 17th Scientific Meeting & Exhibition, Honolulu, HI, USA, 18–24 April 2009.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-021-21937-3

	Introduction 
	Results 
	Corpus Callosum Is the Most Appropriate Pseudo-Reference Region for [18F]ROStrace Quantification in A53T Mice 
	A53T Mice Show Progressive Increases in Brain [18F]ROStrace Signal 
	A53T Mice Exhibit Progressively Severe aSyn Pathology That Colocalizes with Indicators of Oxidative Stress 
	A53T-Specific Behavioral Abnormalities Emerge Early in Life and Persist through Middle Age 
	A53T Mice Show Increased [18F]ROStrace Signal and Mortality following Lipopolysaccharide Injection 

	Discussion 
	Materials and Methods 
	Animals 
	Immunohistochemistry 
	Dihydroethidium (DHE) Injections 
	Pseudo-Reference Region Identification 
	Preparation of [18F]ROStrace 
	PET Imaging 
	PET Image Analysis 
	LPS Injection and Sickness Scoring 
	Behavioral Assessments 
	Clasping 
	Open Field Task 
	Nesting Task 
	Multi-Day Behavioral and Metabolic Profiling 


	References

