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Abstract.

Background: Alpha-synuclein (asyn) characterizes neurodegenerative diseases known as synucleinopathies. The phospho-
rylated form (psyn) is the primary component of protein aggregates known as Lewy bodies (LBs), which are the hallmark of
diseases such as Parkinson’s disease (PD). Synucleinopathies might spread in a prion-like fashion, leading to a progressive
emergence of symptoms over time. asyn pre-formed fibrils (PFFs) induce LB-like pathology in wild-type (WT) mice, but
questions remain about their progressive spread and their associated effects on behavioral performance.

Objective: To characterize the behavioral, cognitive, and pathological long-term effects of LB-like pathology induced after
bilateral motor cortex PFF injection in WT mice and to assess the ability of mouse asyn-targeted antisense oligonucleotides
(ASOs) to ameliorate those effects.

Methods: We induced LB-like pathology in the motor cortex and connected brain regions of male WT mice using PFFs.
Three months post-PFF injection (mpi), we assessed behavioral and cognitive performance. We then delivered a targeted
ASO via the ventricle and assessed behavioral and cognitive performance 5 weeks later, followed by pathological analysis.

Results: At 3 and 6 mpi, PFF-injected mice showed mild, progressive behavioral deficits. The ASO reduced total asyn and
psyn protein levels, and LB-like pathology, but was also associated with some deleterious off-target effects not involving
lowering of asyn, such as a decline in body weight and impairments in motor function.
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Conclusion: These results increase understanding of the progressive nature of the PFF model and support the therapeutic

potential of ASOs, though more investigation into effects of ASO-mediated reduction in asyn on brain function is needed.
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INTRODUCTION

Alpha-synuclein (asyn) is a protein expressed
throughout the brain, where it is primarily localized to
the presynaptic terminal and neuronal nucleus [1, 2].
asyn can be involved in a variety of cellular functions,
including suppressing apoptosis, regulating glucose
levels, maintaining SNARE complex structure, and
contributing to neuronal differentiation [3—8]. At the
synapse, asyn binds to neurotransmitter-containing
vesicles and can promote membrane curvature [9].
asyn is also important for endo- and exocytosis, and
vesicle clustering, which are required for neurotrans-
mission [10-13]. The nuclear function of asyn is
less clear. asyn associates with poly ADP-ribose,
increasing pathological toxicity; inhibits histone
acetylation, increasing toxicity; and protects DNA
from hydroxyurea-induced stress, decreasing toxicity
[14—-16]. We have also shown that asyn and psyn bind
to DNA and can regulate forms of DNA repair, and
that this function may be interrupted in pathological
conditions [17].

asyn was first purified from cholinergic presynap-
tic terminals [2] and later connected to neurodegener-
ation when it was identified as a component of senile
plaques in Alzheimer’s disease [18]. Later, tracing of
familial Parkinson’s disease (PD) led to the discov-
ery of mutations in the gene encoding asyn, SNCA
[19,20]. Insoluble, phosphorylated asyn (psyn) is the
primary component of Lewy bodies (LBs) and Lewy
neurites, the hallmark inclusions of a class of neu-
rodegenerative diseases known as synucleinopathies
[21, 22]. Beyond several specific, but rare SNCA
point mutations—such as A53T, A53E, A30P, E46K,
H50Q, and G51D—or multiplication mutations in
SNCA [19, 20, 23-29], the direct cause of most cases
of synucleinopathy is unknown. Recent evidence sup-
ports a prion-like mechanism of asyn aggregation
and spread, whereby introduction of exogenous asyn
pre-formed fibrils (PFFs) causes endogenous asyn
to progressively take on an insoluble, aggregated
conformation [30-33]. The prion-like mechanism
of neurodegeneration was originally put forth by
Prusiner and colleagues and has since been deeply
explored [34-38]. Use of the PFF model has grown
substantially to study sporadic synucleinopathies,

and more thorough characterization of this relatively
new model is needed.

Synucleinopathies are diagnosed, in part, based on
the development of specific kinds of nervous system
dysfunction, which likely do not appear until after
significant pathological spread has already occurred.
For example, PD is diagnosed based on the pres-
ence of motor symptoms and signs [39], yet patients
retroactively report years of other symptomatic dis-
turbances, such as decreased olfaction [40] and
sleep disturbances [41, 42], and often continue to
develop other additional, non-motor symptoms, such
as impaired cognition. Postmortem assessments also
suggest a progressive spread of LBs that could map to
the timing of symptom presentation [43]. This likely
translates to a delayed recognition of disease until
well after pathological aggregation has started and
spread.

The mouse motor cortex represents a potentially
interesting model for studying PFF-induced LB-like
formation and spread, which is why we chose this
region for our PFF injections. It is able to generate
high levels of LB-like pathology in mice compared to
other brain regions after PFF injection into the dor-
sal striatum [44], likely due a combination of this
region’s rich connectivity with the striatum and the
high levels of asyn expression found in motor cortex
neurons [45]. High levels of intrinsic asyn expres-
sion are a key determinant of a neuron’s potential
to form LBs after PFF injection [46], and make the
motor cortex ideal for generating this kind of pathol-
ogy robustly. In addition to local uptake and seeding
of LB formation after PFF injection, brain regions
which are monosynaptically connected to the injec-
tion site are thought to be the next ones to develop
LB pathology [44, 47, 48]. Importantly, the con-
nectivity of the motor cortex has been elucidated
in detail, and high resolution maps of the specific
inputs into [49] and projections from [50] this region
are now known. Interestingly, aged C57B1/6Nc mice
showed an increase in psyn accumulation in the
motor cortex, but not the striatum or substantia
nigra, compared to young mice [51], and PD patients
with cortical myoclonus were found to have higher
asyn levels in the motor cortex than PD patients
without myoclonus [52]. In our previous work, the
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pathological progression of LB and Lewy neurite
formation after motor cortex PFF injections was stud-
ied in vivo using multiphoton imaging [53], but a
corresponding detailed behavioral phenotypic char-
acterization following these injections was not done.
For these reasons, we chose to study the progres-
sion of motor and cognitive behavioral abnormalities
and pathology development following bilateral motor
cortex PFF injection in this work, and its response to
a potential treatment.

There is currently no treatment to stop the pro-
gression of synucleinopathies. Treatments are typ-
ically focused on symptom management, such as
dopamine replacement therapy and deep-brain stim-
ulation to ameliorate the motor symptoms in PD
[54]. These treatments become less effective with
time and can have serious side-effects, such as
levodopa-induced dyskinesia and impulsive behav-
ior [55, 56]. In addition, these treatments do little to
improve non-motor symptoms, highlighting the need
to develop alternate therapeutic strategies that have
true disease-modifying effects. Antisense oligonu-
cleotides (ASOs), which impair translation of specific
mRNAs to decrease target protein levels, might mod-
ify PD-related pathology. For example, PFF-injected
mice treated with ASOs against leucine-rich repeat
kinase 2 (LRRK2) showed reduced inclusion forma-
tion [57]. Currently, there are ongoing ASO clinical
trials for a range of neurodegenerative diseases [58,
59]. However, more characterization and validation
are needed to refine treatment development.

Here, we aimed to: 1) characterize the develop-
ment and progression of behavioral and cognitive
changes following bilateral injections of PFFs in the
motor cortex of C57Bl/6] wild-type (WT) mice, and
2) assess if reducing asyn expression throughout the
CNS with a targeted ASO treatment could ameliorate
the cognitive, behavioral, and pathological effects of
PFF injections.

MATERIALS AND METHODS

Animals

For the full behavioral and cognitive test bat-
tery described below, 35 C57BL/6]J (WT) males
obtained from Jackson Laboratories at 4-5 weeks of
age (Bar Harbor, ME, USA) were used. Only males
were included due to the higher prevalence of PD
and other Lewy-body disorders in men compared to
women [60, 61]. The mice were maintained on a 12-h
light/dark cycle, with lights turning on at 6:00 and off
at 18:00. Food and water were provided ad libitum.

Following three days of habituation to the ani-
mal facility, mice underwent intracranial injection to
induce LB-like pathology (“PFF”, PFF injections) or
as a control (“mono”, monomer injections). Three
months post-injection (mpi), animals underwent the
firstround of behavioral and cognitive testing (Fig. 1).
This time was selected because WT mice with
induced LB-like pathology typically begin to show
early-stage asyn aggregation in neuritic processes at
2.5-3 mpi, as well as mild behavioral alterations, such
as decreased latency to remain on the wire hang [30,
33]. At 4 mpi, mice received a single, 700 ng intrac-
erebroventricular (ICV) infusion of either a mouse
sequence asyn-targeted antisense oligonucleotide
(“ASO”) or a scrambled control oligonucleotide
(“’scramble”) into the right lateral ventricle. A sec-
ond round of behavioral and cognitive testing was
performed 5 weeks later to assess the effects of the
targeted ASO. During periods of behavioral and cog-
nitive testing, mice were singly housed 72 h before
the start of testing; during all other periods, mice were
group housed 3-5 to a cage and monitored daily for
signs of fighting or distress. Throughout the dura-
tion of the experiment the researcher performing the
experiment was blinded to groups.

Following the second round of behavioral testing,
mice were euthanized by cervical dislocation and
their brains were quickly removed. The right hemi-
sphere was dissected into the hippocampus, cortex,
and cerebellum. These tissues were flash-frozen and
stored at —80°C. The left hemisphere was post-fixed
overnight in 4% paraformaldehyde, and subsequently
placed in 30% sucrose.

To confirm the results and assess potential off-
target effects associated with the mouse ASO used in
this study, an additional 15 male mice were acquired
from the Jackson Laboratory at 4-5 weeks of age.
This consisted of 5 male C57BL/6N-Sncatm1Mjff/J
(“asyn-KO”), and 10 male C57Bl/6NJ (“NJ”). Half
of the NJ mice received the asyn-targeted ASO, and
the other half received the control construct. All asyn-
KO mice received the ASO. None of these mice
received PFF- or Mono-injections. Their body weight
was tracked for 7 weeks.

All animal procedures were reviewed and appro-
ved by the Institutional Animal Care and Use Com-
mittee at the Oregon Health and Science University.

Administered agents and surgeries

Administered agents
Monomeric alpha-synuclein and pre-formed fibrils
(PFFs). Mono and PFF synuclein were generously
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Fig. 1. Timeline of experiments. A) Four-week-old C57B1/6] male mice were delivered from Jackson Labs and acclimated to our facilities
for 3 days. Mice were then injected with either monomeric (Mono) or fibrillized (PFF) a-synuclein bilaterally into the motor cortex
(n=17/group). At 3 months post-injection (mpi), all mice went through a battery of behavioral tests in the following order: rotarod, open
field, novel object recognition, wire hang, water maze, and fear conditioning. B) After the first round of behavioral testing, mice received
a single injection in the right ventricle with either an a-synuclein-targeting antisense oligonucleotide (ASO) or a scramble oligonucleotide
(Scramble) (n=_8-9/group). Mice went through a second round of behavioral testing at 6 mpi (5 weeks following ASO delivery) in the
following order: home cage activity monitoring, food intake, rotarod, open field, novel object recognition, wire hang, and water maze. Body
weight was recorded weekly from the start of behavioral testing until animals were euthanized. Following completion of the second round
of behavior, animals were euthanized and tissue collected for subsequent analysis. [talicized behavioral tests were only performed at one

time point.

supplied by Dr. Kelvin Luk. Solutions for injec-
tion were prepared according to previously described
protocols [30]. Briefly, monomeric mouse sequence
asyn (“mono”) or PFFs (endotoxin level 0.15 EU/mg
protein) were diluted in PBS to 2 pg/pl and soni-
cated prior to injection as previous described [33].
One animal was euthanized following this surgery
due to recovery complications.

Antisense oligonucleotides. Mouse sequence
asyn-targeted and scrambled control antisense oli-
gonucleotides (ASOs) were generously supplied
by Ionis Pharmaceuticals. asyn-targeted ASO was
matched to the non A4 component of amyloid pre-
cursor component (#678363). Mouse asyn ASO
sequence: TTTAATTACTTCCACCA; control ASO
sequence: CCTATAGGACTATCCAGGAA. ASOs
were diluted in 1x PBS (without Ca’>* or Mg?*) to
100 mg/ml stock solution. For injections, a working
solution of 70 mg/ml was made and stored at 4°C.
One animal was euthanized following this surgery
due to recovery complications.

Surgeries

Motor cortex injections of mono/PFF. Injections
of Mono and PFF asyn were performed according
to our standard protocol [33]. All mice received an
injection of 0.05 wg/g buprenorphine prior to being
given anesthesia. Mice were induced with 5% isoflu-
rane; following induction, mice were maintained at
1.5-2% isoflurane for the duration of surgeries. Body
temperature was maintained with a water heat pad,
and depth of anesthesia and breathing were moni-
tored throughout the surgeries. Following induction,
mice were placed into a custom-made stereotaxic
frame and heads secured with fixation bars. Oph-
thalmic ointment was applied to the eyes to ensure
they remained lubricated throughout the procedure.
The heads of the mice were shaved, and all mice
received a local subcutaneous injection of lidocaine.
The heads of the mice were sterilized by alternating
3 swabs of betadine and 2 swabs of 70% isopropanol.
An incision was made on the midline of the scalp to
expose the skull and holes drilled bilaterally above the



S.W. Boutros et al. / ASOs Improve Lewy Pathology and Behavior 1095

motor cortex (Bregma coordinates: AP=-1.0 mm,
ML ==+1.5 mm). A Hamilton syringe (701-RN, 26s-
gauge, ref# 80330) was lowered to DV —0.6 mm, then
raised back up to DV —0.3 mm for injection of 2.5 ul
(2 pg/pl) of either monomeric mouse asyn or PFFs
at a rate of 0.2 pl/minute. The syringe remained in
place for 3 min following infusion and remained out
for 3 min before lowering into the opposite hemi-
sphere. The order of injecting into the left and right
hemisphere was counterbalanced. Following injec-
tions, the scalp was stitched with two to three sutures.
Animals were monitored until awake and received
0.05 pg/g buprenorphine for the following two days.

Intracerebroventricular infusions of ASO/Control.
All ASO/Control surgeries followed the same stan-
dard procedures as above. Following placement in
the stereotaxic frame, a Hamilton syringe was loaded
with 10 pL of either ASO or Scramble control (70
mg/ml) and lowered into the right ventricle [AP:
-0.3 mm, ML: +1.0 mm, DV: -2.5 mm)]. Infusions
occurred at a rate of 2 pl/min, and the syringe was left
in place for 1 min following completion of infusion.
Again, animals received 2-3 sutures and buprenor-
phine for post-operative care.

Behavioral and cognitive assessments

Health measures: body weight, food intake, and
circadian activity

Body weights were recorded weekly starting dur-
ing the first round of behavioral testing until animals
were euthanized.

During the second round of behavioral and cog-
nitive testing (6 mpi), food intake was recorded. The
food in each cage was weighed twice each day—once
in the morning (~8:00) and once in the evening
(~17:00)—to assess approximate amount of food
eaten during daytime hours and nighttime hours.

Additionally, home-cage activity was assessed as
previously described [62] over a week-long period
following ASO delivery. Mice were singly housed in
cages containing infrared sensors, and data were con-
tinuously collected from 12:00 PM on a Monday until
12:30 PM on a Friday (MLog, Biobserve, Bonn, Ger-
many). Following collection in 1-second increments,
data were compiled into 5 min, 30 min and 12 h bins
for analyses of light and dark activity.

Open field

To assess locomotion, spatial learning, and an-
xiety-like behaviors, mice were placed into an open
field (41 x 41 cm) and allowed to explore for 5 min

over three (3 mpi) or two (6 mpi) subsequent days,
following a standard protocol [63]. The enclosures
were thoroughly cleaned with 0.5% acetic acid and
dried between each trial. Light intensity in the enclo-
sures ranged from 300 to 500 lux. Animals were
video recorded at a rate of 15 samples per second,
and total distance moved, average velocity, and time
spent in the center (defined as a center square sized
20 x 20cm) was analyzed using Ethovision XT 7.1
software (Noldus Information Technology, Wagenin-
gen, Netherlands). Data were analyzed using repeated
measures ANOVAs, with PFF status and ASO treat-
ment used as between group variables.

Novel object recognition

Following testing in the open field, two similar
objects were secured in place in the center of the
same fields [63]. Animals were allowed to explore
for 15 min (novel object day 1). The next day, one
object was replaced with a distinct, novel object.
Again, animals were allowed to explore for 15 min
(novel object day 2). Total time exploring the objects
was manually recorded for both sessions, as well as
time spent with each individual object. The researcher
recording exploration time was blinded to the groups.
Percent time exploring the novel object was calcu-
lated on day 2 as an indicator that animals could
distinguish which object they had previously seen.
This test was repeated at both 3 mpi and 6 mpi;
all the objects used at 6 mpi were distinct from the
objects used during the first round of testing. Data
were analyzed using repeated measures ANOVAs
and two-way ANOVAs followed by Sidak’s post-hoc
comparisons when appropriate.

Rotarod

Motor function and endurance were tested using a
rotarod (Rotamex, Columbia Instruments, Columbus,
OH) as previously reported [63]. Mice were placed
onto a rotating rod starting at 5 rotations per minute
(rpm). Every 3 s, the speed increased by 1 rpm. The
maximum run time was capped at 300 s, or 50 rpm.
During the first round of behavioral testing, mice
were tested over three consecutive days; on each day,
mice received three trials, separated by 3 min each.
During the second round of behavioral testing, the
mice received a single day of rotarod with three tri-
als separated by 3 min each. The rotarod was cleaned
with 0.5% acetic acid between every trial. Latency
to fall (in seconds) and final rpm were recorded and
analyzed using a repeated measures ANOVA.
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Wire hang

Motor function was also assessed using the wire
hang task, adopting the “falls and reaches” method
described by van Putten 2016 [64]. Mice were placed
on a suspended metal wire so that they were hang-
ing only by their front paws. In this method, mice
start with a fall score of 10 and a reach score of 0.
Over the duration of 180 s, the performance score was
reduced by 1 point every time the mouse fell and was
increased by 1 point every time they reached one of
the poles holding up the wire. The time of each fall
or reach event was also recorded. Each time a mouse
fell or reached, the timer was paused to replace the
mouse in the center of the wire again. The benefit of
using this test is that it allows assessments of not only
endurance and strength, but also of more complex
motor coordination.

Water maze

Spatial learning and memory were assessed using
the Morris water maze similar to previously described
protocols [65]. A circular pool (140 cm in diameter)
was filled with room temperature water (23°C + 1)
and made opaque with white chalk. The pool was
divided into four quadrants (NE, NW, SE, and SW). A
circular platform (12 cmin diameter) was placed 2 cm
below the surface of the water; in order to complete
the maze, mice were required to locate the platform
and remain on it for a minimum of three seconds. Task
learning was assessed during “visible” platform tri-
als; a 50 mL conical tube weighed down and wrapped
in colorful tape was placed as a flag on top of the
platform to serve as a visual cue. Spatial learning
(acquisition) was assessed during “hidden” platform
trials; the conical tube was removed and spatial cues
of different shapes and colors were hung on the walls
surrounding the pool. Training consisted of two trials
per session (separated by 10 min) and two sessions
per day (separated by 3h). Mice were taken out of
the pool once they located and remained on the plat-
form for 3 s, or after 60 s had passed without finding
the platform. For training purposes, when mice did
not find the platform on their own, the researcher
guided the animals to the platform and stepped out
of view for the animal to associate the platform with
escape. Average velocity, cumulative distance to the
target platform, and latency to find the platform were
assessed as indications of learning.

To assess spatial memory retention, mice were
tested in a series of probe trials in which the platform
was removed from the pool. Probe trials lasted for a
total of 60s and ended with the researcher picking

up the animals from the location where the platform
would have been located. The same extra-maze cues
used during hidden trials remained on the walls for
probes. Cumulative distance from the target, and time
spent in the target quadrant as compared to the three
non-target quadrants were analyzed as measures of
memory retention.

Water maze performance was assessed at both 3
and 6 mpi. At both time points, mice were first trained
to locate a “hidden” platform. During the first round
of testing, the platform remained in the SW quad-
rant for sessions 1-10. To assess reversal learning,
a prefrontal cortex-dependent function, for sessions
11-14, we moved the platform to a new (the opposite)
quadrant (NE). Lastly, we performed a single visible
platform session to assess task learning. During the
second round of water maze testing, the platform was
placed in the SE quadrant for sessions 1-8. On the last
day (sessions 9-10), we administered two visible plat-
form sessions with the platform in the NW and SW
quadrants, respectively.

Fear conditioning

Mice were tested for contextual and cued fear
learning and memory at 3 mpi following a stan-
dard protocol [66]. In the fear conditioning test,
hippocampus-dependent and -independent learning
and memory can be distinguished. Contextual fear
conditioning is known to be hippocampus-dependent,
whereas cued fear conditioning is known to be
hippocampus-independent and amygdala-dependent
[67, 68]. Briefly, mice were placed into a sound-
attenuating chamber. After a 120s baseline period
without any stimuli, a tone (80 dB, 2800 Hz) was
played for 30 s, which co-terminated with a 2 s shock
(0.5mA). This was followed by a 90 s period with no
stimuli before the tone-shock pairing was repeated
again. In total, mice received 2 tone-shock pairings.
The chambers were thoroughly cleaned with 0.5%
acetic acid between animals. Twenty-four hours later,
mice were tested for contextual and cued fear mem-
ory recall. For contextual memory recall, mice were
placed into the same chamber for a period of 5 min,
with no cues presented. For cued memory recall, the
chambers were changed to remove any contextual
cues (floors were covered with a solid, white panel,
the roof and walls were changed to a black triangle,
and 10% isopropanol was used for cleaning). Ani-
mals had a baseline period of 90 s with no stimuli; at
905, the same tone played for a total of 3 min.

All trials were recorded and analyzed with
Video Freeze software (PMED-VFC-NIR-M, Med
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Associates, Inc., Fairfax, VT) and automatic out-
puts were generated to analyze average motion and
time freezing (defined as a minimum of 30 frames,
or 1s, of total movement cessation). Percent time
freezing was analyzed as measure of fear memory
and assessed with a 1-way ANOVA between PFF
and Mono groups, or with a 1-way repeated mea-
sures ANOVA when looking over time within a trial.
Because we did not observe any significant differ-
ences between PFF and Mono groups at 3 mpi, we
did not repeat fear conditioning testing at 6 mpi.

Postmortem analysis

Immunofluorescence and microscopy

LB-like aggregates were analyzed by immunoflu-
orescence. Following post-fixation, the left hemi-
sphere was sectioned using a cryostat at 40 pm
thickness. The sections were washed, blocked in
4% normal goat serum with 0.3% Triton-X (NGS),
and incubated overnight in 4% NGS containing an
antibody targeting asyn phosphorylated at serine
129 (anti-pSer129, rabbit monoclonal, 1:600, Abcam
#51253). Subsequently, the sections were incubated
with secondary antibody in 4% NGS overnight (goat
anti-rabbit IgG, 1:1000, AlexaFluor 594, Lifetech-
nologies, #A11012). The nuclear counterstain DAPI
(Sigma Aldrich, St. Louis, MO, USA) was applied
at a 1:200 concentration for 20 min prior to slide
mounting. Coverslips were sealed with VectaShield
Hard Set Antifade Mounting Media without DAPI
(Vector Labs, Burlingame, CA, USA, #H-1400).
Whole-hemisphere images were taken using a Zeiss
AxioScan.Z1 at 20x magnification (Zeiss, Thorn-
wood, NY, USA). The percent area occupied by
immunoreactivity in the motor cortex, medial and
lateral somatosensory cortices, and the hippocampus
were analyzed using Image] Software (NIH).

Western blots

Western blot analysis was used to assess phospho-
rylated and total protein levels. Dissected hippocampi
were dissolved in lysis buffer (IM Tris-Cl, pH
7.5; 6M NaCl; 10% SDS; 0.5M EDTA; Triton-X
100; Phosphatase Inhibitor #3, Roche, #05-892-
970-001; Protease Inhibitor, Sigma-Aldrich, #P0044)
by homogenizing 3 x 20s and sonicating on ice
for 15s at 40Hz. A BCA kit (Pierce, Thermo
Scientific, #23227) was used to determine protein
concentrations. Samples were incubated in Novex
Tris-glycine SDS Sample Buffer (Invitrogen) at 95°C
for 10 min and separated on 10-20% Tris-glycine

gels (Invitrogen) for 70 min at 125 V. Proteins were
transferred onto Immobilon-FL. PVDF membranes
(Millipore, #IPF00010) for 2 h at 30 V on ice. When
assessing asyn and psyn protein levels, membranes
were immediately fixed in 4% PFA +0.1% GA for
20-30min [69, 70]. Total protein measures were
assessed using REVERT™ Total Protein Stain (Li-
Cor Biosciences, Lincoln, NE). Following image
acquisition of total protein, blots were blocked in
Odyssey Blocking Buffer (Li-Cor Biosciences) for
1 h at room temperature and incubated overnight at
4°C with primary antibodies against Synl (mouse,
1:1000, BD Biosciences, #610786), pSer129 (rabbit,
1:1000, Abcam, #51253), GAPDH (mouse, 1:10000,
Millipore, #MAB3740), or phospho-histone H2Ax
(rabbit, 1:1000, Cell Signal, #9718). Blots were then
incubated in appropriate secondary antibodies (goat
anti-rabbit IR800 CW, Li-Cor, #926-32211; goat anti-
mouse IR680 LT, Li-Cor, #926-68050) for 2 h at room
temperature. Images of hybridized blots were taken
using a Li-Cor Odyssey CLx and densomitry analyses
were performed using ImageJ software. The levels of
the proteins of interest were normalized to the total
protein loaded for that particular lane for statistical
analyses.

Statistics

All data were first assessed for normality of vari-
ance. In all cases, we were able to proceed with
standard parametric tests. Statistical analyses were
performed using SPSS v.25 (IBM, Armonk, NY) and
Prism v.7 (GraphPad, San Diego, CA). Statistical
results for all measures are indicated in Table 1.

Upon completion of behavioral and cognitive test-
ing, all behavioral and cognitive measures were
analyzed with PFF-status (Mono/PFF) and ASO-
treatment (Control/ASO) as between group variables
using ANOVAs. Most measures were analyzed with a
repeated measures ANOVA (body weight; home cage
activity monitoring; food intake; open field activity,
velocity, and center duration; time exploring dur-
ing object recognition; rotarod latency to fall; wire
hang latency to fall and reach, and fall and reach
scores; water maze average velocity, latency to find
the platform, and cumulative distance from the plat-
form; and time freezing during each fear conditioning
trial) within and over the two time periods of testing.
For analysis of effects of time and time interactions,
sphericity was assessed; when violated, Greenhouse-
Geisser corrections were applied.



Table 1

Breakdown of statistics and significant effects and/or interactions for all measures

Data Type of Test Factors Significant Finding(s) t or F statistic )4 Corrections Applied
Fig. 2D aSyn and pSyn Protein 2-way ANOVA  PFF Status (PFF/Mono) Main effect of ASO F(1,29)=74.33 p<0.0001 Sidak’s
(asyn)
ASO Staus (ASO/Scramble)  Main effect of ASO F(1,29)=35.88 p<0.0001 Sidak’s
(psyn)
Fig. 2E pSyn Inclusions: Composite Score Independent ASO Status (ASO/Scramble) Main effect of ASO 1(65)=2.280 p=0.0259
Samples t-test
Fig. 2E pSyn Inclusions: Motor Cortex Independent ASO Status (ASO/Scramble) No effects 1(15)=1.117 p=0.281
Samples t-test
Fig. 2E pSyn Inclusions: Hippocampus Independent ASO Status (ASO/Scramble)  No effects t(14)=1.067 p=0.304
Samples t-test
Fig. 2E pSyn Inclusions: Medial Somatosensory Independent ASO Status (ASO/Scramble) No effects 1(15)=1.145 p=0.270
Cortex Samples t-test
Fig. 2E pSyn Inclusions: Lateral Somatosensory Independent ASO Status (ASO/Scramble)  No effects 1(15)=1.022 p=0.23
Cortex Samples t-test
Fig. 3B-C Water Maze Cumulative Distance during Repeated PFF Status (PFF/Mono) Time x PFF F(8.472,245.702)=2.025 p=0.041 Greenhouse-Geisser
Hidden Platform Location Measures ASO Status (ASO/Scramble)  Main effect of PFF F(1,29)=6.638 p=0.015
ANOVA Time Time x ASO F(8.472,245.702)=2.626 p=0.008 Greenhouse-Geisser
Fig. 3B-C Water Maze Cumulative Distance during Repeated PFF Status (PFF/Mono) Time x ASO F(7.527,218.278)=3.705 p=0.001 Greenhouse-Geisser
Visible Platform Location Measures ASO Status (ASO/Scramble)
ANOVA Time
Fig. 3E Water Maze Change in Cumulative Distance Repeated PFF Status (PFF/Mono) Main effect of PFF F(1,29)=4.159 p=0.05
to Hidden Platform Locations Measures ASO Status (ASO/Scramble)
ANOVA Time
Fig. 3E Water Maze Change in Cumulative Distance Repeated PFF Status (PFF/Mono) Main effect of ASO F(1,29)=7.049 p=0.012
to Visible Platform Locations Measures ASO Status (ASO/Scramble)
ANOVA Time
Fig. 3F Water MazeCumulative Distance during Probe Repeated PFF Status (PFF/Mono) Time x PFF F(4.283,124.217)=3.257 p=0.005 Greenhouse-Geisser
Trials Measures ASO Status (ASO/Scramble)  Main effect of PFF F(1,29)=9.372 p=0.012 Greenhouse-Geisser
ANOVA Time
Fig. 3G Water Maze Percent Time in Target Quadrant Repeated PFF Status (PFF/Mono) Time x PFF F(7,203)=3.353 p=0.001
during Probe Trials Measures ASO Status (ASO/Scramble)  Main effect of PFF F(1,29)=8.043 p=0.008
ANOVA Time Time x ASO F(7,203)=2.083 p=0.047
Fig. 4B Total Distance Moved in the Open Field Repeated PFF Status (PFF/Mono) Time x PFF x ASO F(1,29)=5.637 p=0.024
Measures ASO Status (ASO/Scramble)
ANOVA Time
Average Velocity in the Open Field Repeated PFF Status (PFF/Mono) Time x PFF x ASO F(1,29)=5.533 p=0.026
Measures ASO Status (ASO/Scramble)
ANOVA Time
Fig. 4C Novel Object 3 mpi Paired Samples  Object (Familiar/Novel) Mono-Scramble 1(50)=5.632 p<0.0001 Sidak’s
t-test Mono-ASO 1(50)=4.706 p<0.0001 Sidak’s
PFF-Scramble 1(50)=6.796 p<0.0001 Sidak’s
PFF-ASO 1(50)=6.713 p<0.0001 Sidak’s
Fig. 4D Novel Object 6 mpi Paired Samples  Object (Familiar/Novel) Mono-Scramble 1(52)=4.206 p=0.0004 Sidak’s
t-test Mono-ASO 1(52)=1.845 p=0.2541 Sidak’s
PFF-Scramble 1(52)=1.945 p=0.2099 Sidak’s
PFF-ASO 1(52)=3.462 p=0.0043 Sidak’s
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No effects (Daytime)
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(Nighttime)
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Main effect of ASO

F(3,87)=16.145

F(1,26)=21.388
F(1,26)=11.936
F(1,26)=6.030
F(1,26)=13.826
F(1,26)=12.923
F(1,26)=3.739

F(1,26)=20.089
F(35,910)=6.087
F(35,910)=3.409

F(1,26)=3.250

F(35,980)=3.195

F(35,910)=5.116
F(35,910)=4.036
F(1,26)=6.770
F(1,26)=3.995

F(1.703,34.060) = 3.550

F(3,60)=2.316

F(3.613,104.777)=16.093

F(1,29)=7.952

F(1,26)=5.297

F(16,88)=6.079
F(2,11)=19.03

p<0.0001

p<0.001
p=0.002
p=0.021
p=0.001
p=0.002
p=0.064

p<0.001
p<0.001
p<0.001

p=0.084

p<0.001

p<0.001
p<0.001
p=0.015
p=0.056

p=0.046
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p<0.001
p<0.001
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»=0.0001
»=0.0003
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Analysis of LB-like pathology was performed
with independent samples #-tests comparing ASO
and control in only PFF-injected animals for each
brain region. To assess overall pathology load, we
normalized psyn signal in each brain region to
the PFF-Scramble average of that region. We then
combined regions for a composite burden mea-
sure to analyze between groups. Comparisons were
made with independent samples #-tests between PFF-
Scramble and PFF-ASO. Mono-injected animals
were not included in statistical analysis, as there was
no area occupied in any brain region measured for
either ASO group. For western blot analysis, bands of
interest were normalized to total protein, and 2-way
ANOVAs were used to compare groups.

In all cases, when significance was found with
ANOVAs, post-hoc comparisons were made and
Sidak’s corrections applied. In analysis of time
exploring the novel vs. the familiar object, Sidak’s
post-hoc comparison was applied within each group.

RESULTS

Alpha-synuclein-targeted ASO treatment reduces
alpha- and phosphorylated-synuclein protein
levels and LB-like pathology induced by PFF
injections in the motor cortex in mice

To determine the extent to which ASO treatment
reduced asyn and psyn protein levels, we used West-
ern blot analysis of hippocampal tissues. Neural
tissue was collected after the second round of behav-
ioral testing, 6 months post-PFF or -Mono injections
and 7 weeks after ICV delivery of targeted ASO
or Scramble (control) ASO (Fig. 1). Levels of both
asyn and psyn forms of the protein were decreased
by greater than 50% in hippocampal tissue by the
ASO treatment (Fig. 2A). A two-way ANOVA for
asyn integrated density normalized to total pro-
tein revealed a main effect of ASO (p<0.0001;
Fig. 2B) and Sidak’s post hoc comparison showed
that ASO treatment decreased asyn compared to the
Scramble controls in both Mono- and PFF-injected
animals (Mono: p <0.0001; PFF: p<0.0001). Sim-
ilarly, there was a main effect of ASO on psyn
integrated density (p <0.0001; Fig. 2B), with Sidak’s
post hoc testing revealing that ASO-treated ani-
mals had lower levels than Scramble-treated animals
in both Mono- and PFF-injected groups (Mono:
p<0.01; PFF: p<0.001). There was no effect of PFF

on asyn (p=0.239) or psyn (p =0.864) protein levels,
nor any PFF by ASO interactions, suggesting the PFF
treatment did not have a detectable effect on synu-
clein protein levels in the hippocampus (all statistics
are presented in Table 1).

Next, we assessed if ASO treatment reduced
LB-like pathology in PFF-injected animals using
immunohistochemistry to examine psyn-positive ag-
gregates. We analyzed the percent area occupied by
LB-like pathology in four different brain regions
(motor cortex, medial somatosensory cortex, lateral
somatosensory cortex, and hippocampus) to create
a composite pathology burden measure. Using this
composite score, we detected a significant reduction
in LB-like aggregate load in ASO-treated mice com-
pared to control (p=0.0259; Fig. 2C-E). However,
when we analyzed each individual region separately,
we did not observe significant differences between
PFF-injected animals treated with ASO or control
(Table 1), suggesting that LB-like pathology variabil-
ity was relatively high.

PFF injections in the motor cortex do not alter
fear learning and memory

Prior to delivery of asyn-targeted ASO or Scram-
ble, we assessed all animals in a battery of behavioral
and cognitive tests to determine the effects of PFF
injections in the motor cortex on motor abilities,
anxiety-like behavior, and learning and memory. This
first round of behavioral testing took place 3 mpi,
when mature LB-like inclusions have appeared in the
PFF group (Fig. 1A) [33]. Following the first round of
behavioral tests, the Mono- and PFF-injected groups
were split, with half in each group receiving either
Scramble or asyn-targeted ASO injections (n=S8-
9/group). Seven weeks after ASO delivery, animals
were tested in a second battery of behavioral tests
(Fig. 1B).

In the first round of testing (pre-ASO), we assessed
fear learning and memory to examine possible
hippocampus-dependent and -independent effects.
At 3 mpi, we trained mice in a cued fear condi-
tioning paradigm, and assessed their contextual and
cued recall 24 h later. We did not detect differences
between groups in acquisition of fear, or in contextual
or cued recall, indicating no fear memory impair-
ments (Supplementary Figure 1). Because of this, we
did not repeat fear conditioning in the second round
of behavioral testing.
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Fig. 2. Analysis of a-synuclein (asyn) and phosphorylated synuclein (psyn) protein levels in the hippocampus and LB-like pathology.
A) Representative blot of total protein stain (top), asyn band at 14.4 kDa (middle) and psy band at 14.4 kDa (bottom). Lanes are indicated with
“M” for Mono, “P” for PFF, “A” for ASO, and “S” for scramble. The far right lane (lane 14) is a psyn positive control. B) Left: Quantification
of asyn, normalized to total protein. A two-way ANOVA indicated a main effect of ASO treatment (¥(1,29) =74.33, p <0.0001) and Sidak’s
post-hoc tests indicated asyn protein was decreased in Mono-ASO mice compared to Mono-Scramble (p <0.0001) and PFF-ASO compared
to PFF-Scramble (p <0.0001). Right: Quantification of psyn, normalized to total protein levels. A two-way ANOVA indicated a main
effect of ASO treatment (F(1,29) =35.88, p<0.0001) and Sidak’s post-hoc tests indicated psyn protein was decreased in Mono-ASO mice
compared to Mono-Scramble (p <0.01) and PFF-ASO compared to PFF-Scramble (p <0.001). Data presented as group averages & SEM. C)
Representative images from mice injected with PFF-Scramble (left) and PFF-ASO (right). D) Higher magnification representative images of
the motor cortex, hippocampus, medial somatosensory cortex, and lateral somatosensory cortex from the hemispheres in (C). PFF-Scramble
is on the top, PFF-ASO is on the bottom. E) Normalized percent area occupied of LB-like aggregates in the motor cortex, hippocampus,
lateral somatosensory cortex, and medial somatosensory cortex. Comparison of Scramble vs. ASO revealed an overall decrease in LB-like
burden (#(65) =2.280, p < 0.05), but pathology in individual brain regions was not significantly reduced. *p <0.05, **p <0.01, **p <0.001.
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PFF injections in the motor cortex are the platform was moved to the NE quadrant; and for
associated with hippocampus-dependent spatial the final day, we assessed visible platform learning
learning and memory impairments (Fig. 3A).
After ASO delivery, we performed the WM test
During the first round of behavioral testing, we again, with new platform locations not used in the
assessed hippocampus-dependent spatial learning first round of testing (Fig. 3A). When spatial learn-
and memory using the Morris water maze (WM). ing was assessed in this way, we discovered that
For the first 5 days, the platform was located in the PFF-injected mice displayed impaired hippocampus-
SW quadrant with extra-maze cues hung on the wall dependent learning indicated by a greater cumulative

(“hidden” platform trials); for the subsequent 2 days, distance to the target platform compared to Mono-
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injected mice (p=0.015; Fig. 3B, D). PFF-injected
animals also did not improve as much as Mono ani-
mals over the course of training sessions, shown by a
significant time by PFF interaction (p =0.041). ASO
treatment also affected learning as measured by the
cumulative distance to the target, since ASO-injected
animals displayed altered learning before versus after
ASO injection (p =0.008; Fig. 3C, D). There was no
overall main effect of ASO (p =0.465) and no PFF by
ASO interaction (p =0.790) on cumulative distance to
the target, however, indicating that ASO treatment did

Round 1 (3"‘9‘) Probe 1 Probe 2 Probe 3 Probe 4
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not change learning compared to Scramble-injected
animals at the 6 mpi time point. Averaged perfor-
mance for each platform location and indications of
significance are shown in Fig. 3D.

To ensure that the differences in cumulative dis-
tance to the target were not due to changes in swim
speeds, average velocity was assessed over the hidden
platform sessions (Supplementary Figure 2). ASO-
injected mice swam slower than Scramble-injected
mice following treatment, indicated by a significant
time by ASO interaction (p =0.001). There was no
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time by PFF interaction (p =0.434), main effect of
PFF (p=0.179), main effect of ASO (p=0.517), or
PFF by ASO interaction (p =0.435), suggesting that
the PFF-dependent differences found in cumulative
distance to the target were not due to motor impair-
ments.

We also assessed performance during the visi-
ble platform sessions with the cumulative distance
to the target platform performance measure. Sim-
ilar to the hidden platform sessions, ASO-injected
mice swam farther from the platform after receiv-
ing treatment, shown by a significant time by ASO
interaction (p = 0.017). There were no significant dif-
ferences based on PFF (p =0.233) or ASO (p =0.395)
status in ability to locate the visible platform, nor
any time by PFF interaction (p=0.272) or PFF by
ASO interaction (p=0.731; Fig. 3B-D), again indi-
cating that these differences in task performance were
not due to the PFF injection. We also analyzed the
average velocity during the visible platform sessions.
ASO again animals swam slower after ICV delivery
compared to before (p =0.039). There were no signif-
icant differences detected between PFF (p =0.492) or
ASO (p=0.626) groups, nor time by PFF interaction
(»=0.507) or PFF by ASO interaction (p=0.845),
overall suggesting that ASO delivery, but not PFF
injections, led to motor impairments during the water
maze test.

In order to further clarify the time interactions
found during analysis of the hidden platform sessions,
we calculated the difference (delta) in the cumulative

distance to the target platform between the first and
last sessions for each platform location. A repeated
measures ANOVA revealed that PFF-injected mice
had a smaller change in cumulative distance to the
target location than Mono-injected mice (p=0.05,
Fig. 3E), indicating less improvement over the course
of training. There was no main effect of ASO
(p=0.292) or PFF by ASO interaction detected
(»=0.599), suggesting that ASO treatment did not
affect hippocampus-dependent memory over time.
When the change in cumulative distance was calcu-
lated for the visible sessions between 3 and 6 mpi,
we found that ASO-injected mice performed worse
than Scramble-injected mice (p=0.012). Together
with the average velocity data, this suggests that ASO
treatment led to deficits in motor abilities, while PFF
injections did not, as no effect of PFF (p=0.394) or
PFF by ASO interaction (p =0.990) were detected.
Throughout training, we periodically assessed spa-
tial memory retention using probe trials, during which
the platform was removed. Similar to training, PFF-
injected mice had a higher cumulative distance to the
target location than Mono-injected mice (p =0.005;
Fig. 3F) and did not improve over probe trials like the
Mono-injected mice did (p=0.012). There were no
differences seen based on ASO treatment (p =0.186),
nor interactions of PFF and ASO status (p =0.836), or
time and ASO (p=0.259), indicating that while PFF
injection worsened spatial memory, ASO treatment
had no effect. This was supported when we analyzed
percent time spent in the target quadrant during probe

Fig. 3. Performance in the water maze. A) Schematic of the water maze paradigm used at 3 mpi (left) and 6 mpi (right). Animals were
trained to locate a hidden platform over the course of 5 days (2 sessions per day). At 3 mpi, the escape platform was located in the SW
Quadrant for days 1-5 and in the NE Quadrant for days 6-7; at 6 mpi, the escape platform was located in the SE Quadrant. On the last day
at each time point, a visible cue was placed on the platform. Probe trials were performed in the morning to assess spatial memory. B, C)
Cumulative distance to the target platform at 3 mpi (B, pre-ASO) and 6 mpi (C, post-ASO). Mono-injected animals had a lower cumulative
distance to the target compared to PFF-injected animals during training for the hidden platforms across both time points (F(1,29) =6.638,
p<0.05). Additionally, a time-by-PFF interaction suggests that PFF animals had impaired learning over time compared to Mono animals
(F(8.472,245.702) =2.025, p<0.05), and a time-by-ASO interaction suggests altered learning before and after ASO delivery compared to
Scramble-treated animals (F(8.472,245.702)=2.626, p<0.01). A time by ASO interaction was found when visible platform location was
analyzed, indicating that ASO treatment significantly impaired task performance compared to the prior time point (F(1.521,43.853)=5.078,
p=0.017). D) Average cumulative distance to the target for the distinct platform locations at 3 and 6 mpi, and average visible cumulative
distance to the target. PFF animals had a higher overall cumulative distance to the target during the hidden sessions (F(1,29)=6.638,
p<0.05) compared to Mono animals. No differences were detected during the visible sessions, and no effects of ASO were detected. E)
Change in water maze performance, calculated by subtracting the last session from the first session for a given platform location. PFF mice
had a smaller change in water maze performance during the hidden platform locations compared to Mono mice (F(1,29)=4.159, p <0.05),
indicating impaired learning from the first to last sessions. During the visible sessions, ASO animals showed a negative change that was
significantly different than Scramble-treated animals (F(1,29) =7.049, p<0.05), indicating worse performance at 6 mpi (post-treatment)
compared to 3 mpi (pre-treatment). F) Cumulative distance to the target location during probe trials at 3 mpi and 6 mpi. PFF mice did not
show improvement over time, in contrast to the Mono mice (F(4.283,124.217)=3.257, p<0.05). Mono-Scramble and Mono-ASO mice
swam closer to the target location than PFF-Scramble and PFF-ASO across all probe trials (F(1,29)=9.372, p <0.05). G) Percent time spent
in the target quadrant during probe trials. PFF mice spent less time in the target quadrants across all probe trials (F(1,29) =8.043, p=0.008).
Additionally, PFF mice showed a slower improvement in memory, indicated by a time by PFF interaction (F(7,203) =3.535, p=0.001). We
also found a time by ASO interaction, where Scramble-injected animals continued to improve after ICV delivery, but ASO animals did not
(F(7,203)=2.083, p=0.047). *p <0.05, PFF vs. Mono; **p <0.01, PFF vs. Mono; &p <0.05, ASO vs. Scramble.
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trials, where we also found that PFF-injected mice
spent less time in the target quadrants than Mono
mice (p=0.008, Fig. 3G). Here, we did find a time
by ASO interaction (p =0.047), as Scramble-injected
mice continued to increase in time spent in the target
quadrant after delivery, but ASO-injected mice did
not, and a time by PFF interaction (p =0.001), indi-
cating a slower improvement in memory than Mono
mice. Post-hoc tests did not indicate differences when
each group was compared to all others.

We also assessed average velocity during the probe
trials. Animals swam slower after ASO delivery than
before (p<0.0001; Supplementary Figure 2), but
there was no main effect of ASO (p =0.926), PFF by
ASOQ interaction (p =0.689), time by PFF (p =0.073)
or main effect of PFF (p=0.055), again indicating
that ASO, but not PFF, affected motor performance.

Novel object recognition and spatial habituation
are impaired in mice at 6 months following PFF
injections in the motor cortex, but rescued by
targeted ASO treatment

We tested animals in the open field test both pre-
and post-ASO delivery to assess anxiety-like behav-
ior as well as spatial habituation learning (Fig. 4A).
At 3 mpi, there were no differences detected in total
distance moved, average velocity, or time spent in
the center, with both PFF- and Mono-injected ani-
mals showing typical habituation to the enclosures.
At 6 mpi, though, there was an intriguing time by
PFF by ASO interaction in the total distance moved
(p=0.024; Fig. 4B) and average velocity (p =0.026),
where all groups, except for PFF-Scramble mice,
showed the expected decrease in overall activity and
velocity. The absence of a decrease in PFF-Scramble
animals indicates an impairment in this habitua-
tion behavior, and that this targeted ASO treatment
restored normal levels of habituation in PFF-injected
mice.

Following open field testing, we assessed novel
object recognition in the same enclosures at both 3
and 6 mpi. Time spent with the novel object compared
to the familiar object was analyzed as a measure of
memory. At 3 mpi, there were no differences seen
in object recognition memory, with all groups show-
ing robust preference for the novel object (Fig. 4C).
At 6 mpi, we again saw differential effects of ASO
based on PFF status. Mono-Scramble and PFF-ASO
animals both showed a preference for exploring the
novel object (Fig. 4D). However, neither Mono-ASO
nor PFF-Scramble showed a preference for exploring

the novel object (Fig. 4D). This interaction suggests
that the ASO successfully rescued hippocampus-
dependent memory impairments in mice injected
with PFFs, but impaired hippocampus-dependent
memory in mice with no psyn pathology.

Both PFF injections in the motor cortex and
intracerebroventricular ASO injections are
associated with impairments in motor function

To assess the potential effects of PFF and ASO
administration on motor function, we tested all ani-
mals in the rotarod and wire hang tests at two time
points (3 mpi and 6 mpi; Fig. 5SA). Latency to fall
off the rotarod at the two time points was assessed
with a repeated measures ANOVA, which revealed
that mice fell off the rotarod much sooner after ASO
delivery compared to before, shown by a time by ASO
interaction (p<0.0001). No differences were seen
between PFF- and Mono-injected mice (p=0.702),
nor were there differences in how well PFF mice did
over time (p=0.797). There was no overall effect of
ASO detected (p=0.451, Fig. 5B).

Similarly, latency to the first fall from the wire
hang was analyzed with a repeated measures ANOVA
(Fig. 5C). ASO treatment resulted in mice falling
off the wire hang sooner than prior to treatment
(»=0.002), in addition to ASO mice falling sooner
than Scramble mice (p<0.0001). There was also
a significant PFF by ASO interaction (p=0.021),
likely due to differences in wire hang performance
seen between Mono mice that would receive ASO or
Scramble at 3 mpi. PFF mice did not fall off the wire
hang sooner (p =0.323), nor did PFF injections lead to
worse performance between 3 and 6 mpi (p =0.212).
The final fall score in the wire hang was also analyzed,
again showing that ASO treatment led to worse per-
formance over time (p=0.002) and that ASO mice
performed worse than Scramble mice (p=0.001).
There was a trend towards PFF-injected mice having
a lower score than Mono-injected mice (p=0.064;
Fig. 5D). For this measure, there was no significant
PFF by ASO interaction (p = 0.080). To further inves-
tigate performance at each time point, we assessed the
fall score over the 180 s of each trial. At 3 mpi, all
groups performed similarly, indicated by no signifi-
cant effects or interactions (Fig. SE). Conversely, at 6
mpi both PFF-injected animals (» <0.001) and ASO
treated animals fell more over time (p <0.001). ASO
animals also had overall lower fall scores than Scram-
ble animals (p<0.001; Fig. 5F), indicating worse
performance.
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Fig. 4. Performance in the open field and novel object recognition. A) Schematic of the behavioral protocol used at 3 mpi (left) and 6 mpi
(right). Distinct objects were used between the two time points. B) Total distance moved during the open field on day 1 and day 2 at 3 mpi
and 6 mpi. No differences were detected in total distance moved at 3 mpi. However, at 6 mpi there was a significant time-by-PFF-by-ASO
interaction (F(1,29) =5.637, p=0.024). PFF-Scramble animals did not decrease their total distance moved from day 1 to day 2, while all
other groups did. C) Percent time spent with the objects at 3 mpi; while Scramble and ASO groups are indicated here, this time point is
prior to ASO delivery. All groups showed a preference for the novel object: Mono-Scramble familiar vs. novel, #(50)=5.632, p <0.0001;
Mono-ASO familiar vs. novel, #(50)=4.706, p <0.0001; PFF-Scramble familiar vs. novel, #(50)=6.796, p <0.0001; PFF-ASO familiar vs.
novel, #(50)=6.713, p<0.0001. D) Percent time spent with the objects at 6 mpi; this time point is post-ASO delivery. Mono-Scramble
and PFF-ASO animals showed a preference for the novel object (#(52) =4.206, p =0.0004; #(52) =3.462, p=0.0043, respectively), whereas
Mono-ASO and PFF-Scramble animals did not (#(52) =1.845, p=0.2541; #(52)=1.945, p=0.2099, respectively). Data are presented as
group averages = SEM. Animals that explored < 2s were excluded from analysis. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

The latency to first escape (“reach”) during the
wire hang was also assessed, though no differences
between groups or decline over time were detected
(Fig. 5G). Reach score was similarly assessed, and
revealed a trend towards PFF-injected animals hav-
ing a lower reach score than Mono-injected animals
(»=0.08; Fig. SH). ASO treatment did not affect
reach score, nor was there a decline in reach score
over time. However, when we analyzed the reach
score over the 180 s of each trial, PFF mice escaped
the wire hang at a slower rate than Mono mice at 3
mpi (p<0.001; Fig. 5I). There were no differences
based on future ASO treatment (p =0.625) or in the
final reach score based on PFF (p =0.094). At 6 mpi,
we saw more pronounced effects, with ASO treat-
ment differentially affecting mice based on PFF status
(»p=0.015; Fig. 5J). Mono-Scramble mice escaped
the wire hang at a faster rate than Mono-ASO mice
and both groups of PFF-injected mice (p <0.001),
with a trend towards an overall lower score in the
ASO-treated groups (p =0.056). Similar to the novel
object recognition data, the PFF-dependent effects of

the ASO treatment indicate that amount of available,
soluble asyn may be important.

Together, these tests show a slight progression of
coordinated motor impairments 6 months following
PFF seeding and that ASO treatment was associ-
ated with impaired motor function, which may be
due to unknown off-target effects not involving ASO-
mediated lowering of asyn (see below).

WT and asyn knock out mice treated with ASO
show alterations in sleep patterns, feeding
behavior, and weight loss, indicating possible
off-target effects

Sleep disturbances are often reported in patients
with LB pathology, with evidence that sleep dis-
orders can appear nearly a decade before motor
symptoms emerge [41]. To determine whether there
were alterations in circadian activity levels, animals
were placed into home-cage monitoring devices to
assess undisturbed activity over a week. Analysis
of average activity during the light cycle over the
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Fig. 5. Motor performance in the rotarod and wire hang. A) Schematic of the behavioral protocols for rotarod (top) and the falls-and-
reaches wire hang method (bottom). B) Latency to fall off of the rotarod by day. The 3 mpi time point is before ASO delivery; the ASO groups
indicate the animals that will have ASO in the future. We found a significant time-by-ASO interaction (F(3,87) = 16.145, p <0.001), indicated
by the arrows. C) Latency to fall off the wire hang for the first time. We found a significant time-by-ASO interaction (F(1,26)=11.936,
p=0.002), PFF-by-ASO interaction (£(1,26) =6.030, p=0.021), and main effect of ASO (F(1,26)=21.388, p <0.001). The arrows indicate
the time-by-ASO interaction. D) The average final fall score. We found a significant time-by-ASO interaction (£(1,26) = 12.923, p=0.002),
and main effect of ASO (F(1,26)=13.826, p=0.001). The arrows indicate the time-by-ASO interaction. Additionally, we found a trend
towards a main effect of PFF (F(1,26)=3.739, p=0.064). E) Fall score plotted over time at 3 mpi (pre-ASO). No significant differences
were detected. F) Fall score plotted over time at 6 mpi (post-ASO). A repeated measures ANOVA revealed a time by ASO interaction
(F(35,910)=6.087, p<0.001) and a time by PFF interaction (F(35,910) =3.409, p <0.001), with Mono-Scramble falling the least over time,
PFF-Scramble animals falling more over time, and both ASO groups falling the most. A significant main effect of ASO was also detected
(F(1,26)=20.089, p<0.001). G) Latency to escape (reach) the wire hang for the first time. There was no main effect of PFF (p =0.925),
ASO (p=0.513), or PFF by ASO interaction (p =0.174) detected. No time interactions were found, either. H) The average final reach score.
A trend towards a main effect of PFF was found (F(1,26) =3.250, p=0.084). No time interactions, main effect of ASO (p =0.328), or PFF
by ASO interaction (p=0.328) were detected. I) Reach score plotted over time at 3 mpi (pre-ASO). A time-by-PFF interaction indicated
that Mono animals reached the edge of the wire hang more over time than PFF animals (F(35,980)=3.195, p<0.001). No main effect
of PFF (p=0.094), ASO (p=0.625), or PFF by ASO interaction (p =0.895) were found. J) Reach score plotted over time at 6 mpi (post-
ASO). A repeated measures ANOVA showed a time-by-ASO-by-PFF interaction (F(35,910)=4.036, p <0.001), a time-by-ASO interaction
(F(35,910)=5.116, p<0.001) and a PFF-by-ASO interaction (F(1,26) =6.770, p <0.05). There was also a trend toward a main effect of ASO
(F(1,26)=3.995, p=0.056), but no main effect of PFF (p =0.475). Mono-Scramble animals reached more over time than PFF animals, and
Mono-ASO animals almost never reached. Data are presented as group averages & SEM; individual points are individual animals. "p <0.08;
*p<0.05; **p<0.001; ***p <0.0001; &p <0.05, Time*ASO.

week revealed a time by ASO interaction (p = 0.046), Mono-injected mice showed similar responses to the
indicating that ASO animals failed to habituate dur- ASO (p=0.189). The difference in habituation was
ing daylight over the course of the week, where mice unique to the daytime, though, as this same time by
treated with ASO showed increased activity over the ASO interaction was not observed during nighttime
week compared to Scramble animals that decreased activity over the week (p=0.085; Fig. 6B). Again,

over the week (Fig. 6A). There were no differences there were no effects of PFF (p=0.665) or ASO
based on PFF status (p =0.867), and both PFF- and (p=0.848), nor aPFF by ASO interaction (p = (0.324).
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Body weights were recorded once a week over the
duration of the experiment. Prior to ASO injections,
there were no differences observed in body weight
based on PFF status (p=0.281), with all groups
showing an expected increase over time (p <0.001;
Fig. 6C). However, following ASO or Scramble treat-
ment, ASO-treated animals significantly decreased in
body weight over time until the end of the experiment
(»<0.001). Overall, ASO mice weighed significantly
less than Scramble mice (p <0.001). PFF injections
did not affect body weight (p = 0.5440), nor was there
an interaction of PFF and ASO (p=0.517).

Based on the observed body weight changes fol-
lowing ASO injections, we next measured food intake
over a period of 5 days. ASO animals ate signifi-
cantly less between 17:00 and 8:00 (“overnight”) than
Scramble animals (p =0.0296; Fig. 6D). There were
no differences in daytime food intake (from 8:00 to
17:00) based on PFF (p =0.726) or ASO (p =0.106),
nor a PFF by ASO interaction (p =0.26).

To test whether this ASO could have off-target
effects, we injected it into asyn-knock out (KO) mice
and C57B1l/6NJ (WT-NJ) matched controls (Fig. 6E).
Following ICV delivery, both the asyn-KO mice and
WT-NJ mice that received ASO progressively lost
body weight compared to the Scramble mice, indi-
cated by a time by ASO interaction (p =0.0001) and
amain effectof ASO (p =0.0003; Fig. 6F). These data
suggest asyn-independent off-target effects with the
ASO used.

DISCUSSION

We set out to assess the progressive cognitive and
behavioral effects of PFF injections in the motor cor-
tex of male WT mice, as well as explore if reducing
asyn expression throughout the CNS with a tar-
geted ASO could ameliorate cognitive, behavioral,
and pathological effects of PFF injections. The PFF
model of synucleinopathies has become more com-
mon and is gaining in popularity since it was first
described [30, 32]. asyn expression is abundant
throughout the central nervous system, though is
especially high in regions such as the substantia nigra,
striatum, hippocampus, and cortex [45]. In this study,
we observed LB-like aggregates in the motor cortex,
as well as in the medial and lateral somatosensory cor-
tices and the hippocampus at 6 months post-injection.
Mice that received PFF injections displayed mild
behavioral deficits starting at 3 mpi. We also found
that a single, intracerebroventricular injection of an

asyn-targeted ASO was sufficient to reduce asyn and
psyn expression for months, as well as reduce psyn
inclusions. Yet, off-target effects of this particular
ASO were detrimental to animal health.

Substantial evidence is pointing to a trans-synaptic
progression of psyn aggregation [53, 71, 72]. The
results of the current study provide evidence of
impairments in behavioral and cognitive performance
following motor cortex PFF injections, as PFF-
injected mice showed mild motor and cognitive
impairments at 3 mpi and a mild progression of motor
impairment at 6 mpi. For example, PFF-injected mice
performed similarly to Mono-injected controls in the
wire hang at 3 mpi, but fell sooner and more often
and were unable to “escape” at similar rates at 6
mpi. Clinically, the motor deficits observed in PD
are likely reflective of a combination of problems,
including bradykinesia and rigidity—which result in
the difficulty to execute motor tasks, especially repet-
itive tasks—as escaping from the wire hang requires
fine, repetitive motor control of all four paws [39,
64, 73, 74]. These results are similar to results from
other groups that have assessed motor performance
following striatal injections: original characterization
of striatal injections in 2-3-month-old C57B16/C3H
WT mice indicated that wire hang deficits began at
3 mpi, while rotarod deficits did not appear until
6 mpi and locomotion in the open field remained
unaffected up to 6 mpi [30]. Minor deficits in the
balance beam have been reported in C57B16/C3H
WT mice 2 months post-striatal injection without
differences in rotarod or open field locomotion,
as well [75].

Additionally, we observed hippocampus-depen-
dent cognitive impairments at both 3 mpi and 6
mpi, and clear spread of pathology to the hippocam-
pus when the animals were sacrificed at 6 mpi. The
hippocampus has only recently become a region
of interest in PD, with evidence showing that dis-
rupted dopaminergic signaling impairs hippocampal
plasticity [76]. Dopamine signaling from the mid-
brain to the hippocampus has been shown in both
rodents and humans to modulate long-term learning.
Healthy adults who were placed in an MRI during
an image-recognition task showed increased BOLD
signal in the midbrain and hippocampus in response
to previously-seen, reward-associated images [77].
In rodents, both a toxin-induced model and a trans-
genic model of PD revealed impaired long-term
potentiation in the hippocampus that was associated
with decreased dopamine transmission and impaired
hippocampus-dependent spatial memory [78].
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Here, we saw hippocampus-dependent novel ob-
ject recognition in PFF animals at 3 mpi, but not
at 6 mpi; Mono-injected mice showed object pref-
erence at both time points. Post-mortem analysis
of LB-like pathology confirmed that psyn-positive
inclusions had spread into the hippocampus. The
motor cortex communicates with the hippocampus
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abilities, as there were no PFF-dependent differences
in average swim speeds during the hidden platform,
visible platform, or probe trials. Thus, while the hip-
pocampus did not have the most psyn pathology in
the regions we analyzed, our results indicate that hip-
pocampal function was disrupted. LB-like pathology
in the hippocampus, pathology in other regions dis-
rupting typical communication to the hippocampus,
and other pathological changes may have contributed
to the impaired hippocampal function.

Assessment of the asyn-targeted ASO indicated
that a single dose was able to persistently reduce
asyn and psyn protein levels and LB-like pathology
through the cortex and hippocampus. The ASO we
used reduced hippocampal asyn and psyn by > 50%,
and successfully lowered the amount of psyn-positive
inclusions. This reduction in LB-like pathology
occurred after LB-like inclusions had begun form-
ing, supporting this approach’s potential in the clinic,
where patients begin treatment well after LBs are
thought to have formed and spread to many brain
regions [43, 54]. Our timing for ASO administration
was aimed at reflecting the timing that is typical of
diagnosis of synucleinopathies in the clinic, where
the goal is to affect a robust asyn reduction. A recent
report using similar ASO treatments has also reported
comparable results, showing successful reduction of
pathology and rescued dopaminergic function [82].
However, in our experiments this ASO was also asso-
ciated with possible off-target effects. We observed
detrimental side effects after ASO treatment on sev-
eral measures in our study, including disruptions in
light-dark cycle activity, reduced body weight, food
intake, and motor abilities. These results highlight
the importance to not only assessing pathological
changes but also behavioral performance follow-

ing ASO treatment. Others have reported treatment
with a different asyn-specific ASO which caused no
changes in general health, although a lower dose
(300 pg) administered intranasally was use in this
case [83]. The ASO dose was higher in our study
(700 pg), administered via ICV surgery, and caused
a more substantial asyn and psyn reduction (>50%)
than this previous work (20-40%), which could
potentially account for the adverse effects we mea-
sured. This previous experiment also did not report
testing their ASO in asyn knock-out mice. Our obser-
vation of similar weight loss after ASO treatment in
asyn knock-out animals strongly suggests that at least
this detrimental effect is due to off-target effects of the
ASO, and not attributable to ASO-mediated lowering
of asyn.

The most profound motor deficits we observed
were in the wire hang and rotarod tests, with ASO-
treated mice falling significantly more in both tasks
and showing impaired motor coordination, as mea-
sured by their ability to escape the wire hang. These
motor deficits were substantial compared to per-
formance prior to ASO delivery, which was also
reflected in the decreased average swim speeds dur-
ing the water maze test at the post-ASO time point.
PFF-injected mice also showed a decreased num-
ber of escapes from the wire hang and an increased
number of falls, most noticeably when we assessed
performance over the 180 s trial at 6 mpi. Our ASO
delivery did not further worsen the escape scores of
the PFF-injected mice, but did significantly impair
the Mono-injected mice, suggesting that potential
off-target effects had similar consequences as the
PFF injections. Others have reported, using similar
ASO treatments, an improvement in wire hang perfor-
mance when the ASO was given before PFF injection

Fig. 6. Health-related data. A) Average daytime activity over the course of 5 days. A repeated measures ANOVA for daytime activity
indicated an interaction of day and ASO (F(1.703,34.060) = 3.550, p <0.05), where Scramble animals decreased their daytime activity over
the week, but ASO animals increased. No main effect of PFF (p=0.867), ASO (p =0.705), or PFF by ASO interaction (p =0.189) were
detected. B) Average nighttime activity over the course of 6 nights. A repeated measures ANOVA for nighttime activity suggested a similar
pattern. Scramble animals showed a significant decrease in activity over nights (Effect of night, p =0.005), whereas ASO animals did not
(no effect of night, p=0.639). No effect of PFF (p=0.665), ASO (p=0.848), or PFF by ASO interaction (p =0.324) were detected. C)
Body weights were recorded weekly beginning at the first round of behavioral testing. Prior to ASO delivery, a repeated-measures ANOVA
showed that all animals increased in body weight over time (F(3.229,96.862) =122.880, p <0.001) with no group differences in weight.
Following ASO delivery, ASO animals showed a steady decline in body weight over time (F(3.613,104.777)=16.093, p<0.001), and an
overall reduced body weight compared to Scramble animals (F(1,29)=7.952, p <0.001). D) Food intake was recorded over a 5-day period.
Food was weighed in the morning (~8:00 AM) and the evening (~17:00 PM) to approximate nighttime and daytime food intake. A 2-way
ANOVA revealed no group differences in daytime food intake, but did show a main effect of ASO for nighttime food intake (F(1,26) =5.297,
p<0.05). E) Schematic of the control experiment to assess specificity of the ASO. C57B1/6NJ (WT-NJ) and asyn knock out mice (KO) were
injected with the ASO construct, and compared against WT-NJ mice injected with scramble. F) A repeated measures ANOVA indicated
a significant time by ASO interaction (F(16,88)=6.079, p=0.0001) and main effect of ASO (F(2,11)=19.03, p=0.0003), suggesting
off-target effects. Data presented as group averages = SEM; individual points are individual animals. *p <0.05; ***p <0.001.; ¢p <0.05,
Time*ASO.



1110 S.W. Boutros et al. / ASOs Improve Lewy Pathology and Behavior

and a trend towards improvement in wire hang per-
formance when the ASO was administered after PFF
injections [82].

We did observe some differential effects of
ASO delivery dependent on Mono- or PFF-status.
ASO treatment was associated with improved
performance in the novel object recognition test:
while PFF-scramble animals did not show a prefer-
ence, PFF-ASO animals demonstrated intact hippo-
campus-dependent object recognition. Additionally,
PFF-ASO mice displayed typical spatial habitua-
tion in the open field following treatment, which
was absent in PFF-Scramble animals. Others have
reported evidence that ASOs could rescue disrupted
dopamine signaling: administration of a distinct
asyn-specific ASO to WT mice, which resulted in
20-40% decrease of asyn, increased dopamine and
serotonin release in the forebrain, whereas asyn over-
expression decreased signaling [83]. Although we did
not assess dopaminergic signaling, a similar ASO
treatment has been reported to normalize striatal
dopamine levels [82]. Therefore, it is possible that
ASO treatment similarly improved dopaminergic sig-
naling to the hippocampus in our mice, resulting
in rescued hippocampus-dependent memory. Con-
versely, this ASO was associated with impairments
in novel object recognition in control mice in our
experiments. asyn has been reported to be important
in hippocampal neurogenesis [84, 85], with recent
evidence suggesting that healthy asyn has important
roles in DNA damage repair that are disrupted in
pathological states [17, 86]. It was recently reported
that a particular single-nucleotide polymorphism in
the SNCA-AS1 gene that lead to upregulation asyn
was inversely correlated with risk for Lewy body
dementia (LDB), suggesting that higher levels of
asyn is protective against LBD [87]. Thus, disrup-
tion to normal asyn levels either up or down could
lead to particular disease states, and possibly explain
our disease-state dependent results. As ASO treat-
ment rescued novel object recognition in PFF mice,
it might have selective beneficial effects in the context
of disease when psyn levels are elevated.

While our findings in the asyn-KO mice sug-
gest that the particular ASO we used had off-target
effects, the question of whether normal soluble asyn
has important functional roles that are compromised
when its levels are lowered is potentially important
to consider as well. There is evidence of asyn patho-
logical toxicity being mediated by both a potential
gain- and loss-of-function [8§8-91]. For example, sub-
stantial data from many groups suggests that asyn

aggregates can be toxic [90], and this is supported
by the fact that asyn overexpression leads to PD
(as seen in SNCA duplication and triplication muta-
tions), and by evidence that knocking out asyn in
mice does not appear to cause deficits until end-stages
of their lifespan [92, 93]. There are relatively few
tolerability concerns reported for constitutive genetic
Snca deletion in Snca knockout mice [94-98] or hap-
loinsufficient mice where the one normal Snca allele
is deleted in adult animals [99]. However, these con-
stitutive and haploinsufficient genetic knock-outs do
not fully address the question of possible compen-
satory mechanisms that may mask an essential role
of asyn. At this point in time, we do not likely
understand all the pathways that are disrupted by
decreasing asyn in the healthy adult CNS. One pos-
sibility is that asyn has an essential role, and when it
is reduced beyond a specific threshold, compromise
of this role leads to decline in an important function
for the CNS. Recent work from our lab has indicated
that asyn may be influential for the response to DNA
damage, including having the ability to bind DNA and
modulate repair processes [ 17]. Detrimental effects of
lowering asyn below a certain threshold could also
be driven by impaired functions at the synapse, where
asyn modulates endo- and exocytosis and regulates
neurotransmitter release [10-12].

One potential way to test this is by using RNAi-
based approaches to reduce asyn in adult animals,
but to date this approach has produced somewhat
conflicting results. RNAi-mediated asyn silencing in
the substantia nigra of rats led to degeneration of
dopamine cells and neuroinflammation [100-102].
However, other groups have shown that knockdown
of asyn in the substantia nigra of adult rats using
a RNAi was long-lasting and safe, with signifi-
cant reduction of asyn and no neurodegeneration
observed 12 months later [103]. In addition, multi-
ple other groups using siRNAs, shRNAs, or ASOs
against Snca in mice report no cell death in vivo [82,
83, 103, 104]. Two asyn antibodies, PRX002 and
BIIB054, completed first-in-human trials in which no
serious adverse events were found with asyn lower-
ing [105, 106]. It will be important in future studies to
better define the physiological and functional impor-
tance of soluble asyn.

In summary, our data suggest that there are mild,
progressive deficits associated with PFF injections in
the motor cortex, and that this particular ASO can suc-
cessfully reduce LB-like pathology in mice months
after a single injection but that there are detrimen-
tal, off-target side effects as well. While our results



S.W. Boutros et al. / ASOs Improve Lewy Pathology and Behavior 1111

support a promising future for the use of ASOs to
decrease the aggregation of psyn inclusions, ongoing
clinical trials and future efforts with more advanced,
target-specific ASOs are warranted for determining
the extent to which targeted ASO treatment can slow
or halt disease progression.
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