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Abstract

Lymphocyte activation gene 3 (LAG3) is a key receptor involved in the propagation of
pathological proteins in Parkinson’s disease (PD). This study investigates the role of
neuronal LAG3 in mediating the binding, uptake, and propagation of a-synuclein (aSyn)
preformed fibrils (PFFs). Using neuronal LAG3 conditional knockout mice and human
induced pluripotent stem cells-derived dopaminergic (DA) neurons, we demonstrate that
LAG3 expression is critical for pathogenic aSyn propagation. Our results show that the
absence of neuronal LAGS significantly reduces aSyn pathology, alleviates motor
dysfunction, and inhibits neurodegeneration in vivo. Electrophysiological recordings
revealed that aSyn PFFs induce pronounced neuronal hyperactivity in wild-type (WT)
neurons, increasing firing rates in cell-attached and whole-cell configurations, and
reducing miniature excitatory postsynaptic currents. In contrast, neurons lacking LAG3
resisted these electrophysiological effects. Moreover, treatment with an anti-human
LAG3 antibody in human DA neurons inhibited aSyn PFFs binding and uptake,
preventing pathology propagation. These findings confirm the essential function of
neuronal LAG3 in mediating aSyn propagation and associated disruptions, identifying
LAG3 as a potential therapeutic target for PD and related a-synucleinopathies.
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Introduction

Emerging evidence suggests that pathogenic a-synuclein (aSyn) acts as a prion-like
seed, inducing the aggregation of endogenous aSyn monomers and facilitating the
propagation of pathological features'. This process ultimately leads to
neurodegeneration and behavioral deficits?. Several receptors®'2, including lymphatic-
activation gene 3 (LAG3), act as key facilitators of the cell-to-cell transmission of
pathogenic aSyn both in vitro and in vivo. Pathogenic aSyn preformed fibrils (PFFs)
bind to these receptors and subsequently enter neurons and other cell types via
receptor-mediated endocytosis, triggering propagation and neurotoxicity'®'3. These
findings provide critical insights into the mechanisms underlying aSyn PFFs-induced
propagation and highlight potential therapeutic targets for developing new treatments for
Parkinson’s disease (PD) and related a-synucleinopathies.

Recent research has suggested that LAG3 is not expressed in neurons and does not
mediate phosphorylated serine 129 (pS129)-positive aSyn pathology'4. However, this
claim contrasts with other reports indicating that LAG3 is expressed in neurons'0-12. 15-22
and that LAG3 plays an important role in mediating pathology in a-synucleinopathies®'%
23, Public databases show detectable mMRNA expression of LAG3 in neurons across
multiple species, albert at low levels'>-?'. These expression data that include single cell
sequencing analyses, coupled with our recent results'? from immunohistochemistry,
immunoblot analysis, and RNAscope assays in wild-type (WT) mice versus LAG3
knockout (LAG3”") mice, as well as the use of a Loxp reporter line with a YFP (yellow
fluorescent protein) signal knocked into the LAG3 locus (LAG3Y-YFP)24 provide strong
evidence that LAG3 is indeed expressed in neurons.

Additionally, the absence of LAG3 significantly reduces pS129-positive aSyn pathology
and behavioral deficits induced by the overexpression of human A53T aSyn in
transgenic mice®. An independent study has shown that LAG3 deficiency in
microvascular endothelial cells significantly inhibits aSyn pathology propagation,
neurodegeneration, and behavioral deficits?>. Combined with our previous work on the
in vitro and in vivo role of LAG3 in mediating pathogenic aSyn transmission'-'2, it is
clear that LAG3 plays a crucial role in facilitating the spread of pathogenic aSyn.
Furthermore, we have recently demonstrated that neuronal LAG3 can mediate
pathogenic tau neuron-to-neuron transmission using neuronal conditioned knockout
mice??. However, the in vivo role of neuronal LAG3 in mediating a-synucleinopathies
remains to be fully tested.

Here, we investigate the role of neuronal LAG3 in mediating the propagation of pS129-
positive aSyn pathology, neurodegeneration, behavioral deficits induced by aSyn PFFs
inoculation. We assess the basic neuronal activity in the presence of aSyn PFFs in both
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WT and LAG3”- mice. Additionally, we evaluate the efficacy of anti-hnuman LAG3
antibody in inhibiting the binding, uptake, and propagation of aSyn PFFs in human
dopamine (DA) neurons derived from induced pluripotent stem cells (iPSCs). These
studies aim to validate the role of neuronal LAG3 in mediating the propagation of
pathogenic aSyn both in vitro and in vivo.

Deletion of Neuronal LAG3 Reduces aSyn Pathology Transmission In Vivo

To investigate whether neuronal LAG3 is essential for aSyn pathology transmission in vivo,
we bred LAG3Y-YFP conditional knockout-reporter mice?* (LAG3Y-YFP) with Nestin®™® mice
(Jax Lab, strain: 003771)2% 26 to generate neuronal LAG3 conditional knockout (LAG3Y-N-")
mice (Fig. S1A, Fig.1A). Neuronal LAG3 expression depletion was confirmed through this
crossbreeding, with immunostaining using anti-LAG3 (LS-B15026) antibody (Fig. S1B, C).
Recombinant aSyn PFFs was generated following an established protocol?” and confirmed
by transmission electron microscopy (TEM) (Fig. S1D). Stereotaxic injection of aSyn PFFs
was performed into the dorsal striatum of LAG3Y-N'- and LAG3Y-"YFP mice, along with PBS
control groups (Fig. 1A).

Two months post-injection, pS129 immunoreactivity was assessed in the entorhinal cortex.
Inoculation of aSyn PFFs induced significantly more pS129-positive aSyn pathology in
LAG3Y-YFP mice, whereas LAG3Y-"N"- mice exhibited a significant reduction of pS129-
positive aSyn pathology (Fig. S1 E-H). Six months post-injection, pS129 immunoreactivity
was assessed in multiple brain regions, including the cerebral cortex, striatum, amygdala,
substantia nigra, and entorhinal cortex (Fig. 1B-H). Robust pS129 signals were observed in
these regions of LAG3Y-YFP mice, whereas pS129 immunoreactivity was significantly
reduced in the corresponding regions of LAG3Y“N"mice (Fig. 1B-H). These in vivo findings
align with previous observations in LAG3-depleted neurons'® 12,

Deletion of Neuronal LAG3 Alleviates Motor Dysfunction and Inhibits
Neurodegeneration Induced by aSyn PFFs

Striatal-injected aSyn PFFs significantly cause motor dysfunction of LAG3Y-YFP mice in the
pole test (Fig. 2A), which is consistent with published studies'®'3. The behavioral deficits
were significantly reduced in the LAG3Y-N- mice (Fig. 2A). The grip strength of forelimbs
and four limbs of LAG3Y~YFP mice injected with aSyn PFFs were significantly reduced (Fig.
2B, C) as published'%'3. In contrast, deletion of neuronal LAG3 significantly alleviated the
reduction of grip strength (Fig. 2B, C). LAG3Y~YF? mice injected with aSyn PFFs exhibited
more latency to fall in the rotarod test (Fig. 2D) similar to prior publication?®, whereas
LAG3Y-N"- mice injected mice exhibited no behavioral deficits (Fig. 2D). LAG3YYFP mice
inoculated with aSyn PFFs left a flat nest with no shallow walls than PBS-injected LAG3“
YFP mice, resulting in a significantly lower nest building scores (Fig. 2E, F) as reported
previously?®. Depletion of neuronal LAG3 significantly enhanced the nest building score
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(Fig. 2E, F). These results suggest that neuronal LAG3 deficiency significantly alleviates
aSyn PFFs-induced motor dysfunction. There was a significant loss of DA neurons as
assessed by stereological counting of tyrosine hydroxylase (TH) and Nissl-positive neurons
in the substantia nigra of LAG3Y-YFP mice inoculated with aSyn PFFs (Fig. 2G-I). There
was a moderate rescue of DA neurons in aSyn PFFs-injected LAG3Y-N"- mice (Fig. 2G-I).

LAG3 Expression Increases During Aging

Proteome studies have shown that soluble LAG3 levels increase with aging and in an
Alzheimer’s disease (AD) mouse model®°. Brain lysates from young (3 months) and aged
(16 months) WT mice were analyzed by immunoblotting with anti-LAG3 antibody (LS-
B15026). The results revealed significantly higher levels of LAG3 expression in the brains
of aged mice (Fig. S2A, B, C). This aging-induced increase in LAG3 expression was further
confirmed through immunostaining, which showed colocalization of LAG3 with NeuN-
positive (neuronal nuclei) (ab134014) neurons (Fig. S2D, E).

Neuronal Intrinsic Excitability and Synaptic Properties in Response to aSyn PFFs
To further investigate the role of neuronal LAG3 in the presence of aSyn PFFs, we
performed electrophysiological recordings on acute horizontal midbrain slices from adult
LAG3” and WT mice. These recordings specifically examined the intrinsic excitability
properties of DA neurons within the substantia nigra pars compacta (SNc). Following a
90 minutes in vitro incubation with PBS and aSyn PFFs, as previously described3!-34,
SNc DA neurons were successfully filled with neurobiotin during recordings. Post hoc
analysis confirmed their dopaminergic identity based on TH immunoreactivity (Fig. 3A,
B). Neurobiotin labeling further enabled precise anatomical mapping of DA neurons
within the midbrain. Dopaminergic neurons from SNc presented no alterations of
intrinsic membrane properties in both WT and LAG3”- mice when exposed to aSyn
PFFs or control condition, where vehicle PBS was used. Exposure to aSyn PFFs
significantly increased the firing rate of SNc DA neurons compared to PBS conditions.
This firing rate enhancement was observed consistently in both cell-attached and
whole-cell recording configurations (Fig. 3C, D).

To complement our investigation of intrinsic excitability, we next examined the synaptic
transmission properties of SNc DA neurons. Synaptic inputs, particularly excitatory
postsynaptic currents, play a critical role in shaping neuronal firing patterns and
responsiveness. We assessed both spontaneous (SEPSC) and miniature (mEPSC)
excitatory postsynaptic currents to determine how aSyn PFFs exposure affects
presynaptic and postsynaptic components of excitatory synaptic activity.

WT neurons exposed to aSyn PFFs exhibited a reduction trend in sEPSC frequency
compared to control neurons treated with PBS. Conversely, LAG3”- neurons did not
show any significant change in sEPSC frequency under aSyn PFFs conditions (Fig.
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S3l). Notably, sEPSC amplitude remained unchanged across all groups, suggesting
that the observed frequency alterations are due to presynaptic mechanisms rather than
changes in postsynaptic receptor function. (Fig. S3J). mEPSC frequency was
significantly reduced in WT neurons treated with aSyn PFFs compared to controls (Fig.
3E). In contrast, LAG3” neurons showed no significant differences in mEPSC frequency
between control and aSyn PFFs conditions. mMEPSC amplitude also showed low
variability across all groups, further supporting a presynaptic origin of the frequency
changes (Fig. S3K).

We further investigated the intrinsic excitability of SNc DA neurons by measuring the
number of action potentials generated in response to a series of current injections. SNc
DA neurons exposed to aSyn PFFs showed a significantly higher spike count compared
to neurons in control conditions, while the intrinsic membrane properties and intrinsic
excitability properties show no significant changes across all groups (Fig. SSA—H).
Moreover, aSyn PFFs-treated neurons displayed reduced accommodation, evidenced
by sustained firing at higher current injections. Notably, the spike number was higher
across all current steps from 0 pA to 300 pA in aSyn PFFs-treated neurons compared to
control. Conversely, SNc DA neurons from LAG3" slices exhibited the accommodation
phenomenon even when exposed to aSyn PFFs, maintaining a spike pattern similar to
control neurons (Fig. 3F, G). These results suggest that LAG3 plays a critical role in the
aSyn PFFs-induced excitability changes in SNc DA neurons. The intrinsic membrane
properties of SNc DA neurons were not affected by the aSyn PFFs exposure and they
were comparable in all experimental groups.

These results indicate that aSyn PFFs enhances presynaptic excitatory drive in WT SNc
DA neurons, contributing to increased synaptic input. The absence of these effects in
LAG3”- neurons suggests that LAG3 is a critical mediator of aSyn PFFs-induced
synaptic alterations.

Anti-Human LAG3 Antibody Inhibits the Binding of aSyn PFFs to Human DA
Neurons

Given the evidence that mouse neuronal LAGS facilitates aSyn PFFs-induced propagation
in vivo, we subsequently investigated the role of human neuronal LAG3 in mediating
interactions with aSyn PFFs. Human DA neurons were differentiated from induced
pluripotent stem cells (iPSCs) following the protocol outlined in our previous publication®®.
The purity of DA neurons was confirmed to be over 90%, as determined by immunostaining
for tyrosine hydroxylase (TH) and NeuN double-positive cells, consistent with the results
reported in our earlier work3® (Fig. S4A, B).
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To investigate the interaction between aSyn PFFs and neuronal binding sites, we
employed a cell surface binding assay'?-'2 22, This assay is widely used to evaluate the
interaction between cellular receptor and ligand?* %637, Anti-human LAG3 antibody (17B4)
and the negative control mouse immunoglobulin G (mIgG) were treated into the human
iPSCs-derived DA neuron cultures for two hours incubation. Human iPSC-derived DA
neurons were treated with biotinylated aSyn PFFs at varying concentrations (Fig. 4A, B).
By following the established protocol of cell surface binding assay'?'2 22, binding was
detected using streptavidin-alkaline phosphatase staining. Binding analysis revealed that
biotinylated aSyn PFFs bound to human DA neurons treated with mlgG with a dissociation
constant (KD) of 962.4 nM (Fig. 4A, B). In contrast, treatment with 17B4 significantly
reduced binding intensity (Fig. 4A, B). Specific binding of aSyn-biotin PFFs to LAG3 was
calculated by subtracting the binding observed in 17B4-treated neurons from that in migG-
treated neurons, revealing a KD of 820.8 nM (Fig. 4B).

Anti-Human LAG3 Antibody Inhibits Neuronal Uptake of aSyn PFFs and
Suppresses aSyn PFFs-Induced Pathology Propagation in Human DA Neurons
To investigate whether LAG3 plays a role in the endocytosis of aSyn PFFs, we used
Rab7, a well-established marker of endocytosis'® ' 22, to assess co-localization with
aSyn-biotin PFFs. Human iPSC-derived DA neuron cultures were pretreated with anti-
human LAG3 antibody (17B4) or control mouse IgG (mIgG) for two hours, followed by
the administration of aSyn-biotin PFFs. In mlgG-treated human DA neurons, a
substantial amount of aSyn-biotin PFFs co-localized with Rab7, compared to PBS-
treated negative controls (Fig. 4C, D, Fig. S4C). Treatment with the anti-human LAG3
antibody 17B4 significantly reduced the co-localization of aSyn-biotin PFFs with Rab7
compared to mlgG-treated neurons, indicating reduced neuronal uptake by 17B4 (Fig.
4C, D, Fig. S4C).

To further examine the role of human neuronal LAG3 in mediating aSyn pathology
propagation, we pre-treated human DA neurons with 17B4 or migG two hours before
administering aSyn PFFs. Two weeks post-treatment, we observed robust anti-pS129
immunoreactivity in aSyn PFFs-treated neurons compared to PBS-treated controls (Fig.
4E, F). Importantly, pre-treatment with 17B4 significantly suppressed aSyn PFFs-
induced pS129 immunoreactivity in human DA neurons compared to the mlgG-aSyn
PFFs group (Fig. 4E, F).

Discussion and Conclusion

In this study, we investigated the neuronal role of LAG3 in mediating aSyn PFFs
binding, uptake, and propagation in vitro and in vivo, as well as its impact on neuronal
function ex vivo, and neurodegeneration and behavioral deficits in vivo. Our findings
demonstrate that conditional knockout of neuronal LAG3 significantly reduces aSyn
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pathology transmission, alleviates motor dysfunction, and inhibits neurodegeneration
induced by aSyn PFFs in vivo. Genetic deletion of LAG3 in neurons effectively mitigates
the functional deficits induced by aSyn PFFs. Furthermore, treatment with an anti-
human LAG3 antibody inhibits the binding and uptake of aSyn PFFs by human DA
neurons and suppresses aSyn PFFs-induced pathology propagation in these neurons.

A key question is whether LAG3 expression is in neurons. One prior publication'
claimed that LAG3 is not expressed in neurons, but this conclusion was based on the
use of an inappropriate positive control—T cells, which express very high LAG3 levels—
rather than using LAG3 deficient neurons as the negative control. In contrast, our recent
work has confirmed LAG3 expression in neurons using several experimental
approaches’?. Immunostaining in various mouse brain regions, including the cortex,
midbrain, thalamus, and hippocampus, demonstrated co-localization of LAG3 with
NeuN, a neuronal marker, with approximately 50% of neurons identified as LAG3-
positive'?. RNAscope in situ hybridization'? revealed detectable LAG3 mRNA in
neurons, particularly in the ventral midbrain and cortex, with no signal observed in
LAG3”- mice'?. Data from public databases, such as the Allen Brain Atlas and EMBL-
EBI Expression Atlas also revealed detectable LAG3 mRNA in neurons'®?'. In LAG3Y-
YFP reporter mice, YFP immunoreactivity was observed in NeuN-positive and MAP2-
positive neurons in the cortex, further supporting the presence of LAG3 in neurons'?.
Additionally, primary cortical neuron cultures from WT mice showed LAG3 protein
expression, while this was absent in LAG3” neurons, validating the specificity of the
findings'?.

In this work, we utilized neuronal LAG3 conditional knockout mice and human iPSC-
derived DA neurons to confirm the role of neuronal LAG3 in facilitating pathogenic aSyn
propagation. The facilitating role of LAG3 in aSyn propagation has also been
independently validated in studies of microvascular endothelial cells?3. Beyond the aSyn
PFFs model, we also used transgenic human A53T mutant aSyn mice (hA53T, G2-3
line) to study the role of LAG3®. Depletion of LAG3 in these mice significantly prolonged
their survival, alleviated behavioral deficits, and inhibited pS129-positive aSyn pathology
in vivo®. These results collectively confirm that LAG3 is expressed in neurons and
underscore its critical role in facilitating the progression of a-synucleinopathies.

Another important question is whether LAG3 specifically binds to a-syn fibrils, but not to
other prion-like fibrils. We have confirmed that LAG3 does not bind to heparin-induced
tau fibrils, as demonstrated in previous studies'® " 22, However, LAG3 binds strongly to
tau fibrils generated from postmortem brain extracts of AD patients??. Additionally, we
have shown that neuronal LAG3 facilitates pathogenic tau propagation using neuronal
conditioned knockout mice.
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PD and other prion-like neurodegenerative disorders are driven in part by the spread of
pathogenic aSyn and tau, which may be major contributors to disease pathogenesis.
Additional research is required to fully understand how aSyn and tau are transmitted
from cell to cell, using appropriate negative controls, disease models, and sufficient
group sizes. Further investigation into the interplay between LAG3 and prion-like seeds
in aging-related neurodegenerative disorders holds particular promise for uncovering
the underlying mechanisms of spread of pathologic proteins.

Materials and Methods

aSyn Purification and PFFs and PFFs-Biotin Preparation

Recombinant human aSyn proteins were isolated following established protocols?’.
Human aSyn PFFs were generated by stirring aSyn in a transparent glass vial with a
magnetic stirrer at 350 rpm and 37°C. After a 7-day incubation period, the resulting aSyn
aggregates were sonicated for 30 seconds at 10% amplitude using a Branson Digital
Sonifier (Danbury, CT, USA). The aSyn monomer and PFFs were then separated through
Fast Protein Liquid Chromatography (FPLC) on a Superose 6 10/300GL column (GE
Healthcare, Life Sciences, Wauwatosa, WI, USA), and the fractions containing human
aSyn monomer and PFFs were stored at -80°C. To analyze aSyn PFFs mediators,
recombinant aSyn monomer was purified and conjugated with sulfo-NHS-LC-
Biotin (Thermo Scientific, Grand Island, NY, USA; EZ-link Sulfo-NHS-LC-Biotin, catalog
number 21435) at a biotin-to-aSyn molar ratio of 2 to 3. Purified aSyn underwent
endotoxin removal using High-Capacity Endotoxin Removal Spin Columns (Pierce,
Rockford, IL, USA) and Ni Sepharose 6 Fast Flow resin (GE Healthcare). The
effectiveness of endotoxin removal was then verified with the LAL Chromogenic
Endotoxin Quantitation Kit (Pierce).

Transmission Electron Microscopy (TEM) Measurements

Protein samples (approximately 100 ng/uL) were adsorbed onto 400-mesh carbon-coated
copper grids for 5 minutes. The grids were rinsed three times with 50 mM Tris-HCI buffer
(pH 7.4) to remove unbound material. Next, the grids were floated on two successive
drops of 2% uranyl formate for staining. Excess stain was blotted away with filter paper,
and the grids were air-dried before imaging with a Phillips CM 120 TEM.

Mouse Strain

The LAG3Y-YFP was obtained from Dr. Dario Vignali at the University of Pittsburgh.
Nestin®® mice were obtained from the Jackson Laboratory (strain #: 003771). LAG3
neuronal conditional knockout (LAG3“N-") mice were generated by breeding LAG3Y-YFP
mice with Nestin®™® mice. These mice exhibit no evidence of autoimmune or inflammatory
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phenotypes. C57BL/6WT (Strain #:000664, RRID: IMSR JAX:000664) were obtained
from the Jackson Laboratories (Bar Harbor, ME). LAG3 mice38 were obtained from Dr.
Charles G. Drake when he was at Johns Hopkins University. Animals were housed in
ventilated cages with unlimited access to food and water. All the procedures were
approved by the Johns Hopkins Animal Care and Use Committee and carried out
following the guidelines from NIH for Care and Use of Experimental Animals.

Stereotaxic Injection of aSyn PFFs and Sample Preparation

On the day of intrastriatal injections, aSyn PFFs was diluted in sterile PBS and briefly
sonicated. Three-month-old mice were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg), followed by intrastriatal injection of aSyn PFFs (5 pg/2
uL at 0.4 pL/min). The injection targeted the dorsal striatum using the following
coordinates from bregma: anteroposterior (AP) = +0.2 mm, mediolateral (ML) = +2.0 mm,
dorsoventral (DV) = +2.8 mm with a 2 yL syringe (Hamilton, USA). The needle was kept
in place for an additional 5 minutes to ensure complete diffusion before slow withdrawal.
Post-surgery, animals were monitored, and all received appropriate care. Behavioral tests
were conducted 6 months post-aSyn PFFs injection. Mice were euthanized at two or three
months after surgery for neurochemical, biochemical, and histological analyses. Tissues
for biochemical experiments were immediately removed, snap-frozen, and stored at
—-80°C. For histological study, mice were perfused transcardially with PBS, followed by
fixation with 4% paraformaldehyde (PFA). The brains were then extracted, post-fixed
overnight in 4% PFA, and subsequently transferred to 30% sucrose in PBS for
cryoprotection.

Immunofluorescence and Mapping of pS129-Positive aSyn Pathology In Vivo
Coronal brain sections (30 um thick) were incubated with primary antibodies against
phospho-serine 129 aSyn (ab51253, Abcam) for mapping in various brain regions.
Additional antibodies used included NeuN (ab134014, Abcam) and LAG3 (LS-B15026,
LSBio) on tissue sections, followed by matched fluorescence-conjugated secondary
antibodies (Invitrogen). Nuclei were counterstained with DAPI. Images were captured
using confocal scanning microscopy (LSM 980, Zeiss, Dublin, CA, USA) or a fluorescent
microscope (BZ-X710, Keyence, Osaka, Japan).

Immunohistochemistry and Stereotaxic Counting of Tyrosine Hydroxylase and
Nissl Positive Cells

Immunohistochemistry was conducted on 30 pym thick serial brain sections. Free-floating
sections were blocked with 4% goat serum (Sigma-Aldrich) in PBS containing 0.3% Triton
X-100, followed by incubation with primary antibodies against tyrosine hydroxylase (TH).
Secondary antibody incubation was performed using biotin-conjugated anti-rabbit
antibodies. Antibody-antigen complexes were visualized using ABC reagents (Vector
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Laboratories) and Sigma Fast DAB Peroxidase Substrate (Sigma-Aldrich). TH-stained
sections were counterstained with Nissl (0.09% thionin) as previously described. Sections
were then dehydrated in 100% ethanol, cleared in xylene (Fisher Scientific), and mounted
with DPX (Sigma-Aldrich) before imaging under a microscope. Cell counting was
conducted using an unbiased stereological method with the optical fractionator approach.
Counts of TH-positive or Nissl-positive neurons were performed in the substantia nigra of
the right hemisphere of mouse brains. The assessments were conducted by
experimenters blinded to both genotype and treatment groups. Stereological analysis
utilized a computer-assisted image analysis system comprising an Axiophot
photomicroscope (Carl Zeiss Vision), a motorized stage (Ludl Electronics), a Hitachi HV
C20 video camera, and Stereo Investigator software (MicroBrightField). Total counts of
TH- and Nissl-positive neurons were calculated as previously described3®: 4°.

Tissue Lysate Preparation and Inmunoblot Analysis

Tissue lysates were prepared for immunoblot analysis. Dissected brain regions were
homogenized in RIPA buffer supplemented with Protease/Phosphatase Inhibitor Cocktail
(58728, Cell Signaling Technology, Danvers, MA). Following centrifugation at 10,000 rpm
for 20 minutes, the supernatants were collected, and protein concentrations were
quantified using the BCA assay (Pierce, USA). Samples containing 20-30 pg of total
protein were separated on 12.5-13.5% SDS-polyacrylamide gels, then transferred onto
PVDF membranes and blocked with 5% nonfat milk or 5% BSA in TBS-T (Tris-buffered
saline, 0.1% Tween 20). Membranes were incubated with primary and secondary
antibodies, signals were detected using ECL or SuperSignal Femto substrate (Thermo
Fisher, USA), and images were captured with an ImageQuant LAS 4000 mini scanner
(GE Healthcare Life Sciences, USA).

Behavioral analysis

Behavioral analyses were performed 10 days prior to the euthanasia of mice to assess
behavioral deficits induced by PFFs as well as the negative control PBS. Tests conducted
included the pole test, grip strength, rotarod test, and nest building, all of which were
administered by experimenters who were blinded to the treatments and randomly
assigned to groups.

Pole Test

Mice were acclimated to the behavioral procedure room for 30 minutes before testing.
The apparatus was a 75-cm long metal rod with a 9 mm diameter, wrapped in bandage
gauze for grip. For the test, mice were placed near the top of the pole (7.5 cm from the
top) in an upward-facing orientation. The total time for each mouse to descend to the
base of the pole was recorded. To familiarize the mice with the task, they underwent
training for two consecutive days, with each session consisting of three test trials. On the
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test day, performance was evaluated over three sessions, recording the total time. A
maximum cutoff time of 60 seconds was established for each trial, after which the test
was terminated, and the time was recorded. Outcomes measured included turn-down
time, climb-down time, and total time (in seconds).

Grip Strength

Neuromuscular strength was assessed by measuring the maximum holding force of mice
with a force transducer (Bioseb, USA). Mice were allowed to grip a metal grid using their
forelimbs, hind limbs, or both, while their tails were gently pulled. The peak force at the
moment the grip was lost was recorded by the transducer and quantified in grams.

Rotarod Test

Mice were conditioned for three consecutive days before testing to familiarize them with
the task. On the test day, they were placed on an accelerating rotarod where the latency
to fall was recorded. The rotarod's speed increased from 4 to 40 rpm over 5 minutes. A
trial ended if a mouse fell or if it gripped the rod and spun for two consecutive cycles
without attempting to walk. Motor performance was reported as the percentage of mean
latency to fall (averaged from three trials) relative to the control group.

Nest Building

The nest-building test was used to assess nigrostriatal sensorimotor and hippocampal
cognitive function. This test involves orofacial and forelimb movements where mice
manipulate nesting material with their forelimbs and teeth, breaking it down and
integrating it into their bedding. For this study, a 2.5 g nestlet (Johns Hopkins Medicine
Research Animal Resources, Baltimore, MD, USA) was placed in each cage's feeder,
requiring the mice to perform complex fine motor tasks to retrieve the material. After 16
hours, nest-building was scored, and the amount of unused nesting material was
measured as an indicator of sensorimotor function.

Electrophysiology methods

Slice preparation. Mice were anesthetized with Euthasol and decapitated, brains were
quickly removed and placed in ice-cold low-sodium ACSF. Horizontal midbrain slices
(200 — 250 um) containing the SNc were prepared in ice-cold ACSF using a vibrating
blade microtome (Leica VT1200). Right after cutting, slices were recovered for 10
minutes at 32°C degrees and then transferred to holding ACSF at room temperature.
Cutting and recovery were performed with ACSF containing the sodium substitute
NMDG*' (in mM): 92 NMDG, 20 HEPES (pH 7.35), 25 glucose, 30 sodium bicarbonate,
1.2 sodium phosphate, 2.5 potassium chloride, 5 sodium ascorbate, 3 sodium pyruvate,
2 thiourea, 10 magnesium sulfate, 0.5 calcium chloride. ACSF used for holding slices
prior to recording was identical, but contained 92 mM sodium chloride, instead of
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NMDG, 1 mM magnesium chloride and 2 mM calcium chloride. ACSF used to perfuse
slices during recording contained (in mM): 125 sodium chloride, 2.5 potassium chloride,
1.25 sodium phosphate, 1 magnesium chloride, 2.4 calcium chloride, 26 sodium
bicarbonate, and 11 glucose. All ACSF solutions were saturated with 95% O2 and 5%
CO:.. After recovering slices were incubated with aSyn-PFFs, and PBS (used as control
condition) for 90 min at room temperature in ACSF. The length of the incubation
protocol is in accordance with previous studies®'-®® and relates to the main purpose of
the present study, which was to evaluate the impact of an acute exposure of midbrain
DA neurons to extracellular form of aSyn on the intrinsic excitability properties and the
synaptic transmission. The range of concentration and time-course chosen for aSyn
PFFs incubation were tested and optimized for obtaining the max effect without
compromising the slice viability crucial for the electrophysiology recordings. All the
experiments were carried out at the 10 ug/ml (700 nM) of aSyn PFFs. Following this
incubation period, slices were then washed, placed in the recording chamber and
perfused with ACSF at 32°C. The experimental procedure is summarized in Figure 3B.
The control condition consisted of PBS incubation at same volume used for aSyn PFFs.

Whole-cell and cell-attached patch-clamp electrophysiology. Horizontal midbrain slices
containing were transferred to a small volume (0.5 ml) recording chamber, mounted on
a fixed stage upright microscope equipped with IR-DIC (BX51, Olympus America). All
the experiments were performed at a temperature ranging from 31 to 33°C, unless
specified otherwise. The recording chamber was continuously perfused with carbogen-
saturated ACSF at a flow rate of 2-2.5 ml/min using a peristaltic pump (WPI) running
through an in-line heater (SH-27B with TC-324B controller; Warner Instruments).
Following previous studies, the medial terminal (mt) nucleus of the accessory optic tract
serves as useful landmark to localize SNc, respectively. The SNc DA neurons were
defined in the region laterally to the mt nucleus, between the medial lemniscus dorsally
and the substantia nigra pars reticulata ventrally*? 43, This region contains a dense band
of neurons with large cell bodies and with dendritic processes running in a mediolateral
manner when visualized under IR-DIC microscopy. Conventional tight-seal whole-cell
patch- clamp and cell-attached recordings were made on visually identified, DA
neurons, based on size and morphology. DA neurons were also identified by their
physiological features, including resting level of discharge, presence of a prominent
voltage sag during hyperpolarizing current injection and high spike threshold (typically
above 240 mV), which are considered reasonable predictors of dopaminergic identity in
mice** 4%, Neurobiotin (0.05%; Vector Labs, Burlingame, CA) was included in the
intracellular solutions to allow identification of dopaminergic neurons using post-hoc
tyrosine-hydroxylase immunolabeling*®. Recordings were made using a MultiClamp
700B amplifier (1 kHz low-pass Bessel filter and 10 kHz digitization) with pClamp 10.3
software (Molecular Devices). Patch electrodes (1.5 mm outer diameter) were



https://doi.org/10.1101/2025.01.03.631221
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.03.631221; this version posted January 4, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

fabricated from filamented, thick-wall borosilicate glass pulled on a Flaming-Brown
puller (P-85, Sutter Instruments) and fire-polished immediately before use. Glass pipets
typical resistance was 1.8-3 MQ, when filled with internal solutions. For spontaneous
and evoked firing, the recording internal solution consisted of (mM): 135 K-gluconate, 4
KCI, 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, adjusting with KOH for a final pH 7.2-7.3
and 280-285 mOsm. To avoid contamination from fast excitatory and inhibitory synaptic
transmission DNQX (10uM; Tocris), D-APV (50uM; Tocris) and picrotoxin (100uM;
ABCAM) were added to the extracellular ACSF solution. To maximize the number of
recordings displaying healthy firing activity, spontaneous firing was first monitored for a
period in a cell-attached configuration. The membrane was then ruptured while
recording in current-clamp mode, which allowed for easy identification of firing rate
changes due to damage during breakthrough. Initial spontaneous firing activity was
obtained for at least 5 min, during which the health of the neuron was further evaluated.
Only cells that were spontaneously active after breaking through the whole-cell
configuration were included in the analysis. Frequency-intensity curves were obtained
for each neuron by providing a series of depolarizing current injections (50 pA steps, 2 s
duration) during their spontaneous activity. Input and series resistance were
continuously monitored on-line; if either parameter changed by more than 20% data
were not included in the analysis. Membrane potentials were not corrected for junction
potentials (estimated to be 10 mV). A bipolar stimulating electrode was placed rostrally
at a distance of 100—-300 uym from the recording electrode with a mediolateral position
optimal for evoking synaptic activity. The internal recording solution was composed of
(in mM): 117 cesium methanesulfonate, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-CI, 2.5
Mg-ATP, and 0.25 Na-GTP, pH 7.2-7.3 and 280-285 mOsm. Picrotoxin (100 uM) was
added to block GABAA receptor-mediated inhibitory postsynaptic currents. mEPSCs
and mIPSCs were pharmacologically isolated by having picrotoxin (100 uM) plus
tetrodotoxin (1 uM), or DNQX (10 uM) plus D-APV (50 uM) and tetrodotoxin (1 pM),
present throughout the experiment, and sampled at 1 KHz while clamping the cells at
-70 mV and 0 mV, respectively. 150 events per cell were acquired and detected using a
threshold of 8 pA. Analysis of MEPSCs and mIPSCs were performed off-line and
verified by eye using the MiniAnalysis program (v 6.0, Synaptosoft).

Immunohistochemistry Acute slices containing Neurobiotin tracer-labeled cells were
fixed for 60 min in 4% paraformaldehyde at 4°C and immunolabelled with anti-tyrosine
hydroxylase (Sigma Aldrich, 1:500) and Streptavidin Alexa Fluor 594 (Invitrogen;
1:12,000) and donkey anti-sheep Alexa Fluor 488 (Invitrogen; 1:1000 2 pg/ml) as
previously described. All immunolabelling was viewed on an Olympus confocal
microscope (Leica Microsystems, Wetzlar, Germany), and images were captured using
Olympus software. Figures were prepared using Corel Draw and Adobe lllustrator (CS4,
Adobe Systems Inc., San Jose, CA, U.S.A.) and ImageJ (MacBiophotonics, McMaster
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University, ON, Canada), with brightness and contrast adjustments performed
consistently across the image to enhance clarity. Drugs. picrotoxin, D-APV, ifenprodil
were from ABCAM,; all the others from Tocris. Statistical analysis. Electrophysiological
data collected were analyzed using ClampFit 10.2 (Molecular Devices), MiniAnalysis
program (v 6.0, Synaptosoft). Statistical analysis was done with Graphpad Prism 7.03.
Parametric and non-parametric testing were appropriately chosen after performing
normality test. The values are presented as mean + SEM. A probability value of p < 0.05
was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). In statistical tests between 3 or more conditions, a one-way ANOVA followed
by a Bonferroni’s multiple comparison post hoc test was used.

Generation and Differentiation of DA-Neuronal Cells from Atoh1-Transduced
iPSCs for aSyn PFFs Studies

Atoh1-transduced iPSCs were utilized to generate DA-neuronal cells®®. iPSCs were
cultured under feeder-free conditions in mTeSR™ Plus medium (StemCell
Technologies; 100-0276) within a humidified incubator at 37°C with 5% CO2/95% air.
For differentiation, cells were seeded at a density of 8 x 10* cells/cm? on Matrigel-
coated plates in mTeSR™ Plus medium containing the ROCK inhibitor Y-27632 (10 pM,;
Stemgent). Doxycycline (0.5 pg/mL) was added to the culture medium from day 1 to day
5 to induce Atoh1 expression. The medium was replaced daily from day 1 to day 3,
transitioning gradually from mTeSR™ Plus to N2 medium (DMEM/F-12 with N2
supplement; Life Technologies). Cells were maintained in N2 medium until day 5, then
dissociated with Accutase (Sigma-Aldrich) and replated at a density of 3 x 10° cells/cm?
on poly-D-lysine (1 uyg/mL) and laminin (1 pg/mL)-coated plates in neuron culture
medium. The neuron medium consisted of Neurobasal medium supplemented with B27,
BDNF (10 ng/mL), GDNF (10 ng/mL), TGF3-3 (1 ng/mL), cAMP (0.1 mM), ascorbic acid
(0.2 mM), and DAPT (10 uM). Medium replenishment occurred every 3—4 days. By day
7 of differentiation, Atoh1-induced DA neuron precursors were collected using Accutase
for further applications. For all experiments, DA-neuronal cells were pretreated with
either migG or 17B4 (mouse anti-human LAG3, LifeSpan Biosciences, LS-C344746) for
2 hours. Subsequently, human aSyn-biotin PFFs were applied for 1.5 hours. In
pathology-focused studies, human aSyn PFFs exposure was extended to a total
duration of 2 weeks.

Immunofluorescence and Mapping of pS129-Positive aSyn Pathology In Vitro

For pathology studies in iPSC-derived DA-neuronal cells, cells were pretreated with
either migG or 17B4 (5 pg/mL) for 2 hours. Following pretreatment, PBS or human
aSyn PFFs (5 ug/mL) were applied. Medium was replenished every 4 days by replacing
half with fresh neuron culture medium. After 2 weeks, cells were fixed with 4%
paraformaldehyde/1% sucrose in PBS. Blocking was performed using 10% horse serum
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and 0.1% Triton X-100, followed by incubation with the pS129 antibody (Abcam,
ab51253; 1:1000). Immunoreactivity was visualized using Alexa Fluor 568-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA, USA). Nuclei were counterstained with
DAPI alongside the secondary antibodies. Images were acquired using a confocal
scanning microscope (LSM 880, Zeiss, Dublin, CA, USA) or a fluorescence microscope
(BZ-X710, Keyence, Osaka, Japan).

Cell Surface Binding Assays for aSyn PFFs

iPSC-derived DA-neuronal cells were treated with mlgG or 17B4 (5 ug/mL) antibody for
2 hours at room temperature (RT). Following this pretreatment, the cells were incubated
with varying concentrations of human aSyn-biotin PFFs, up to 2000 nM, in neuron culture
medium for 1.5 hours at RT'%'222_ Unbound aSyn-biotin PFFs were removed through
five thorough washes (20 minutes each) with neuron culture medium on a horizontal
shaker. Cells were subsequently fixed with 4% paraformaldehyde/1% sucrose in PBS and
rinsed three times with PBS. Blocking was performed for 30 minutes using PBS
containing 10% horse serum and 0.1% Triton X-100. After blocking, cells were incubated
for 16 hours with alkaline phosphatase-conjugated streptavidin (1:2000 dilution) in PBS
containing 5% horse serum and 0.05% Triton X-100. Alkaline phosphatase activity was
visualized histochemically using a BCIP/NBT reaction. Microscopic images were
captured using a Zeiss Axiovert 200M microscope. Quantification of aSyn-biotin PFFs
binding intensity to iPSC-derived DA-neuronal cells was performed using Imaged
software. Thresholds were adjusted under the Image/Adjust menu to exclude background
signals, and identical parameters were applied across all images within each experiment.
GraphPad Prism software was used to calculate binding curves and dissociation constant
(KD) values.

ImageJ Analysis

The threshold was adjusted in Image/Adjust to define an optimal intensity range for each
experiment. This threshold was applied consistently across all images within the same
experiment to ensure uniform analysis. The threshold setting also facilitated the exclusion
of background noise. After background removal, regions within the defined signal intensity
range were quantified using the measurement tool in the Analyze/Measure menu. The
measured area values corresponding to varying concentrations of aSyn-biotin (monomer
or PFFs) were subsequently analyzed using Prism software to calculate the dissociation
constant (KD).

Colocalization of Rab7 and aSyn-Biotin PFFs

iPSC-derived DA-neuronal cells were pretreated with mlgG or 17B4 (5 pg/mL) for 2 hours.
Following pretreatment, the cells were incubated with PBS or human aSyn-biotin PFFs
(5 pg/mL) for 1.5 hours. After three PBS washes, the cells were fixed with 4%
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paraformaldehyde/1% sucrose in PBS. Post-fixation, cells were washed three additional
times with PBS and blocked for 1 hour in PBS containing 10% horse serum and 0.1%
Triton X-100. After blocking, cells were stained with Rab7 (1:1000) and streptavidin-
conjugated Alexa Fluor 647 (1:1000). Images were captured under identical exposure
settings and processed uniformly for analysis. The colocalization of aSyn-biotin PFFs with
Rab7 was evaluated and quantified using Zeiss Zen software. Regions of colocalization
were outlined, and the intensity and area of the colocalized signals were measured. Total
signal values were calculated by multiplying the measured intensity by the area to
determine the overall colocalization value.
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Fig. 1 Neuronal LAG3 deletion attenuated aSyn PFFs-induced pathology
propagation. (A) Experimental design for aSyn PFFs stereotaxic injection and pathology
assessment. Immunofluorescence (IF) and immunohistochemistry (IHC) were performed
to track pS129-positive aSyn pathology. PFFs were injected into the striatum of LAG3Y-
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YFP (control) and LAG3““N- (neuronal LAG3 conditional knockout) mice, with
comprehensive pathological and behavioral analyses conducted 6 months post-injection.
(B) Spatial distribution of pS129-positive aSyn pathology following PFFs injection,
visualized as red dots across brain sections. (C) Quantitative analysis of pS129
immunoreactivity intensity in multiple brain regions, including cerebral cortex (D), striatum
(E), amygdala (F), substantia nigra (G), and entorhinal cortex (H). Statistical analysis
performed using unpaired two-tailed Student's t-tests. ns, not statistically significant. Data
presented as mean * standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p <
0.001. n = 5 biologically independent mice per group. Scale bar, 100 um.
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Fig. 2 Attenuation of aSyn PFFs-induced behavioral deficits and
neurodegeneration in neuronal LAG3 conditional knockout (LAG3Y-N-F)

mice. Behavioral assessments at six months post aSyn PFFs stereotaxic intrastriatal

injection: (A) Pole test, with a maximum descent time of 60 s to asse

ss motor coordination
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and bradykinesia. (B) Forelimb grip strength test, (C) Four-limb grip strength test, (D)
Rotarod test to evaluate motor performance and balance, and (E, F) Representative nest-
building images following 16-hour nestlet introduction across experimental groups. Error
bars represent mean + SEM. Statistical significance determined by ANOVA followed by
Tukey's multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant. n= 10 biologically independent mice per group. (G) Representative
photomicrographs of coronal mesencephalon sections showing tyrosine hydroxylase
(TH)-positive neurons in the substantia nigra (SN) region. Unbiased stereological
quantification of (H) TH-positive and (I) Nissl-positive neurons in the SNpc region. Data
presented as mean = SEM; **p < 0.01, ***p < 0.001, ns, not significant, n = 6 biologically
independent mice. Scale bar, 500 pm.
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Fig. 3 aSyn PFFs increased firing frequencies in SNc DA neurons from WT mice,
but not in LAG3” mice. (A-B) Schematic representation of midbrain slice incubation
protocol. (A) Left, DA neuron location in SNc. Right: As the white arrow points,
neurobiotin-filled cell (red) expressing tyrosine hydroxylase (TH, green) from SNc. Scale
bar: 50 um. (B) Experimental timeline for phosphate-buffered saline (PBS) or aSyn PFFs
incubation in SNc slices and subsequent electrophysiological recordings. (C) Firing
frequency of SNc DA neurons in PBS and aSyn PFFs-treated slices from WT and LAG3-
" mice using cell-attached recording. WT mice-PBS, n = 8; LAG3"-PBS mice, n = 3; WT
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mice-aSyn PFFs, n = 11; LAG3" mice-aSyn PFFs, n = 6. (D) Whole-cell recording of SNc
DA neuron firing frequency in PBS and aSyn PFFs-treated slices from WT and LAG3™
mice. Note the significant increase in firing frequency in the aSyn PFFs-treated WT group
compared to PBS, whereas LAG3" mice do not exhibit this increase. WT mice-PBS, n =
9; LAG37"-PBS mice, n = 3; WT mice-aSyn PFFs, n = 13; LAG3” mice-aSyn PFFs, n =
4. (E) Miniature EPSC frequency in SNc DA neurons from PBS and aSyn PFFs-treated
WT and LAG3"- mice using whole-cell recording. WT mice-PBS, n = 9; LAG3”-PBS mice,
n = 6; WT mice-aSyn PFFs, n = 10; LAG3” mice-aSyn PFFs, n = 6. (F) Representative
traces of spontaneous firing activity and neuronal response to hyperpolarizing 200 pA
current injection (2 s duration) following PBS and aSyn PFFs in vitro incubation. Scale
bars: 20 mV and 200 ms. (G) aSyn PFFs induces increased SNc DA neuron excitability
in WT mice, demonstrated by reduced current accommodation during incremental current
injections (50, 100, 150, 200, 250, 300 pA). LAG3”- SNc DA neurons treated with PBS or
aSyn PFFs maintain current accommodation similar to WT control conditions. WT mice-
PBS, n = 15; LAG3"-PBS mice, n = 4; WT mice-aSyn PFFs, n = 11; LAG3” mice-aSyn
PFFs, n = 4. Values expressed as mean £ SEM. *p < 0.05, **p < 0.01, ****p < 0.0001, ns,
not significant. Statistical significance determined by ANOVA with Tukey's post-hoc
correction.
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Fig. 4 Anti-human LAG3 (17B4) antibody blocks human aSyn PFFs binding,
endocytosis, and pathology in induced pluripotent stem cell (iPSC)-derived DA
neurons. (A) aSyn-biotin PFFs binding to iPSC-derived DA neurons with mouse
immunoglobulin G (mIgG) or 17B4 antibody treatment. Binding signal (red) quantified for
individual cells. n = 9 cells for each group. Scale bar, 5 um. (B) Quantification from n =3
independent experiments. Statistical significance determined by Student's t-test. (C)
migG and 17B4 antibodies blocking human LAG3 inhibit aSyn-biotin PFFs binding on
iPSC-derived DA neurons. Colocalization of internalized aSyn-biotin PFFs with Rab7
assessed by confocal microscopy. Scale bar, 5 ym. (D) Quantification of colocalization
from n = 3 independent experiments. (E) pS129 signal reduced by 17B4 antibodies in
iPSC-derived DA neurons 2 weeks after aSyn PFFs treatment. Scale bar, 10 pm. (F)
Quantification of pS129 levels fromn= 3 independent experiments. Statistical
significance determined by ANOVA with Tukey's post-hoc correction. Data presented as
means + SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.
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Fig. S1 Attenuation of aSyn PFFs-induced pS129-positive pathology in neuronal
LAG3 conditional knockout (LAG3“-N--) mice. (A) Breeding strategy for generating
LAG3YN"- mice. (B, C) Confirmation of LAG3 deletion from neurons in LAG3Y~N"- mice.
(D) Transmission electron microscopy (TEM) images of aSyn PFFs. Scale bar, 100 nm.
(E—G) Immunohistochemical staining of pS129 in the entorhinal cortex at 3 months post-
aSyn PFFs injection. Quantification from n = 5 biologically independent experiments.
Statistical significance determined by ANOVA with Tukey's post-hoc correction. Data
presented as means + SEM. ***p < 0.001.
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Fig.S2 Decreased expression of LAG3 in young mice compared to aged mice. (A)
Representative microphotographs showed midbrain tissue for protein lysis. (B)
Representative immunoblots of LAG3 and B-actin in the ventral midbrain of young and
aged mice. (C) Quantification of LAG3 levels. Data are mean + SEM; n = 6 biologically
independent animals. ***p < 0.001. (D, E) Representative images, and percentage of
Lag3 positive in the neuron of young and aged mice. Scale bar, 10 ym. Data are mean *
SEM, statistical significance was calculated with unpaired two tailed Student’s t-tests. n
= 5 biologically independent animals. **p < 0.01
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Fig. S3 No changes in specific intrinsic properties of SNc DA neurons following in
vitro incubation with aSyn PFFs in WT and LAG3” mice. (A—C) Intrinsic membrane
properties of SNc DA neurons: (A) Input resistance, (B) Capacitance, (C) Resting
membrane potential (RMP) in aSyn PFFs and PBS conditions for WT and LAG3"- mice.
SNc DA neurons from WT and LAG3” mice show no significant changes in intrinsic
membrane properties following 90-minute incubation with aSyn PFFs or PBS. WT mice-
PBS, n = 10; LAG3"-PBS mice, n = 4; WT mice-aSyn PFFs, n = 6; LAG3”- mice-aSyn
PFFs, n = 4. (D) Normalized average action potential (AP) waveform (grey = WT mice-
PBS, blue = LAG3”--PBS mice, red = WT mice-aSyn PFFs, purple = LAG3” mice-aSyn
PFFs). (E—H) No significant changes in AP parameters: (E) AP threshold, (F) Fast
afterhyperpolarization (fAHP), (G) AP height, (H) AP half-width in SNc DA neurons of both
WT and LAG3”- mice after 90-minute aSyn PFFs incubation compared to PBS incubation.
WT mice-PBS, n = 8; LAG3”-PBS mice, n = 5; WT mice-aSyn PFFs, n = 10; LAG3-/-
mice-aSyn PFFs, n = 4. (I) Spontaneous excitatory postsynaptic currents (EPSC)
frequency in SNc DA neurons from PBS and aSyn PFFs-treated WT and LAG3”- mice
using whole-cell recording. (J) Spontaneous excitatory postsynaptic current (EPSC)
amplitude in SNc DA neurons from PBS and aSyn PFFs-treated slices of WT and LAG3-
" mice using whole-cell recording. WT mice-PBS, n = 13; LAG3"-PBS mice, n = 6; WT
mice-aSyn PFFs, n = 8; LAG3" mice-aSyn PFFs, n = 7. (K) Miniature EPSC amplitude
in SNc DA neurons from PBS and aSyn PFFs-treated slices of WT and LAG37 mice using
whole-cell recording. WT mice-PBS, n = 9; LAG3”-PBS mice, n = 6; WT mice-aSyn PFFs,
n = 10; LAG3” mice-aSyn PFFs, n = 7. Values expressed as mean * SEM. ns, not
significant. Statistical significance determined by ANOVA.
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Fig. S4 Characterization of human DA neurons derived from induced
pluripotent stem cells (iPSCs) and reduction of aSyn PFFs endocytosis by
17B4 antibody. (A) Immunofluorescence staining of iPSC-derived DA neurons with
tyrosine hydroxylase (TH, green), neuronal nuclei marker (NeuN, red), and nuclear
counterstain (DAPI, blue). Scale bar, 50 um. (B) Quantification of TH and NeuN-
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positive iPSC-derived DA neurons. (C) Mouse immunoglobulin G (mlgG) and 17B4
antibodies targeting human LAG3 reduce colocalization of aSyn-biotin PFFs with late
endosome marker Rab7. Scale bar, 20 pym.
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