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Abstract

The accumulation of misfolded a.-synuclein (aSyn) and neuron loss define several
neurodegenerative disorders including Parkinson’s disease (PD) and dementia with Lewy bodies
(DLB). However, the precise relationship between pathology and neurotoxicity and why these
processes disproportionately affect certain neuron subpopulations are poorly understood. We show
here that Math2-expressing neurons in the hippocampal Cornu ammonis (CA), a region
significantly affected by aSyn pathology in advanced PD and DLB, are highly susceptible to
pathological seeding with pre-formed fibrils (PFFs), in contrast to dentate gyrus neurons, which
are relatively spared. Math2* neurons also exhibited more rapid and severe cell loss in both 7n
vitroand in vivo models of synucleinopathy. Toxicity resulting from PFF exposure was dependent
on endogenous aSyn and could be attenuated by N-acetyl-cysteine through a glutathione-
dependent process. Moreover, aSyn expression levels strongly correlate with relative vulnerability
among hippocampal neuron subtypes of which Math2* neurons contained the highest amount.
Consistent with this, antisense oligonucleotide (ASO) mediated knockdown of aSyn reduced
neuronal pathology in a time-dependent manner. However, significant neuroprotection was
observed only with early ASO intervention and a substantial reduction aSyn pathology, indicating
toxicity occurs after a critical threshold of pathological burden is exceeded in vulnerable neurons.
Together, our findings reveal considerable heterogeneity in endogenous aSyn levels among
hippocampal neurons and suggest that this may contribute to the selective vulnerability observed
in the context of synucleinopathies.
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Introduction

The deposition of misfolded proteins in select cell populations is a feature shared by many
age-related neurodegenerative diseases [38]. Intracellular inclusions containing a-synuclein
(aSyn) define a group of neurological conditions collectively known as a-synucleinopathies
that includes Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple
system atrophy (MSA) [42]. Underlining their significance in disease, aSyn inclusions in
neuronal cell bodies (Lewy bodies) and processes (Lewy neurites) are present in the vast
majority of both sporadic and familial PD patients [59], and mutations and multiplication of
the aSyn gene (SNVCA) cause autosomal dominant PD [reviewed in 72]. Moreover,
triplication of wildtype (wt) SNCA results in higher aSyn expression and earlier disease
onset compared to PD resulting from gene duplication, indicating that pathogenesis is also
closely linked to aSyn expression levels [15, 24, 30, 64].

The clinical progression of PD correlates closely with the appearance of aSyn inclusions
throughout the brain in a stereotypical pattern affecting a restricted number of regions [12,
21]. Although the degeneration of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) is a major contributor to motor symptoms that define PD, populations
belonging to glutamatergic, serotonergic, noradrenergic, and cholinergic systems are also
frequently impacted [25, 40, 66]. Furthermore, there is considerable heterogeneity in aSyn
pathology burden and degeneration between different CNS regions. Indeed, Lewy pathology
and cell loss appear to be disconnected in some brain regions in PD. For example, the
tuberomammilary nucleus of the hypothalamus develops Lewy bodies without observable
neuronal loss [41]. Conversely, neuronal loss with little to no Lewy pathology has been
reported in the supraoptic nucleus [4]. Thus, the identities of vulnerable neurons and the
relationship between development of pathology and degeneration remain enigmatic [67].

A major obstacle to untangling these questions has been the lack of models that
concomitantly recapitulate the accumulation of pathological aSyn inclusions typical of PD
brains in both catecholaminergic and non-catecholaminergic neurons that precedes
progressive neurodegeneration in clinically-relevant neuronal subpopulations. For example,
commonly used neurotoxins induce aSyn-mediated catecholaminergic neuron loss in nuclei
such as the SNpc, but Lewy-like inclusions are observed only after chronic exposure [19, 27,
37]. On the other hand, viral-mediated or transgenic aSyn overexpression models
recapitulate Lewy-like pathology more reliably but involve ectopic overexpression or
introduction of mutations that may potentially distort the distribution of pathology and
neuron loss [75]. In both wt rodents and non-human primates, recombinant aSyn pre-formed
fibrils (PFFs) seed the conversion of endogenous aSyn into intracellular inclusions that
exhibit multiple morphological and biochemical properties that are characteristic of human
Lewy pathology and elicit motor deficits [1, 47, 48, 51, 57, 60, 63, 79]. PFF-seeded neuritic
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and cell body inclusions in cell-based systems are also linked to impaired neuronal activity
and trafficking, oxidative stress, and is followed by cell loss [23, 69, 77]. These features
therefore allow for the examination of the relationship between aSyn aggregation and
neurodegeneration in cells and /in vivo.

The fact that such models display both pathological spread and time-dependent toxicity led
us to hypothesize that neuronal toxicity is dependent on aSyn aggregation. We provide here
not only evidence supporting this hypothesis in non-dopaminergic neurons but also
demonstrate that glutamatergic neurons positive for the transcription factor Math2 in the
Cornu ammonis (CA), a known hotspot for aSyn pathology in PD with dementia (PDD) and
DLB, are particularly vulnerable compared to neurons from the dentate gyrus (DG) [6, 32].
Surprisingly, toxicity resulting from PFF-seeded aSyn pathology does not require the
presence of astrocytes or microglia /n vitro. Furthermore, vulnerable Math2* neurons
contain higher aSyn protein levels compared to other hippocampal subtypes, and antisense
oligonucleotide (ASO)-mediated knock-down of aSyn expression at various time points after
PFF treatment revealed that early and marked reduction of aSyn levels reduced pathology
most robustly and rescued toxicity. Neuroprotection and pathology reduction both declined
with delayed ASO treatment suggesting a cellular threshold for pathology determined by
endogenous levels of aSyn within an individual neuron and beyond which toxicity is
irreversible.

Materials and Methods

Animals

All animal procedures were approved by the University of Pennsylvania Institutional Animal
Care and Use Committee and conformed to the National Institute of Health Guide for Care
and Use of Laboratory Animals. Timed-pregnant CD1 mice (purchased from Charles River
Laboratories) or Snca™~ mice [2] maintained on a C3H background were used to prepare
primary neuronal cultures. Female C57BI6/C3H mice (purchased from Jackson
Laboratories) were used for /n vivo PFF-injection studies.

Reagents and Chemicals

Z-VAD-fmk (ZVAD; broad caspase inhibitor) was purchased from Enzo Life Sciences. DPQ
(PARP1/ Parthanatos inhibitor) was purchased from Santa Cruz Biotechnology.
Necrostatin-1 (Nec-1; RIPK1/ necroptosis inhibitor) and Ferrostatin-1 (Fer-1; Ferroptosis
inhibitor) were purchased from Calbiochem. IU1 (USP14 inhibitor), N-acetyl cysteine
(NAC; antioxidant), nicotinamide (NAM; NAD supplement), MK-801 (NMDA receptor
antagonist), and Cytosine arabinofuranoside (Ara-C) were purchased from Sigma-Aldrich.
Antisense oligonucleotides (ASOs) targeting aSyn (5’ -TTTAATTACTTCCACCA-3"),
which binds within intron 4 of the Srnca gene, or control (5'-
CCTATAGGACTATCCAGGAA-3") were generously provided by Tracy Cole and Hien
Zhao (lonis Pharmaceuticals, Carlsbad CA). Complete ASO chemistry information is as
follows: aSyn ASO (Tes Teo Aks Ads Tds Ads mCds Tds mCds mCko Aeo mCes Ae) and
control ASO (mCes mCeo Teo Aeo Tes Ads Gds Ads mCds Tds Ads Tds mCds Aeo Geo
Aes Ae) where capital letters indicate base abbreviation, m=5-methylcytosine, e=2"-O-
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methoxyethylribose (MOE), k= (S)-2”,4’-constrained 2”-O-ethyl (cEt), d=deoxyribose,
s=phosphorothioate, and o=phosphodiester [54, 62].

Recombinant aSyn production, purification, and PFF fibrilization

Wildtype and chimeric aSyn protein production, purification, and fibrilization were
conducted as previously described [46]. Briefly, Hu"t, Ms"t, and HuS87N aSyn constructs
were expressed in E. coli BL21 (DE3) RIL cells and purified. PFF assembly was achieved
by diluting the purified aSyn to 5 mg/ml (360 pM) in sterile Dulbecco’s PBS (pH 7.0;
Mediatech) and then agitated constantly at 1000 rpm at 37°C for 7 days.

Primary hippocampal neuron cultures and fibril transduction

Primary neuronal cultures were prepared from either CD1 or Snca™~ embryos on E16-18, as
previously described [78]. Tissue culture plates and coverslips were coated with Poly-D-
lysine (Sigma) before addition of cells. Neurons were plated either on glass coverslips
(round 12 mm diameter; Carolina Biological Supplies) in 24-well plates (50,000 cells/cm?),
directly in 12-well plates for biochemical studies (75,000/cm?), or in 96-well plates
(60,000/cm?). Cultures were maintained in Neurobasal medium supplemented with B27
(Invitrogen) unless otherwise indicated. PFF treatment was performed at 7 days in vitro
(DIV). aSyn PFFs were diluted in sterile PBS without Ca2*/Mg?* (Corning) and sonicated
with a Biorupter bath sonicator (Diagenode) for 10 cycles (highest power, 30s on, 30s off at
10°C) then diluted in neuronal media before being added to cultures. PFF concentrations are
expressed as the total equivalent aSyn monomer content in the preparation. To control for
different cell plating densities in different formats, cultures were treated with ~25pg per cell
(equivalent to 200 nM in a 96 well plate or 350 nM in a 24 well plate) unless otherwise
indicated. At 7 days post transduction (DPT) 0.5 volume of the media in each well was
replaced with fresh media. Ara-C (1uM) was added to neuronal cultures (single treatment at
4 DIV) to inhibit astrocyte growth for indicated experiments.

Stereotaxic PFF injection

Injections were performed as previously described with minor modifications [47].
Anesthetized mice received a single unilateral stereotactic injection of sonicated PFFs (5 ug)
into the anterior hippocampus (coordinates: -2.5 mm relative to Bregma; 2 mm from
midline; 2.4 mm beneath the dura). Animals were monitored regularly after surgery and
sacrificed at the indicated time points by overdose with ketamine/xylazine. PFF injected
mice were sacrificed at either 45- or 90 days post-injection (DPI), and PBS injected mice
were sacrificed at 180 DPI. The brain and spinal cord were removed after transcardial
perfusion with heparinized PBS and fixed overnight in 70% ethanol in 150mM NaCl (pH
7.4). Tissues were then embedded in paraffin for sectioning.

Immunocytochemistry and antibodies

Cultured cells were fixed by replacing media with warm 4% paraformaldehyde (in PBS/4%
sucrose) for 15 min at room temperature (RT). Fixed neurons were washed 3 times with PBS
and then blocked (3% BSA, 3% FBS in PBS) for 1 hour at RT or overnight at 4°C. Cells
were then incubated in primary antibodies diluted in blocking buffer for 4 hours at RT or
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overnight at 4°C. Primary antibodies used in this study were: p-S129 aSyn (pSyn; CNDR
mouse monoclonal 1gGy, 81A; 1:2000); NeuN (Millipore A60; 1:2000); Prox1 (Biolegend
925201, 1:500); CTIP2 (Abcam ab18465; 1:500); Math2 (Abcam ab85824; 1:500); GFAP
(CNDR rat monoclonal 2.2B10; 1:500); Ibal (Wako 019-19741; 1:250); aSyn (CNDR
mouse monoclonal 1gGo, 9027; 1:5k); Neurofilament L (NFL; CNDR rabbit monoclonal;
1:2000); MAP2 (CNDR rabbit monoclonal 17028: 1:2000); GAD 65/67 (Chemicon
AB1511; 1:1000); GAD 67 (Millipore MAB5406; 1:500). This was followed by washing
with PBS three times and incubating for 1 hour at RT or overnight at 4°C in blocking buffer
containing Alexa-Fluor conjugated isotype-specific secondary antibodies (Thermo Fisher).
Coverslips were mounted on microscope slides using Fluoromount G containing DAPI
(eBioscience) and scanned on a Perkin EImer Lamina scanner or were captured on a Nikon
Ds-QilMc digital camera attached to a Nikon Eclipse Ni microscope. Cells in 96-well plates
were washed three times with PBS and incubated 15 min at RT with DAPI (0.4 pg/ml in
PBS) and then imaged using an InCell 2200 (GE Healthcare Life Sciences). Quantification
of cells grown on coverslips was performed using HALO software (Indica Labs). 96-well
plate quantification was done using InCell Toolbox Analyzer software (GE Healthcare Life
Sciences).

Protein extraction and immunoblot analysis of neuron lysates

Cells were scraped in SDS lysis buffer (2% SDS in 50mM Tris, 150mM NacCl, pH 7.6)
containing phosphatase and protease inhibitor cocktail, sonicated, and centrifuged at
100,000 x g for 30 min at 22°C. The supernatant from this step was resolved by SDS-PAGE
(10 or 15 pg total protein per lane), transferred to nitrocellulose membranes, and blocked in
7.5% BSA in TBS for 1 hour at room temperature. For immunoblotting, membranes were
incubated overnight at 4°C with constant agitation in blocking buffer containing the
following primary antibodies: GAD 65/67 (Chemicon AB1511; 1:1,000); B-I11 tubulin
(Invitrogen 32-2600; 1:5,000); aSyn (CNDR mouse monoclonal 1gGo, Syn9027; 1:20,000).
Membranes were washed in TBS with 0.05% Tween20 three times for 10 minutes each then
incubated in diluted secondary antibodies (Li-Cor Biosciences; 1:20,000 in blocking buffer)
for 1 hour at RT on an orbital shaker. Membranes were then washed as before and imaged
using a Li-Cor Odyssey infrared imaging system.

Immunofluorescence

Immunofluorescence was performed on 6 um thick sections as previously described [47].
Primary antibodies used were the same as above. Sections stained for Math2 were blocked
(TBS with 3% BSA, 0.3% TritonX-100) and subjected to citrate buffer antigen retrieval.
Sections stained for NeuN and pSyn were blocked in TBS containing BSA (3%) and FBS
(2%). Primary and secondary antibodies were diluted in blocking buffer. Immunoreactivity
was determined by using the appropriate fluorescent secondary antibodies. Images were
captured on a Nikon Ds-QilMc digital camera attached to a Nikon Eclipse Ni microscope or
scanned using a Perkin Elmer Lamina Scanner. Neurons in hippocampal subregions were
quantified from evenly spaced sections (1:40) of NeuN/81a or Math2 stained sections
through Bregma -1.6mm — 3.3mm. HALO software was used to determine the number of
immunoreactive nuclei or total area occupied.
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Image analysis

Coverslips were stained for aSyn and transcription factors (TFs) as indicated above at 8 DIV.
Laser intensity was set so that all detectable aSyn remained below the maximum threshold in
3 sample images. Nine images were taken in a 3 x 3 grid pattern from each coverslip to
ensure coverage of the whole coverslip. All images were 8-bit images and were captured on
a Nikon Ds-QilMc digital camera attached to a Nikon Eclipse Ni microscope. The cell body
outlines determined by the TF staining were set using the Analyze Particle function in Fiji
(NIH) so that the outlines of the TF staining were saved on the ROl manager. These outlines
were then applied to the aSyn channel and the intensity of each neurons of a given subtype
was determined using the Analyze Particle function.

Statistical analysis

Results

In vivo cell viability and pSyn data as a function of time and PFF dose was transformed
using a Box-Cox transformation to uphold the assumption of a normally distributed outcome
for regression. A weighted least squares regression analysis was then performed on the
viability and pSyn data using treatment, treatment duration (DPT), and replicate as
covariates, with an interaction between treatment and DPT included. This interaction was
then used to determine whether each treatment group differed significantly from the
untreated group at each time point. The inverse of the variance of each treatment group at
each time point was used as the weight in the weighted least squares regression. This
analysis was used to account for high variability in the observations so that groups with
higher variability were down-weighted in the model. Calculations were performed using the
MASS and multcomp packages in R-studio (\Version 3.2.4). The significance level was
adjusted to correct for multiple hypothesis testing using the Bonferroni approach. Only
values from 9-15 DPT are reported for cell viability data. Data from 7 DPT was used as
baseline for analyses for viability data and included in the analyses for pathology data to
compare pathological burden. Other statistical analyses were performed using GraphPad
Prism software (Mersion 4). Non-parametric (Kruskall-Wallis) tests were used where
variance significantly differed between samples.

PFF-induced toxicity is dependent on the levels pathological aSyn

We have previously shown that exposure to PFFs results in the aggregation of endogenously
expressed aSyn and subsequent neuronal toxicity in primary neuronal cultures and non-
transgenic mice [47, 79]. Since this experimental model reliably results in Lewy-like
pathology and neuron death, we first examined whether toxicity is proportional to the total
pathology burden in primary hippocampal neurons by inducing de novo pathology across a
range of concentrations of PFF seeds. We utilized PFFs assembled from recombinant human
wt (Hu"t) aSyn or a chimeric mutant (HuS87N), which recruits endogenous aSyn into
inclusions more efficiently compared to PFFs containing Hu"t and other aSyn sequences
when administered to hippocampal cultures or /n vivo [46]. If toxicity is proportional to
aSyn pathology, HuS8”N PFF treatment should result in increased neuron loss compared to
Hu™t PFF treatment at each concentration, whereas similar neuron loss would indicate that
these processes are independent. Immunostaining for pathological aSyn phosphorylated at
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Ser129 (pSyn), a disease-specific post-translational modification found in PD and in models
of seeded synucleinopathy [31, 48], we observed that the amount of pathology increased in a
dose- and time-dependent manner in Hu"t PFF-treated neurons. However, by 7 DPT, HuS8’N
PFF treatment at all doses tested induced higher pathological burden than the highest HUt
PFF concentration used, confirming that HuS8”N PFFs are more pathogenic (Fig. 1a-c and
Fig. Sla).

Neuronal viability did not differ between PFF-treated and control cells at 7 and 9 DPT, but
neurons loss was apparent by 12 DPT with the degree of toxicity being proportional to the
concentration of PFFs added (Fig. 1d, e). Neurons treated with Hu"t PFFs showed markedly
less toxicity compared to HuS8”N treated neurons with only the 1000 nM condition
displaying any significant toxicity by 12 DPT (Fig. 1d). Mouse wt (Ms"!) aSyn PFFs also
reduced neuron survival in a dose dependent manner, but toxicity was less than that of
HuS87N PFFs at each dose (Fig. S1b, c), in agreement with MsWt PFFs inducing an
intermediate level pathology between that of HUWt and HuS87N PFFs, and further supporting
that neuron toxicity is dependent on and proportional to aSyn pathology [46]. Both Hu"t and
HuS87N PFFs failed to induce aSyn inclusions or neuron loss in Snca™ neurons indicating
toxicity requires the pathological conversion of endogenous aSyn regardless of the type of
PFFs used (Fig. S2a) [79]. Monomeric HuS87N aSyn, which lacks seeding activity, was also
unable to induce either pathology or toxicity (Fig. S2b). Staining density of neurofilament
light chain (NFL), a structural protein expressed mainly in axons, closely mirrored the dose
dependent reduction in NeuN™* cell counts under each treatment condition (Fig. 1f, g),
confirming that the observed NeuN loss in PFF-treated cultures was due to neuron death
rather than downregulation of NeuN.

aSyn pathology-induced toxicity affects specific neuronal subtypes

The largest decrease in neuronal viability occurred between 9-12 DPT and did not
appreciably decline afterwards even at the highest PFF doses, suggesting that a significant
subset of neurons continued to persist despite prolonged exposure to PFFs. This observation
prompted us to determine if differences in vulnerability between neuronal subtypes present
in this culture system were responsible for this effect. Glutamatergic neurons derived from
CA regions express the transcription factor Math2 while DG neurons contain Prox1.
Another transcription factor, CTIP2, is found in both CA1 and DG neurons [5, 7, 65].
Immunostaining showed that ~60% of NeuN* neurons co-express Math2 indicating CA
origin; ~10% were co-positive for Prox1 (Fig. S3a). Thus, the majority of neurons in this
culture system are glutamatergic with GABAergic neurons and other subtypes representing
~30% of neurons.

All three major glutamatergic subpopulations declined significantly by 15 DPT after HuS8’N
PFF treatment (Fig. 2a). However, compared to Math2* and CTIP2* neurons (in which
viability declined by 54% and 51%, respectively), the Prox1* population declined by 32%
relative to PBS controls (Fig. 2b), indicating that these neurons are relatively resistant to
PFF-induced toxicity. To confirm this, we treated primary cultures with 5-fold higher
concentration of HuS87N PFFs, which reduced Math2* neuron viability by >85% while
approximately half of Prox1* neurons still remained (Fig. 2c-e). Thus, Prox1* neurons are
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more resistant to PFF-induced toxicity than Math2* neurons, although they are susceptible
in the presence of a sufficiently high pathological burden. Furthermore, we also found that
the proportion of neurons that contained cell body inclusions was significantly higher among
Math2* and CTIP2* neurons compared with Prox1* neurons (Fig. 2f, g), consistent with the
notion that neuronal subpopulations that are most susceptible to developing pathology are
also more vulnerable to cell death.

It has been previously reported that glutamatergic neurons develop increased aSyn pathology
compared to GABAergic neurons when treated with PFFs due to their higher levels of aSyn
expression [68]. We did not detect cell body inclusions in GABAergic neurons indicating
that they are resistant to pathology formation similar to Prox1* neurons (Fig. S3b). We did
find that GABAergic neurons do contain aSyn in this system suggesting that they may be
capable of exhibiting PFF-induced toxicity (Fig. S3c). We therefore measured GABAergic
neuron viability by immunostaining for GAD 65/67, an enzyme in the GABA synthesis
pathway. At 15 DPT, there was no statistical difference in GAD 65/67 staining (Fig. S3d, e).
This contrasted with a ~25% reduction in overall neuronal viability measured by NeuN
counts during this same time period after HuS8”N PFF treatment (Fig. S3f). Normalized
GAD 65/67 protein levels actually increased by ~50% at 14 DPT (Fig. S3g, h), indicating
that GABAergic neurons make up a larger percentage of the surviving neuronal
subpopulations and thus are resistant to PFF-induced toxicity.

Math2 neurons are susceptible to PFF-induced pathology and toxicity in vivo and in vitro

To further validate these findings, we next examined if hippocampal neurons /n vivo also
display differential vulnerabilities to PFF-induced toxicity. Although less pathogenic than
HuS87N PFFs jn vitro (Fig. S1c), we have previously observed that MsWt PFFs efficiently
seed inclusion formation and result in SNpc neuron loss /n vivo [46]. Mice given a single
unilateral injection of Ms"t PFFs into the anterior hippocampal hilum displayed pathology
that was localized predominantly to the CA3 region of the ipsilateral hippocampus with
CAL1-2 regions showing moderate pSyn staining by 45 DPI (Fig. 3a). Pathology was also
present in the corresponding contralateral structures but to a lesser extent. In PBS-injected
control mice, no pathology or NeuN-positive cell loss was detectable between the ipsilateral
and contralateral hippocampal regions. In contrast, NeuN loss was observed as early as 45
DPI in the ipsilateral CA3 region of PFF-injected mice and in the contralateral CA3 later at
90 DPI (Fig. 3b, arrows), consistent with our /n vitro data showing that CA-derived neurons
are lost in a time- and pathology-dependent manner. Immunoreactivity for pSyn declined
significantly between 45 DPI and 90 DPI on the ipsilateral side. Interestingly, pSyn was also
increased at 45 DPI as well on the contralateral side and trended toward a decrease by 90
DPI. (Fig. 3c). The decrease in NeuN* cells corresponded with the decline in pathology
similar to what was observed in the primary cultures that occurred after cell loss (Fig. 3d).
Inclusions containing pSyn were also detectable in regions synaptically connected to the
hippocampal injection site and appeared on the ipsilateral side including the lateral
entorhinal cortex, but regions that are known to be permissive to pathology but unconnected
to the injection site such as the SNpc were spared (Fig. 3e, f).
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Given the increased susceptibility of Math2* neurons to aSyn pathology /7 vitro, we also
quantified their number in wt mice after hippocampal PFF-injections. As expected, Math?2
was predominantly expressed in CA neurons in PBS-injected controls (Fig. 4a). However,
Math2 staining in PFF-injected mice was markedly reduced in the ipsilateral CA3 region at
45 dpi and remained lower at 90 dpi (Fig. 4b, c), confirming their vulnerability.
Quantification revealed a decrease in the number of contralateral Math2* neurons although
this did not reach statistical significance (Fig 4c).

Math2 has been reported to play a role in maintaining redox and mitochondrial homeostasis
[9, 73, 74]. Given that oxidative stress has been implicated as a mechanism for aSyn toxicity
in this model [23, 69], we therefore asked whether Math2 might be perturbed following the
development of aSyn pathology. We detected a reduction in Math2 shortly prior to NeuN
loss and neurodegeneration in PFF-treated hippocampal cultures (Fig. 4d). In fact, by 12
DPT Math2 levels were 50% lower in HuS87N PFF treated cells and continued to decrease
with time (Fig. 4e). By contrast, NeuN immunoreactivity decreased only slightly by (15%
compared to PBS controls) at 12 DPT and was reduced by 46% at 16 DPT. Furthermore, the
ratio of Math2* neurons to the total NeuN™ neuronal population decreased over time from
~65% at 7 DPT, similar to PBS-treated controls, to 32% at 16 DPT (Fig. 4f). Thus, Math2
loss precedes neurodegeneration.

Prox1* neurons express low levels of aSyn and are resistant relative to Math2*
subpopulations

Given their relative resistance to PFF-induced toxicity /7 vitro, we asked if Prox1* DG
neurons are spared while neighboring CA3 neurons degenerate after PFF-injection. We
observed neuritic aSyn pathology in the DG after injection with PFFs but not PBS, and this
pathology was predominantly restricted to the ipsilateral hemisphere (Fig. 5a). Again,
pathology was increased at 45 DPI which trended toward a decrease by 90 DPI (Fig. 5b).
NeuN staining area was decreased by 90 DPI in the DG showing that neurons in the DG are
susceptible to pathology induced toxicity similar to what we found /in vitro (Fig 5¢).
Interestingly, this loss was not evident until 90 DPI whereas NeuN loss was observed as
early as 45 DPI in the CA3 again suggesting that DG neurons degenerate more slowly and
are thus more resistant to pathology compared to CA3 Math2* neurons.

Because pathology and toxicity are dependent on aSyn expression (Fig. S2a) we asked
whether vulnerable neurons express higher aSyn protein levels compared to resistant ones,
thereby facilitating more rapid pathological conversion and increasing pathology burden. To
determine relative expression levels, cultures were co-stained for aSyn and the TFs that
specify hippocampal glutamatergic neurons at 7-8 DIV, corresponding to the time at which
PFFs were added in our toxicity studies and when neuronal aSyn is mainly localized to the
soma [81], allowing for accurate assignment to individual neurons. Neurons that stained
most intensely for aSyn were overwhelmingly Math2*, while some Prox1* cell bodies
expressed lower or undetectable levels of aSyn (Fig. 5d, €). Staining intensities of CTIP2*
neurons were generally between those of Math2* and Prox1* populations (Fig. 5e).
Comparison of the means of the 3 groups also showed that Math2* neurons expressed the
highest levels of aSyn (mean = 134 AU) followed by CTIP2 (mean = 109 AU) with Prox1*
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populations having the lowest relative aSyn expression (mean = 67 AU) (Fig. 5f). Thus, the
most resistant subpopulation in this model expresses lower levels of aSyn compared to
vulnerable Math2 and CTIP2 populations, suggesting relative aSyn expression is a
significant driver of vulnerability.

PFF-induced toxicity is dependent on aSyn expression levels, does not require astrocytes
or microglia in vitro, and is mediated by oxidative stress

Given that our data show that neuronal toxicity is dependent on pSyn pathology and that
neuronal susceptibility is strongly correlated with aSyn expression levels, we examined
whether decreasing aSyn expression could reduce pathology formation and rescue cell
viability. We used ASOs directed against aSyn mRNA to decrease aSyn expression over an
extended length of time. The ability of the ASO to reduce aSyn expression was first
confirmed by treating primary neuronal cultures at 8 DIV (equivalent to time of PFF
addition) and determining aSyn protein levels at 21 DIV (13 DPT). aSyn ASO treatment
significantly decreased aSyn levels in a dose-dependent manner at concentrations ranging
from 0.1 - 5.0 uM leading to 57 — 73% reductions in normal expression levels after a single
administration (Fig. 6a).

We proceeded to apply ASOs to PFF-treated neuron cultures at various time points after PFF
treatment between 0 DPT (i.e., concurrent with PFFs) to 5 DPT (by which time pSyn
pathology can be detected) and examined the neurons at 14-15 DPT in order to test if ASO
treatment timing affected pathology formation and ultimately viability. Pathology was
reduced in a time-dependent manner after ASO treatment with simultaneous application of
aSyn ASO and PFFs showing the greatest effect (Fig. 6b). Consistent with a direct
relationship between aSyn pathology and neurotoxicity, simultaneous co-treatment with
ASO and PFF reduced pathology by ~95% compared to untreated controls and almost
completely preserved neuronal viability while the protective effect of ASOs was reduced
over time whereby no rescue was evident when treatment was started at 5 DPT. Surprisingly,
even when ASO treatment was started at 2 DPT and pathology levels decreased by ~75%,
we observed only a mild rescue of viability. Similarly, ASO treatment at DPT 5 reduced
pathology by 47% but had no protective effect (Fig. 6¢, d).

Because neurodegeneration in this model is driven by the aggregation of endogenous aSyn
which in turn correlates with aSyn expression levels in neuronal subtypes, we also examined
if toxicity is dependent on non-neuronal cell types. The primary hippocampal cultures used
here contain a small proportion of non-neuronal cells (mostly astrocytes), raising the
possibility that glial cells mediate the neuron loss observed after PFF treatment. In addition,
aSyn PFFs have been shown to bind, enter, and activate microglia via a variety of receptors
(including CD11b, TLR-2 and -4 receptors) resulting in the release of neurotoxic factors [22,
26, 39, 80]. Although they do not express appreciable levels of aSyn, glial cells themselves
might also be lost due to PFF exposure. To mitigate these scenarios, we first determined
whether astrocyte or microglia activation occurs either following PFF treatment or at the
onset of neurodegeneration by monitoring GFAP and Ibal levels. In all treatment conditions,
GFAP signal increased steadily over the duration of the experiment (Fig. 7a), although
GFAP staining was comparable between PBS- and PFF-treated cultures at the time-points
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examined (2, 9, and 14 DPT), even in the presence of decreased neuronal viability after
HuS87N PFF treatment (Fig. 7b, c). Thus astrocytes in these cultures proliferate and/or
activate over the course of incubation but do so independently of PFFs and neuronal toxicity.

To further determine if astrocytes are necessary for toxicity, a subset of cultures were pre-
treated with Ara-C to minimize astrocyte proliferation. As expected, cultures containing
Ara-C showed a significant decrease in GFAP expression (Fig. 7d). Treatment with Ara-C
alone was also accompanied by a moderate reduction in neuronal viability, suggesting that
astrocytes normally contribute to neuron health in this system or that Ara-C is intrinsically
and mildly toxic to neurons. Nonetheless, PFF-induced toxicity was still prominent in Ara-C
treated neurons (Fig. 7e). In line with the decreased neuronal viability, pSyn
immunoreactivity was also reduced after PFF administration in Ara-C treated cells (Fig. 7f).
Microglia are rare in these cultures, as indicated by Ibal stain (<0.001% of the cells; Fig.
79), suggesting that toxicity /n vitrois independent of microglia activation.

We then addressed the mechanism that links aSyn aggregation toxicity, by treating neurons
with a panel of pharmacological agents targeting pathways implicated in aSyn models and in
PD [82]. Compounds were administered daily starting at 9-10 DPT, when aSyn pathology
had already been established and viability was assessed at 14-15 DPT. We were unable to
detect rescue with inhibitors against known execution pathways for cell-death including
PARP, caspases, RIPK1, NMDA excitotoxicity, wallerian degeneration, ferroptosis, and
deubiquitinase activity (Fig. S4). Among the compounds tested, only treatment with 100 uM
N-acetyl cysteine (NAC), an antioxidant, significantly increased viability relative to PFF-
exposed neurons treated with vehicle. Other antioxidants such as Trolox and mitotempo did
not rescue toxicity at any concentration tested suggesting that NAC may be affecting
viability in a more specific manner. We hypothesized that NAC may be preventing toxicity
through replenishing glutathione levels in the cells. To test this, we co-treated neurons with
100 pM NAC and the glutathione depleting agent BSO and found that co-treatment
prevented NAC mediated rescue (Fig. S4a, b). Overall these data suggest that PFF induced
toxicity is at least partially mediated by glutathione depletion that develops to a critical point
after pathology has exceeded the cells ability to cope with the aggregates.

Discussion

Despite its central role in the pathogenesis of several major neurological disorders, our
understanding of how aSyn aggregation intersects with neurodegeneration remains limited.
Resolving why certain neurons are preferentially susceptible to this process is critical
towards elucidating the pathogenesis and progression of synucleinopathies. The lack of
disease models that reliably develop intracellular aSyn inclusions and cell death in
selectively vulnerable populations has contributed to this knowledge gap. In this study, we
utilized a model of seeded a-synucleinopathy that recapitulates these two key processes to
address the relationship between aSyn misfolding and cellular toxicity. While others have
previously shown that dopaminergic SNpc neurons are susceptible to toxicity in fibril-based
models as is observed in PD [47, 51, 57, 60], this finding has not previously been examined
in neocortical and hippocampal regions, which are particularly affected in DLB and PDD
[10, 13, 83]. This approach, which leverages the natural heterogeneity that exists in the CNS,
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has yielded new insights into how Lewy-like pathology may be linked to toxicity and a
working hypothesis of differential vulnerability between neuron subtypes.

Our data strongly support the notion that toxicity is closely linked to total aSyn pathology
burden in neurons. We further demonstrate that the kinetics of pathology formation are
largely determined by: 1) the availability of substrate (i.e., intraneuronal aSyn levels) and 2)
the pathogenicity of the seeding agent (e.g., conformational strain). Using both wt and
human-mouse chimeric aSyn PFFs with distinct pathogenicities, we observed that the degree
of neuron loss is proportional to the initial seeding efficiency and the resultant pathological
load. Interestingly, although chimeric (HuS87N) PFFs clearly increased pathology formation
by as early as 7 DPT, toxicity was not evident until 12 DPT in all treatment conditions, a
considerable period after the induction of inclusion pathology and in stark contrast to the
rapid cell loss typically observed following excitotoxicity or axonal damage in cultured
neurons [55, 58]. Consistent with its milder pathogenicity, Hu" PFFs at the highest dose
tested induced toxicity comparable to that seen with the lowest concentration of HuS87N
PFFs, while Ms"t PFFs showed an intermediate level of potency, further supporting that
aSyn pathology correlates directly with toxicity in hippocampal neurons.

Given that lower concentrations of HuW! PFFs also induce aSyn inclusions, albeit at a slower
rate, we speculate that degeneration would ensue with extended incubation periods that are
beyond the period these neurons could be maintained under the conditions used in this study.
These data are also consistent with our previous finding that HuS8’N PFFs accelerate
pathology and toxicity in the SNpc after injection into the dorsal striatum, while others have
also reported time-dependent toxicity /7 vivo, illustrating that toxicity eventually follows the
accumulation of aSyn inclusions in multiple CNS regions with known susceptibility in PD
and DLB [46, 50, 51, 53]. Taken together with the existing body of evidence from post-
mortem studies supporting the clinical correlation of PD symptoms with aSyn pathology
spread, our data indicate that aSyn aggregation directly contributes to neurotoxicity and is a
marker of eventual neurodegeneration [12, 21].

Even after prolonged exposure to PFFs, degeneration does not occur uniformly among
neurons from a single neuroanatomical region such as the hippocampus. Indeed, aSyn-
mediated neurotoxicity appears to level off by 12-14 DPT after which, a considerable
proportion of neurons continue to survive. Given that primary neuronal cultures are
comprised of multiple neuronal subtypes as well as non-neuronal cells, this would suggest
differential vulnerabilities between subpopulations. Previous work suggests that GABAergic
neurons develop pathology less readily after PFF treatment compared to their glutamatergic
counterparts [68]. We have further established that glutamatergic subpopulations differ
widely in their vulnerability to PFF-induced toxicity, a property that correlates closely with
the rate at which they develop aSyn pathology. In particular, Math2 expressing neurons from
the CA region are highly vulnerable to PFF-induced toxicity compared to their DG-derived
Prox1* neighbors in both /in vitroand in vivo settings. Similarly, the majority of pathology
that forms /n vivo following hippocampal PFF-injection occurs in CA2 and CA3 regions,
where Math2* neurons reside. This coincides with the prominent aSyn pathology found in
these regions in DLB and PDD brains whereas DG neurons are relatively spared [6, 32].
More recent work also shows that pathology and loss of CA1 neurons, another Math2*
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subset which we identified as vulnerable from our /n vitro data, correlates strongly with
cognitive decline in PDD [3].

Since PFF-induced toxicity is intrinsically coupled to aSyn expression, high intracellular
levels of aSyn should render neurons more permissive to seeding by increasing the rate of
pathological conversion [47, 79]. Indeed, relative aSyn expression levels of the three major
glutamatergic subpopulations in our primary cultures correlate with their vulnerability to
PFF treatment with the most vulnerable Math2* neurons containing the highest levels and
resistant Prox1* neurons having the least. CTIP2* neurons, which generally express levels
between that of the two former subpopulations, display an intermediate degree of
vulnerability. The differences in expression levels we observed by immunostaining is further
supported by RNA-seq data showing that aSyn mRNA levels are highest in CA3, relative to
DG and CA1 and -2 regions where Prox1* and CTIP2* neurons are found (Fig. S5a, b and
ref. [14]). Consistent with this pattern, CA3 neurons also exhibited the highest pathology
burden and neuron loss compared to the DG and other CA regions in PFF-injected mice.
Thus, heterogeneity in aSyn protein levels provides a likely explanation for the selective
vulnerability of CA neurons in both our model and disease, although we cannot exclude
additional subpopulation-specific properties, such as susceptibility to high intracellular
calcium levels and metabolic demands, as contributors to vulnerability [56].

Microgliosis and astrocytosis are commonly observed in PD brains suggesting a role for
inflammation in synucleinopathies [28, 36, 52]. Moreover, these non-neuronal cells are
readily activated by misfolded aSyn internalized via CD11b and TLR-2/4 receptors [22, 26,
39, 80], and thus may be potential mediators of aSyn toxicity. Our data show that although
GFAP staining increases over time in culture, astrocytes are not required in PFF-mediated
neurotoxicity. The minute fraction of microglia present also suggests a limited role for them
in vitro although studies using PFF-injection in rats suggest a role for microglia in vivo [33,
70]. Additional investigation will be required to address their role, especially in the
hippocampus.

At the cellular level, Math2 loss precedes overt neurodegeneration since other neuronal
markers (e.g., NeuN) and structural proteins such as NFL decrease later indicating that overt
degeneration is occurring and not solely phenotype switching. Math2 is a master
transcription factor responsible for a number of processes, including mitochondrial
homeostasis and regulation of apoptosis, raising the possibility that transcriptional
dysregulation represents an early step of the degeneration cascade [9, 74]. Impairment of
axonal and organelle transport by the accumulation of misfolded aSyn may also play a
concurrent role in toxicity [16, 77]. Interestingly, transcriptomic analysis of post-mortem
brains from Alzheimer’s disease patients, in which aSyn co-pathology is common [71],
indicate a reduction in Math2 in the hippocampus relative to healthy controls [35, 61], and
genetic analysis has linked certain Math2 polymorphisms to late onset AD [8, 29, 45].
Collectively, these data suggest that Math2 identifies a subset of hippocampal neurons that
are vulnerable in multiple neurodegenerative settings, although it remains unclear whether
aSyn toxicity is directly related to Math2 expression and function.
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For example, Math2 is reported to increase cellular tolerance for oxidative stress by inducing
scavenging enzymes such as Gpx1 and SOD2 [73]. Consistent with this and previous work
showing elevated oxidative stress in dopaminergic neurons containing aSyn inclusions [23,
69], only an antioxidant that replenishes glutathione levels (NAC) effectively reduced
toxicity. However, Math2 is detected in only a few neuronal subpopulations outside of the
hippocampus, including in the isocortex, cortical subplate, and a small subset of striatal
neurons [44]. Moreover, Math2 is not present in other vulnerable populations in PD such as
SNpc neurons, which further decouples Math2 expression from intrinsic vulnerability.

Surprisingly, inhibitors of several established cell death pathway’s executors (e.g., caspases
and PARP1) did not alter PFF-induced toxicity, suggesting that cell loss occurs outside of
caspase-dependent apoptosis and parthanatos, which have been reported in mice
administered with the neurotoxin MPTP or in post mortem PD patient samples [11, 17, 34,
43]. The lack of protection provided by NMDA receptor antagonist and NAD supplement
also argues against a major role for excitotoxicity and Wallerian degeneration, respectively,
in this aSyn seeding model. This diverges somewhat from previous reports implicating
caspase 3, -8 and -9 activation in PFF-triggered toxicity both in cell-lines, primary
hippocampal cultures and organotypic slices [20, 49]. However, we note that neuron death in
our experimental system requires several-fold lower concentrations of aSyn seeds compared
to those used in other studies, although we cannot exclude activation of different
mechanisms of toxicity following acute vs. chronic aSyn exposure and/or aggregation.
While unlikely, the cell death pathways triggered by the same stressor may also differ
between neuron subpopulations.

A number of soluble oligomeric entities ranging from misfolded monomers to protofibrils
have been reported to be associated with cellular or neuronal toxicity, and it has also been
suggested that exogenous fibrillar aSyn can seed misfolding along the plasma membrane
leading to its disruption [18, 49, 76]. Although amyloid forms of aSyn represent the
predominant species applied to neurons and /17 vivo, our data cannot discern if they are
solely responsible for toxicity or if additional or transient aSyn species such as oligomers
also accumulate over time and contribute to cellular demise. Nonetheless, the observation
that aSyn knock out provides neurons with immunity to extended exposure to high
concentrations of MsWt and HuS87N aSyn PFFs indicates that intracellular Lewy-like aSyn
pathology is necessary for toxicity [47, 79]. Determining whether a similar sequence of
events is responsible for neurodegeneration in synucleinopathy patients, where multiple
strains likely exist, will be crucial.

Finally, these findings prompted us to test whether PFF-induced toxicity can be attenuated
by knocking down aSyn expression with a targeted ASO that significantly suppressed aSyn
expression over several days after a single administration. Co-treatment with aSyn ASO
dramatically reduces PFF-induced Lewy-like pathology and subsequent toxicity, further
supporting that toxicity is directly downstream of aSyn pathology. Intriguingly, delayed
ASO treatment after PFF-seeding can still significantly reduce pathology, yet is largely
ineffective in restoring neuron viability. This requirement for early knock down suggests that
neurons have an intrinsic but finite tolerance for aSyn pathology (or a pathological
intermediate species) but toxicity is irreversible after this threshold is exceeded.
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In summary, this work provides new insight into determinants that predict neuronal subtype
vulnerability to aSyn pathology-related toxicity by leveraging the ability to modulate
pathology in permissive neuronal populations and CNS regions. Our findings support a
model (summarized in Fig. 8) where increased levels of aSyn expression enhance the
vulnerability of different neuronal subtypes to forming Lewy pathology and consequent
toxicity. Subpopulations that express lower aSyn levels are likely protected as this
pathological process is delayed. Similarly, early intervention in decreasing aSyn prevents
toxicity by suppressing pathology burden below the critical threshold for toxicity, whereas
delayed intervention only partially inhibits pathology but has a limited effect in preventing
toxicity. Elucidation of the cellular processes involved in aSyn pathological aggregation will
help optimize the therapeutic window for strategies targeting aSyn.
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Abbreviations

aSyn Alpha-synuclein

pSyn p-Ser129 alpha-synuclein
ASO Antisense oligonucleotide
CA Cornu Ammonis

DG Dentate gyrus

DPI Days post-injection

DPT Days post-transduction

PD Parkinson’s disease

DLB Dementia with Lewy bodies
PDD Parkinson’s disease with dementia
PFF Pre-formed fibril

LB/LN Lewy body/Lewy neurite
Ms Mouse

Hu Human
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SNpc Substantia nigra pars compacta

wit wildtype
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Figure 1. PFF-induced toxicity is dose-dependent and requires pathological aSyn conversion
a, Primary hippocampal neurons treated with Hu"t or HuS8”N PFFs and immunostained for

NFL, NeuN, pSyn, and DAPI. b, ¢, pSyn staining area x intensity and pSyn staining density
relative to surviving NeuN* neurons at 7 and 14 DPT. d, e, Neuronal viability determined by
the number of NeuN™ cells remaining per well relative to untreated wells. f, g, Total NFL
staining density measured relative to untreated wells. N= 14-18 wells from 3 biological
replicates for each group. Weighted least squares regression analysis after Box-Cox
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transformation. All data are mean = SEM. P-value significance determined after correcting
for multiple hypothesis testing. *p<0.05, **p<0.01, ***p<0.001. Scale bar, 100 um.
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Figure 2. Math2* neurons are vulnerable to aSyn pathology and toxicity relative to Prox1*
neurons
a, Neurons treated with 350 nM HuS8’N PFFs were immunostained at 15 DPT for NeuN,

pSyn, DAPI, and indicated transcription factors (TF). b, Survival of neuronal subpopulations
in PFF-treated cultures relative to PBS treatment. N= 12-16 wells from 3-4 biological
replicates per group. One-way ANOVA with Tukey’s multiple comparison test. c, d,
Neurons treated with 1.7 M HuS8”N PFFs and co-labeled for Math2 or Prox1 and pSyn at
DPT 15. g, Survival of neuronal subpopulations in 1.7 pM HuS87N PFF-treated cultures
relative to PBS treatment. N= 9 wells from 3 biological replicates. Unpaired two-tailed t-test
with Welch’s correction. f, TF, pSyn, and DAPI staining at 4 DPT. g, Percentage of cell body
aggregates found in neuronal subpopulations. Arrows point to cells that contain both cell
body aggregates and are positive for the TF. N= 15-21 wells from 3 biological replicates per
group. Kruskall-Wallis Test with Dunn’s Multiple Comparison Test. All Data are mean +
SEM. *p<0.05, **p<0.01, ***p<0.001. Scale bar, 200um.
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Figure 3. aSyn PFFsinducetoxicity in CA3 neuronsin vivo

a, pSyn and NeuN staining of ipsilateral and contralateral hippocampus. b, High
magnification image of ipsilateral (left) and contralateral (right) CA3 regions. Arrows
indicate areas of NeuN™ cell loss. c, Area of pSyn pathology in both ipsilateral and
contralateral CA3. d, NeuN™ area of both ipsilateral and contralateral CA3. PBS N=4 mice,
45 dpi N=4 mice, 90 dpi N=4 mice. NeuN and pSyn staining in lateral entorhinal cortex (€)
and substantia nigra (f). Arrows indicate pathological pSyn aggregates. All data are mean +
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SEM. *p<0.05, **p<0.01, ***p<0.001, one-Way ANOVA with Tukey’s multiple
comparison test for each side. Scale bar, 100um unless otherwise noted.
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Figure 4. Math2 neurons are susceptible to PFF induced toxicity and Math2 loss precedes
neur odegener ation

a, Math2 and DAPI staining of PBS-injected hippocampus. b, Math2 and DAPI staining of
CAS3 regions after PBS or PFF treatment. Arrowheads point to areas with reduced Math2
staining. ¢, Math2* cell counts in ipsilateral and contralateral CA3. PBS N=4 mice; 45 dpi
N=4 mice; 90 dpi N=4 mice. One-Way ANOVA with Tukey’s multiple comparison test for
each side. d, WT hippocampal neurons treated with 350 nM HuS8”N PFF immunostained for
Math2, NeuN, pSyn, and DAPI at indicated time points. e, Percentage of surviving Math2*
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and NeuN™* neurons in (d) relative to PBS (Normalized as 100% at each time point; red
dashed line). f, Ratio of Math2 to NeuN expressing cells in d. N=10-12 wells from 3
biological replicates. Two-way ANOVA with Bonferroni post-tests. All data are mean +
SEM. *p<0.05, **p<0.01, ***p<0.001. Scale bar, 100 um unless noted otherwise.
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Figure 5. Neuronal susceptibility to PFF-induced toxicity correlateswith aSyn expression levels
a, DG staining for NeuN and pSyn in ipsilateral and contralateral hippocampus of PFF- or

PBS-injected mice. b, Quantification of pSyn pathology area. ¢, Quantification of NeuN-
immunoreactive area in ipsilateral and contralateral DG. One-way ANOVA with Tukey’s
multiple comparison test for each side. PBS N =4 mice; 45 dpi N = 4 mice, 90 dpi N = 4
mice. d, Immunocytochemistry of 8 DIV WT hippocampal neurons for aSyn, and either
Math2, Prox1, or CTIP2. Arrows and arrowheads point to the same cells expressing aSyn or
not detected, respectively. e, Histogram of binned relative aSyn-immunoreactivity of each
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neuronal subpopulation (AU: arbitrary units). f, Comparison of aSyn intensity of Math2,
Prox1, and CTIP2 populations. N = 8 coverslips per group from 3 experiments. Kruskall-
Wallis Test with Dunn’s Multiple Comparison Test. Data are mean £ SEM. *p<0.05,
**p<0.01. Scale bar, 100 um.
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Figure 6. Reduction aSyn expression with ASOs preserves neuronal viability
a, Immunoblot showing aSyn expression in neurons after treatment with aSyn or control

ASOs. One-way ANOVA with Tukey’s Multiple Comparison Test, N = 9 wells from 3
biological replicates per group. b, Immunostaining for pSyn, NeuN and NFL in neurons
treated with 200 nM HuS8”N PFFs and 0.5 uM ASO. ¢, Neuronal viability measured by
NeuN counts relative to PBS with same treatment and (d) normalized pSyn density relative
to Control (Ctl) ASO treated with PFFs. N = 14-15 wells from 3 biological replicates. Data
are mean + SEM with one-way ANOVA with Tukey’s multiple comparison test (c) or
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Kruskall-Wallis Test with Dunn’s Multiple Comparison Test (d). *p<0.05, **p<0.01,
***n<0.001. Scale bar, 100um.
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Figure 7. Astrocytes and microglia are unaffected by PFF induced pathology and toxicity
a, Immunostaining of WT primary hippocampal neurons treated with 350nM HuS8’N PFFs

for GFAP, pSyn, and NeuN. b, Average GFAP* staining area normalized to PBS for each
time point. ¢, Neuronal viability was determined by the number of NeuN™ cells relative to
the PBS for each time point. N = 11-12 wells from 3 biological replicates per group. Two-
way ANOVA with Bonferroni post-tests. d, e, f, Quantification of GFAP, neuron viability
(NeuN), and pSyn pathology at DPT 15. N = 9-13 wells from 3 biological replicates per
group. Kruskall-Wallis Test with Dunn’s Multiple Comparison Test. All data are mean +
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SEM. *p<0.05, **p<0.01, ***p<0.001. g, Immunostaining of 16 DPT primary hippocampal
neurons for Ibal, pSyn, and NeuN. Scale bars, 100 um.
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Figure 8. Proposed model of relation between aSyn pathology for mation and neurotoxicity
a, Upon exposure to misfolded species neurons develop aSyn pathology in a time-dependent

manner after a lag period, starting as neuritic inclusions that coalesce into larger inclusions
in the cell body. Pathology formation occurs more rapidly in vulnerable neurons (Math2*
cells in the hippocampus), and leads to more rapid cell death. Formation and accumulation
of aSyn pathology in resistant Prox1* neurons is comparably slower, partially due to lower
aSyn expression levels. b, In susceptible Math2* neurons, degenerative mechanisms are
triggered when the critical threshold of aSyn aggregation is reached. In the case of Math2*
neurons, cell death is preceded by the loss of this key transcription factor. Math2* neurons
reach this threshold faster than neighboring Prox1* neurons due to their higher endogenous
aSyn protein levels, which facilitates faster propagation of pathological aSyn. c, Early
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knockdown of aSyn reduces neurodegeneration in vulnerable neurons by preventing aSyn
pathology from reaching critical levels, but knockdown at later stages is not sufficient for
rescuing neurons despite reducing overall pathology burden.
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