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Differentially targeted seeding reveals
unique pathological alpha-synuclein
propagation patterns

Shady Rahayel,? ®Bratislav Mi$i¢,* Ying-Qiu Zheng,3 Zhen-Qi Liu,*
Alaa Abdelgawad," ®Nooshin Abbasi,' Anna Caputo,” Bin Zhang,* Angela Lo,*
Victoria Kehm,* Michael Kozak,* Han Soo Yo0o,*” ®Alain Dagher"' and ®Kelvin C. Luk*'
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Parkinson’s disease is a progressive neurodegenerative disorder characterized by the intracellular accumulation of in-
soluble alpha-synuclein aggregates into Lewy bodies and neurites. Increasing evidence indicates that Parkinson’s dis-
ease progression results from the spread of pathologic alpha-synuclein through neuronal networks. However, the
exact mechanisms underlying the propagation of abnormal proteins in the brain are only partially understood. The
objective of this study was first to describe the long-term spatiotemporal distributions of Lewy-related pathology in
mice injected with alpha-synuclein preformed fibrils and then to recreate these patterns using a computational model
that simulates in silico the spread of pathologic alpha-synuclein.

In this study, 87 2-3-month-old non-transgenic mice were injected with alpha-synuclein preformed fibrils to generate
a comprehensive post-mortem dataset representing the long-term spatiotemporal distributions of hyperphosphory-
lated alpha-synuclein, an established marker of Lewy pathology, across the 426 regions of the Allen Mouse Brain Atlas.
The mice were injected into either the caudoputamen, nucleus accumbens or hippocampus, and followed over 24
months with pathologic alpha-synuclein quantified at seven intermediate time points. The pathologic patterns ob-
served at each time point in this high-resolution dataset were then compared to those generated using a
Susceptible-Infected-Removed (SIR) computational model, an agent-based model that simulates the spread of patho-
logic alpha-synuclein for every brain region taking simultaneously into account the effect of regional brain connect-
ivity and Snca gene expression.

Our histopathological findings showed that differentially targeted seeding of pathological alpha-synuclein resulted in
unique propagation patterns over 24 months and that most brain regions were permissive to pathology. We found that
the SIR model recreated the observed distributions of pathology over 24 months for each injection site. Null models
showed that both Snca gene expression and connectivity had a significant influence on model fit.

In sum, our study demonstrates that the combination of normal alpha-synuclein concentration and brain connec-
tomics contributes to making brain regions more vulnerable to the pathological process, providing support for a
prion-like spread of pathologic alpha-synuclein. We propose that this rich dataset and the related computational
model will help test new hypotheses regarding mechanisms that may alter the spread of pathologic alpha-synuclein
in the brain.
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Introduction

Parkinson’s disease is a progressive neurodegenerative condition
characterized by the intracellular accumulation of insoluble alpha-
synuclein aggregates into Lewy bodies and neurites.’”
Post-mortem studies suggest that the distribution of Lewy path-
ology follows a stereotypical caudo-rostral pattern in the brain,
characterized by inclusions appearing in the caudal brainstem
and olfactory bulb, followed in time by the involvement of the mid-
brain, limbic areas and neocortex.** This has led to the hypothesis
that pathologic alpha-synuclein spreads through an iterative
transneuronal process.®’ Once exogenous pathologic alpha-
synuclein enters a recipient cell, it acts as a template that causes
natively unfolded alpha-synuclein proteins to misfold.®
Accumulating evidence from a diverse collection of clinical,
histological and experimental observations indicates that patho-
logic alpha-synuclein behaves in a prion-like fashion. First, post-
mortem studies demonstrate the possibility of neuron-to-neuron
transfer of pathologic alpha-synuclein in patients with
Parkinson’s disease.®® Second, brain atrophy patterns derived
from MRI in Parkinson’s disease appear to be shaped by connectiv-
ity, indicating a propagating mechanism.'®*? Third, consistent
with the Braak hypothesis, human studies provide evidence of
gut-to-brain transfer of pathologic alpha-synuclein.’*'* Finally,
synthetic alpha-synuclein preformed fibrils or post-mortem brain
lysates from patients with synucleinopathy induce the formation
and CNS spread of pathologic alpha-synuclein in the brains of
transgenic and wild-type mice, rats and non-human primates, pro-
viding direct evidence of pathological templating and transneuro-
nal spread.’® Moreover, alpha-synuclein preformed fibrils
injected in the gastrointestinal system of mice also propagate to
the CNS.2° However, despite these findings, the propagation hy-
pothesis is still subject to debate, with some authors arguing that
alpha-synuclein is not the causal pathological agent of so-called
synucleinopathies but rather a non-specific response to injury,
arising from upstream mechanisms and compensatory responses
to cellular stress.?’* To shed light on the pathological nature of

alpha-synuclein, a comprehensive assessment of the distributions
of pathologic alpha-synuclein after injection is needed to describe
and understand the long-term evolution of pathologic alpha-
synuclein in the brain.

Computational modelling provides a versatile approach for un-
covering the biological factors and processes that determine the
spread of misfolded proteins in the brain®* and for informing in a
cost-effective way predictions and decisions regarding therapeutic
strategies that target alpha-synuclein accumulation. A limited
number of studies have applied simulation frameworks to model
the spread of pathologic alpha-synuclein in the mouse brain.?>?°
For example, when using connectivity to model the spread of
alpha-synuclein, the pathology at five coronal levels was replicated
for up to 6 months after injection into the caudoputamen (CP).%®
Another study also recreated the spread of alpha-synuclein 9
months after injection into the olfactory bulb or the substantia ni-
gra.?® While highly informative, the focus on transneuronal factors
may overshadow the contribution of cell-autonomous processes.
In contrast, agent-based simulation allows modelling the dynam-
ics at the level of individual proteins using rules about
their mutual interactions and their environment. Such a frame-
work may allow testing hypotheses related to the prion-like net-
work transmission of pathology but also the selective
vulnerability hypothesis of certain regions or cell types to path-
ology. We therefore developed an agent-based
Susceptible-Infected-Removed (SIR) model,* which simulates the
dynamics of normal and pathologic alpha-synuclein proteins on
a realistic brain connectome.’? This specific agent-based model
was previously demonstrated to be relevant for understanding
the pathological mechanisms underlying the brain atrophy occur-
ring in Parkinson’s disease, recreating the spatial pattern of atro-
phy with high accuracy and demonstrating that both the local
concentration of alpha-synuclein and the brain’s regional con-
nectivity pattern made regions more vulnerable to pathology
and more effective at propagating it.'> However, this previous
study in patients used tissue atrophy measurements from human
MRI data as a proxy measure of alpha-synuclein accumulation in
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Modelling of alpha-synuclein spread

the brain. Therefore, before testing new potential disease modi-
fiers of the spread of alpha-synuclein in humans, it is required
that the model be validated using quantification of actual alpha-
synuclein pathology, that is, to test whether the model can recre-
ate the spatiotemporal distributions of pathologic alpha-
synuclein observed in animals injected with pathology. To date,
no investigation has yet applied the SIR model to direct observa-
tions of alpha-synuclein spread in animal models.

We generated a comprehensive high-resolution histopatho-
logical dataset from non-transgenic mice followed over 24 months
after the injection of recombinant alpha-synuclein preformed fi-
brils into either the striatum, nucleus accumbens or hippocampus.
We stained for hyperphosphorylated alpha-synuclein at Ser129, an
established marker of Lewy pathology in human disease,?® in 426
regions of the Allen Mouse Brain Atlas. We then tested whether
the agent-based SIR model simulated in silico the observed distribu-
tion of pathologic alpha-synuclein. We show here that different in-
jection sites lead to distinct neuroanatomical distribution patterns
of pathologic alpha-synuclein, which the model could accurately
recreate using high-resolution gene expression and structural con-
nectomics data. The model also demonstrated that regional Snca
gene expression, connection topology and spatial embedding of
the brain significantly shape the spread of alpha-synuclein.
Taken together, this study demonstrates that the simulated spread
of alpha-synuclein based on gene expression and connectomics re-
creates the propagation of pathologic alpha-synuclein induced in
wild-type mice; this model may therefore represent an elegant
tool to test hypotheses to stop, impair or hinder brain spread of
pathologic alpha-synuclein.

Materials and methods

All housing, breeding and procedures were performed according
to the National Institutes of Health Guide for the Care and Use of
Experimental Animals and approved by the University of
Pennsylvania Institutional Animal Care and Use Committee. The
injection studies described used 2-3-month-old female C57B16/
C3H mice (Stock No.100010; The Jackson Laboratories). Animals
were maintained on a 12-h light/dark schedule and provided with
food ad libitum.

Recombinant mouse alpha-synuclein purification was performed
as previously described elsewhere.’®?° Briefly, BL21 (DE3)
RIL-competent E. coli cells (Agilent Technologies catalogue no.
230245) were transformed with a plasmid containing the mouse
alpha-synuclein ¢cDNA (pRK172/mSyn). Single colonies were ex-
panded in Terrific Broth (12 g/1 of Bacto-tryptone, 24 g/l of yeast ex-
tract 4% (vol/vol) glycerol, 17 mM KH,PO, and 72 mM K,HPO,)
containing ampicillin (Fisher Scientific). Bacterial pellets were re-
suspended in high salt buffer (750 mM NaCl in 10 mM Tris, pH
7.6), sonicated and boiled. The resulting supernatant was dialysed
against 10 mM Tris, pH 7.6, 50 mM NaCl, 1 mM EDTA overnight at 4°
C, passed through a 0.22-pm filter and concentrated using Amicon
Ultra-15 centrifugal filter units (Millipore no. UFC901008). Proteins
were separated over a Superdex 200 column (GE Healthcare) and
1-ml fractions collected. Fractions enriched in alpha-synuclein
were identified by SDS-PAGE followed by Coomassie blue staining,
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dialysed in 10 mM Tris, pH 7.6, 50 mM NacCl, 1 mM EDTA overnight
and run on a HiTrapQ HP column (GE Health 645932) over a linear
gradient (25 to 1000 mM NaCl). Fractions containing alpha-
synuclein were collected and dialysed into DPBS. Protein was fil-
tered through a 0.22-pm filter, concentrated to 5 mg/ml and frozen
at —80°C until used. For preparation of preformed fibrils, alpha-
synuclein monomer was shaken at 1000 rpm for 7 days at 37°C
using a Thermomixer C (Eppendorf). Preparations were aliquoted
and validated for conversion to preformed fibrils SDS-PAGE follow-
ing sedimentation (100000g for 30 min) and Thioflavin T fluores-
cence. Remaining aliquots were stored at —80°C until used for
stereotaxic injections.

Mice received a single unilateral stereotaxic injection of preformed
fibrils targeted to either dorsal striatum, lateral accumbens shell or
hippocampus CA1 as previously described.*® For this study, 2-
3-month-old female B6C3F1 mice were used. Thawed preformed fi-
brils were diluted to 2 mg/ml in DPBS, then sonicated using a
Biorupter UCD-300 bath sonicator (Diagenode) on high for 10 cycles
(30 s on; 30 s off) at constant temperature (10°C). A fresh fibril ali-
quot was used every 4 h; transmission electron microscopy of un-
sonicated and sonicated fibrils did not reveal the presence of
amorphous aggregates (Supplementary Fig. 1). Mice were injected
unilaterally by insertion of a single Hamilton syringe (33 gauge)
into the right forebrain targeting either the dorsal striatum
(anterior-posterior: +0.2 mm relative to bregma, medial-lateral:
+2.0 mm from midline, depth: —3.2 mm from surface of skull), lat-
eral accumbens shell (anterior-posterior: +1.45mm, medial-
lateral: +1.75 mm, depth: —4.4 mm) or hippocampus CA1 region
(anterior-posterior: —2.5 mm, medial-lateral: +2.0 mm, depth:
—2.4 mm). For each target, 5 pg of preformed fibrils (in 2.5 pl) was
injected using a 10-pl syringe (Hamilton) at a rate of 0.4 pl/min.
At the post-injection time points indicated, mice were perfused
transcardially with heparinized PBS and brains were fixed in 70%
ethanol in 150 mM NaCl, pH 7.4. overnight.

Fixed mouse brains were embedded in paraffin, sectioned at 6 pm
and transferred to glass slides for immunohistochemistry. Every
30th section (i.e. representing 180 pm of coronal separation)
through the brain was stained for alpha-synuclein phosphorylated
at serine 129, an established marker of Lewy pathology.?® Samples
were deparaffinized with two sequential 5-min washes in xylenes,
followed by 1-min washes in a descending series of ethanols: 100,
100, 95, 80 and 70%. Slides were then incubated in deionized water
for 1 min before antigen retrieval as noted. After antigen retrieval,
slides were incubated in 5% hydrogen peroxide in methanol to
quench endogenous peroxidase activity. Slides were washed for
10 min in running tap water, 5 min in 0.1 M Tris, then blocked in
0.1 M Tris with 2% foetal bovine serum (FBS). Slides were incubated
with an antibody against alpha-synuclein phosphorylated at serine
129 (clone 81A)*' at a final concentration of 0.1 pg/ml. Sections were
washed in 0.1 M Tris for 5 min, then incubated with biotinylated
horse anti-mouse (1:1000; Vector BA2000) biotinylated IgG in
0.1 M Tris containing 2% FBS for 1 h. Secondary antibody was rinsed
off with 0.1 M Tris for 5 min, then incubated with avidin-biotin so-
lution (Vector PK-6100) for 1 h. Slides were then washed with 0.1 M
Tris and developed with ImmPACT DAB peroxidase substrate
(Vector SK-4105) and counterstained briefly with haematoxylin
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(Fisher 67-650-01). Slides were washed in running tap water for 5
min, dehydrated in ascending ethanol for 1 min each: 70, 80, 95,
100 and 100%, then washed twice in xylenes for 5 min and cover-
slipped in Cytoseal Mounting Media (Fisher 23-244-256). All slides
were digitized using a Lamina Scanner (Perkin Elmer) in brightfield
mode.

For each brain, a 1:30 series of pathologic alpha-synuclein sections
was scored manually by one of three independent raters blinded to
the treatment group using CaseViewer v.2.3 (3DHistech). Pathology
was categorized as either neuritic (i.e. process-like) or cell body (i.e.
contained within the soma) and scored on a scale of 0 (no path-
ology) to 3 (highest level of inclusions). The mean pathology score
per brain for each CNS region as defined by the Allen Mouse Brain
Atlas was calculated from all sections examined. For each target/
time point combination, four to seven mice were imaged and ana-
lysed. Heat maps were generated using Matrix2png (https:/
matrix2png.msl.ubc.ca/).?

The agent-based model simulated the spread of pathologic alpha-
synuclein within an SIR framework."” Every agent was an alpha-
synuclein protein that was either ‘Susceptible’ when normal
(soluble alpha-synuclein), ‘Infected’ when abnormal (misfolded
alpha-synuclein) or ‘Removed’ when undergoing degradation or
spreading to connected regions. Agents were independent and
their mobility patterns and life spans depended on rules that
guided their interactions. The agent-based SIR model was imple-
mented into four modules: (i) the production of normal alpha-
synuclein; (ii) the clearance of normal and misfolded alpha-
synuclein; (iii) the misfolding of normal alpha-synuclein (infection
transmission); and (iv) the propagation of normal and pathologic
alpha-synuclein.

The structure-wise gene expression was obtained from the Allen
Mouse Brain Atlas API (http:/help.brain-map.org/display/
mousebrain/API). The section images containing gene expression
values were divided into a 200 x 200-um grid to generate a low-
resolution three-dimensional volume and then mapped to the
three-dimensional reference model. Pixel-based gene expression
statistics were then summarized within each division and expres-
sion energy was chosen as the gene expression measurement. For
each experiment, the expression energy of each structure was cal-
culated by unionizing the corresponding grid voxels with the same
structure label in the three-dimensional reference atlas. These va-
lues were subsequently z-scored and averaged across the asso-
ciated experiments, giving the final expression map.

The connectivity data were obtained from the viral tract-tracing
experiments available in the Allen Mouse Brain Connectivity
Atlas.® The connectivity matrix consisted of 213 rows representing
source regions and 426 columns representing the 213 ipsilateral re-
gions and the 213 contralateral regions. The retrograde spread of
agents was simulated using a matrix in which each element repre-
sented the tracer-derived connectivity strength of every incoming
connection to a region, corresponding to a connectivity matrix
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with a sparsity of 64%. A sparser connectivity matrix (94% sparsity),
which was made of only the connections that were associated with
a statistical confidence of P < 0.05 in the original tract-tracing study
(i.e. based on the best-fit model generated from a bounded opti-
mization and a subsequent linear regression),*® was also used to
test the robustness of our findings.

Equation (1) describes the synthesis of susceptible agents in region
i, which occurred per unit time with probability «;:

a; = @p1(Snca expression;) @)

where @, 4(-) was the standard normal cumulative distribution func-
tion and Snca expression; was the Snca expression of region i. The in-
crement of susceptible agents in region i at each simulation timestep
was o;Sdt, where S; was the size of region i and 4t was the total time.
The main analyses were performed with a 4t of 0.1, but findings were
similar for values from 0.001 to 1 (Supplementary Fig. 2).

The clearance of susceptible and infected agents from region i oc-
curred per unit time with probability g; (i.e. clearance rate). The
cleared proportion of agents within time step 4t corresponded to 1-
e given the probability limy_o(1— 6" =e#4 that an agent
was still active after total time 4t. Therefore, the higher the clearance
rate, the lower the probability of an agent to be still active after 4t;
similarly, the longer the total time 4t, the lower the probability of
an agent to be still active.

Equation (2) describes the probability y; of susceptible agents from
region i to become infected per unit time:

3= 1 M) @

where M; was the population of infected agents in region i, »? was
the baseline likelihood that an infected agent induced the misfold-
ing of susceptible agents in region i, set as the reciprocal of the size
of the region (1/S;) and (1 — ﬁ)M‘ was the probability that a suscep-
tible agent did not get infected by any of the M; infected agents.
Therefore, the larger the population of infected agents in a region,
the higher the transmission rate and the lower the probability of
not being infected; similarly, the larger the size of a region, the low-
er the transmission rate and the higher the probability of not being
infected. Similar to the previous module, the probability that a sus-
ceptible agent remained susceptible after a total time 4t was given
by lims,.o(1 — 4267477 = ¢=Mid sych that the proportion of sus-
ceptible agents that became infected after a total time At was
1 — e M4t The longer the total time 4t, the lower the probability
of an agent of being still susceptible.

To determine the baseline density of susceptible agents in every
region, the population of susceptible agents N; was incremented
with equation (3):

AN; = q;SiAt — (1 — e PAYN; (3)
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Once the system reached its stable point, the pathogenic spread
and update of the population of susceptible (N;) and infected agents
(M;) was based on equations (4) and (5), respectively:

AN; = o;S;At — (1 — e PAYN; — (e~ Aidt)(1 — e~ WM (4)

AM; = (e P (1 — e IMANN; — (1 — e A4, ()

The probabilities of susceptible and infected agents in region i to ei-
ther remain in region i or to spread to other regions via fibre tracts
were determined by equations (6) and (7), respectively, according to
a multinomial distribution per unit time:

Pregiongaregioni = Pi (6)

W
Pregion;—»edgei} =(1-pm) 5 3] ()
]y

where w;; was the directed connection weight between region i and
region j. The probability p; that an agent remained in region i was
set to 0.01, but peak fits remained robust at the lowest spreading
rates (Supplementary Fig. 2). The stronger the connection between
two regions among the total set of projections from the region, the
higher the probability of an agent to spread.

Equations (8) and (9) describe the binary probabilities that sus-
ceptible and infected agents located in an edge exited the edge
per unit time:

1
Pedge\]»reg‘ionj = T
gl

®)

Pedge\,ﬁedge‘) =1 7% (9)
ij
where |;; was the edge length linking regions i and j. The population
of susceptible and infected agents in the edge between regions i
and j were denoted by Ny and Mjy, respectively. The shorter the
length of the connection between two regions, the higher the prob-
ability of an agent to spread to the target region.
The increments of N; and M; in region i after a total time At were
described by equations (10) and (11):

1

AN; = ZrNﬁAt — (1 - p)N;At (10)
j
1

AM; = ZFMJ-]-At — (1 — p)M;At (11)
o

whereas the increment of Ny and M;; were described by equations
(12) and (13):

ANj = (1 — p) =——N;At — = NyAt (12)
K T wyt T LY
wi)' 1
AM = (1 - p) M;At — = MyAt (13)
K T wy T LY

The spread of pathologic alpha-synuclein was run for 30000 itera-
tions and done separately with CP, ACB or CA1 as seed region. For
every region, the regional number of infected agents was simulated
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at each timestep and compared with the alpha-synuclein total
pathology scores (i.e. the sum of the average soma and neurite
pathology scores) observed at each post-injection time point using
Spearman’s rank correlation coefficients. The peak fit was consid-
ered as the maximal correlation coefficient among the 30000 coef-
ficients surviving the Bonferroni-corrected threshold of P <1.67 x
107°. The peak fits were investigated in each hemisphere separate-
ly. Correlations with observed somal and neuritic pathology were
also investigated separately.

The impact of Snca expression on the spread was tested by first com-
paring, for each injection site and post-injection time point, the ori-
ginal peak fit observed in the 426 regions (i.e. empirical peak fit) with
the average peak fit derived from 500 null models in which Snca ex-
pression was randomized (i.e. null peak fit). The peak fits were com-
pared using Mann-Whitney U exact tests; the fit was considered
disrupted when the empirical peak fit was significantly higher
than the null peak fit based on an unbiased Monte Carlo estimate
of P <0.05 (10000 permutations). Snca expression was also replaced
by the expression of genes associated with other pathological en-
tities, namely App, Mapt or Nf1, respectively, coding for proteins in-
volved in amyloidopathies, tauopathies and neurofibromatosis,>*>¢
to assess how this led to a disrupted peak fit between patterns. Fit
disruption was also assessed by replacing Snca expression by homo-
geneous values ranging from 0.1 to 0.9.

To assess the impact of the connectome’s topology and/or geom-
etry on pathologic alpha-synuclein spread, the empirical peak fit
was compared to the average null peak fit derived from sets of
500 rewired or repositioned null models, separately. Rewired null
models were generated by swapping edge pairs using the
Maslov-Sneppen algorithm as part of the Brain Connectivity
Toolbox (https://sites.google.com/site/bctnet/),>”* with 100 rewir-
ings per edge. This rewired the network’s connectivity while pre-
serving the original degree sequence and density. Repositioned
null models were generated by shuffling randomly the physical
position of regions inside the connectivity and distance matrices,
disrupting spatial autocorrelation and preserving the original de-
gree sequence and connectivity profile. These null networks were
generated using the sparse connectivity matrices (94% sparsity),
which included only the connections associated with a P <0.05 in
the original tract-tracing study.*?

To understand how gene expression and connectivity associated
with regional resilience to pathology, the Snca expression and incom-
ing connectivity strength of regions in which pathologic alpha-
synuclein was overestimated by the model were compared to those
of regions showing pathology. In addition, every brain region was as-
signed to one of 13 divisions from the Allen Reference Atlas Ontology
(i.e. isocortex, olfactory areas, hippocampal formation, cortical sub-
plate, striatum, pallidum, thalamus, hypothalamus, midbrain, pons,
medulla, cerebellar cortex, cerebellar nuclei) to understand the spa-
tial distribution of regions with overestimated pathology.
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Data availability

The pathological datasets and the Python code for running the
agent-based SIR model in the mouse brain are available at
https:/github.com/srahayel.

Results

Spatiotemporal evolution of pathologic
alpha-synuclein following stereotaxic seeding

To investigate the spread of pathologic alpha-synuclein across dif-
ferent parts of the connectome, we seeded pathology in three dis-
tinct regions by stereotaxically targeting the same dosage of mouse
preformed fibrils to the CP, anterior nucleus accumbens (ACB) or
hippocampal CA1 region (HIP) (Fig. 1A), respectively, representing
components of nigrostriatal, limbic and cognitive circuits that are
affected in Parkinson’s disease.’* Although all CP-injected mice

A

Patholegy initiation

@ CP injection

Progression (0.5 - 24M post-injection)
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S-I-R
Modelling

@ HIP injection
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survived up to 24 months, mice that received preformed fibril injec-
tion in either the ACB or HIP showed a clear reduction in survival.
After injections in these two regions, approximately 50% of
animals died before 24 months, developing a rapidly progressive
hypokinetic phenotype starting at 347 (HIP) and 499 (ACB) days
after injection on average (Fig. 1B). Thus, pathologic alpha-
synuclein originating within differing circuits leads to distinct sur-
vival times.

To define the evolution of pathologic alpha-synuclein, we
examined the mesoscale distribution of inclusions from 0.5 up
to 24 months post-preformed fibril injection (Fig. 1C and
Supplementary material). The spatiotemporal pathology maps
(Fig. 2A and B) revealed unique and highly dynamic global patterns
of pathologic alpha-synuclein. Of the 213 ipsilateral regions from
the Allen Mouse Brain Atlas, pathology was detectable in 124 sites
(58%) (Fig. 2C). Affected regions were characterized by the appear-
ance of neuritic pathology (i.e. within neuronal processes; Fig. 2D)
followed by the establishment of inclusions in neuronal soma as
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Figure 1 Targeted initiation of alpha-synuclein pathology. (A) Schematic outlining the current study. Alpha-synuclein preformed fibrils were targeted
to one of three independent CNS regions in non-transgenic mice to initiate pathology in distinct connectomes. (B) Survival curves of CP-, HIP- and
ACB-injected mice. Reduced survival was observed in HIP- and ACB-injected mice, while the CP cohort remained unaffected (P <0.0011 and P <
0.0174 versus CP, respectively; log-rank/Mantel-Cox test). (C) Representative images of brain sections immunostained for pathologic alpha-synuclein
at various time points after preformed fibril injection. Examples of neuritic (arrows) and soma pathology (arrowheads) within the indicated regions
are shown. Scale bars=50 pm. Asterisk indicates theinjection site; i =ipsilateral hemisphere to injection; ¢ = contralateral hemisphere to injection.
ACB =lateral accumbens; AON = anterior olfactory nucleus; BLA =basolateral amygdala; CA =cornu ammonis; CLA = claustrum; CP = caudoputamen,;
DG =dentate gyrus; HIP = hippocampus; LC =locus coeruleus; PTLp = posterior parietal association areas; pSyn = phosphorylated alpha-synuclein; VTA

=ventral tegmental area.
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Figure 2 Spatiotemporal distribution of pathologic alpha-synuclein following single preformed fibril-inoculation. Heatmaps illustrating the evolution
of cell body (A) and neuritic (B) pathology following a single unilateral preformed fibril injection into CP, ACB or HIP. Analysed regions representing 213
areas from the Allen Mouse Brain Atlas are listed on the x-axis in alphabetical order. Data represent mean pathology scores from the hemisphere ip-
silateral to the injection site (n=4-7 mice per time point). The ipsilateral and contralateral hemisphere data along with names and abbreviations are
available in the Supplementary material. Boxes in the heatmaps indicate the site of fibril injection for CP (red), ACB (green) and HIP (blue). (C) Venn
diagram showing unique and common regions affected by pathologic alpha-synuclein following inoculation into CP, ACB or HIP. (D) Examples of in-
traneuronal (cell body) and neuritic inclusions following preformed fibril injection in the olfactory bulb and hippocampus, respectively. Scale bars =

20 pm.

previously observed in vitro and in vivo.*>*? The proportion of re-
gions that developed detectable pathology at least one time point
after preformed fibril injection ranged from 25% following CA1 in-
jection to 39% for injections into the ACB or CP (Fig. 2C).

To discern the effect of direct preformed fibril exposure on re-
gional development of pathology, regions were classified based
on their connectivity to the injection site. Among sites that shared
direct afferent or efferent projections with the injection site, the
proportion of affected regions increased to 67% for CP, 60% for
ACB and 41% for HIP, indicating that areas with monosynaptic con-
nections, and hence higher exposure to pathologic alpha-
synuclein, are more susceptible. Directly connected regions were
infiltrated (i.e. defined as the first time point with detectable inclu-
sions) over an extended period after preformed fibril injection, al-
though the overall connectome involvement remained steady
after 1 month post-injection (Fig. 3A). Pathologic alpha-synuclein
was also found outside the injection site’s primary connectome,
particularly in the CP and HIP datasets where the pathology in
the second- and third-order connected regions became greater as
the post-injection duration increased (Supplementary Figs 3-5 for
the high-resolution layouts). Consistent with pathological spread
occurring via neuronal networks, the mean time to achieve peak

pathology (i.e. the post-injection time point at which a brain region
had the highest amount of pathologic alpha-synuclein) was lower
for regions directly connected with the seeds compared to regions
not directly connected with the seeds, although there was consider-
able variability between regions (Fig. 3B). In addition, both neuritic
and somal pathology underwent a reduction over time in multiple
regions (e.g. basolateral amygdala and piriform cortex), suggesting
the removal of pathologic alpha-synuclein and/or the cells in which
it was contained. To determine whether cell loss occurred in such
regions, cell nuclei were quantified in selected regions at 24 MPI fol-
lowing PFF injection into either CP, ACB or HIP (Supplementary Fig.
6). Whereas inoculation into the CP and ACB resulted in significantly
reduced nuclei in the basolateral amygdala ipsilateral to injection,
HIP injected mice showed decreased nuclei in the dentate gyrus.
We failed to detect changes within the piriform cortex possibly
due to a smaller proportion of neurons developing pathology follow-
ing injection into either CP or ACB.

There was also significant overlap between the injection sites
with regards to the regions affected by pathology (e.g. entorhinal,
ectorhinal and perirhinal cortices), particularly between the CP
and ACB cohorts. Of the 124 regions with pathology, 59% (73/124)
were affected in at least two cohorts with different injection sites
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Figure 3 Infiltration of primary connectome after preformed fibril-inoculation into different injection sites. (A) Graphs show the proportion of regions
affected by either cell body (filled circles) or neuritic (open circles) pathology within the retrograde or anterograde primary connectomes associated
with the indicated injection sites at various time points after preformed fibril exposure. Regions with anterograde and/or retrograde connectivity are
represented in the overall primary connectome (right panel). Closed and open squares represent the cumulative proportion of connectome involve-
ment over the 24-month duration of the study. (B) Distribution of pathology-affected regions based on the time after preformed fibril injection when
peak pathology was detected. Peak pathology was defined as the post-injection time point at which a brain region had the highest amount of patho-
logic alpha-synuclein. Non-primary areas represent afflicted regions outside of the injection site’s primary anterograde and retrograde connectome.
Data represent means from 4-7 mice per time point and are based on values in Fig. 2 and Supplementary material.

while 19% (24/124) were affected in all three sites (Fig. 2C). Despite
differences in the time after preformed fibril injection required for
pathology to accumulate within these areas and differences in
pathologic alpha-synuclein load, such overlaps point to a subset
of regions permissive to alpha-synuclein misfolding, transmission
and accumulation. In contrast, pathology was absent from 89 re-
gions across all three cohorts, primarily in the thalamus and cere-
bellum, identifying areas that are relatively resistant to pathology
(Supplementary material). Interestingly, pathology within the CP
and ACB increased at a slower rate than most other affected re-
gions, despite being initial sites of injection.

The Susceptible-Infected-Removed model replicates

pathologic alpha-synuclein distribution

The agent-based SIR model was used to simulate in silico the spread
of pathologic alpha-synuclein. Every alpha-synuclein protein in a

region is an agent that can belong to one of three compartments:
‘susceptible’ when soluble (normal alpha-synuclein), ‘infected’
when misfolded or ‘removed’ when metabolized or after travelling
to another region. High-resolution Snca gene expression and
whole-brain connectivity data were used to model the agents’ syn-
thesis rate and mobility pattern. The simulation was performed
over 30000 iterations during which agents spread and transited be-
tween compartments based on predefined rules guiding the inter-
actions of agents with each other and with their local environment.
To benchmark the model against its empirical analogue, the simu-
lated number of infected agents in every region at each iteration
was compared to the amount of phosphorylated alpha-synuclein
observed in every region at each post-injection time point.

The ipsilateral comparisons between regional pathologic alpha-
synuclein observed in the mice and the simulated regional number
of infected agents revealed significant correlations for virtually
every injection site and post-injection time point (CP: 0.67—-0.71,


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab440#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab440#supplementary-data

Modelling of alpha-synuclein spread BRAIN 2022: 145; 1743-1756 | 1751
Table 1 Peak correlation fits between simulated and observed pathologic alpha-synuclein
CP ACB HIP
Post-injection time point Peak fit P-value 95% CI Peak fit P-value 95% CI Peak fit P-value 95% CI
Two weeks 0.703 46x1073 0.64-0.76 - - - ns ns ns
1 MPI 0.668 77x107%®  0.59-0.74 0.740 3.1x107*®  0.67-0.79 0.521 33x107'®  0.43-0.60
3 MPI 0.686 52x1073'  0.60-0.76 0.756 1.0x107*  0.69-0.80 0.603 1.6x107%  0.51-0.68
6 MPI 0.705 29x1073  0.63-0.76 0.769 6.2x107%  0.72-0.81 0.535 34x107Y  0.44-0.61
12 MPI 0.708 1.0x107*  0.62-0.77 0.720 22x107%  0.65-0.77 0.537 26x107Y  0.43-0.62
18 MPI 0.683 12x107%*  0.60-0.75 0.703 40x107%  0.64-0.76 0.507 25x107  0.41-0.60
24 MPI 0.707 1.5x107  0.63-0.77 0.745 6.9%x107%°  0.68-0.79 0.639 79x107%  0.55-0.70

The peak correlation fit represents the maximal Spearman’s rank correlation coefficient in the ipsilateral hemisphere between the simulated number of infected agents and
the observed total pathologic alpha-synuclein score. Note that observed pathology 2 weeks after injection was quantified only for the CP and HIP datasets. CI=confidence

interval; MPI = month post-injection; ns = not significant.

ACB: 0.70-0.77, HIP: 0.51-0.64) (Table 1 and Fig. 4). The model fit
gradually increased with the number of iterations, with a stable
point reached at around the 1000th timestep, where the peak fit
was generally found. Only the pathology at 0.5 months after HIP in-
jection was not recreated, likely owing to the low number of re-
gions showing pathology (8.5%). Contralateral comparisons
yielded similar although slightly lower fits (Supplementary
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Table 1). Although the model does not attempt to simulate somal
and neuritic pathology separately, the simulated regional number
of infected agents recreated both somal and neuritic distributions
in mice for virtually every injection site and time point
(Supplementary Table 2). Again, somal pathology at the 0.5-month
post-injection time point into the HIP was not predicted by the
model. Similar findings were generally found contralaterally
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Figure 4 Fit between the simulated and observed pathologic alpha-synuclein. Graphs (left) show the progression of the model fit between simulated
and observed pathology when seeding from the CP (A), ACB (B) or CAL1 field (C). Only the first 3000 simulation steps are presented since the model
reached its stable state. Plots (right) show the distribution of regional pathology at the peak model fit. Data are presented using logarithmic axes
and shaded areas around the regression lines are the 95% confidence intervals. HIP = CA1 field.
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Figure 5 Snca expression and connection topology shape the spread of pathologic alpha-synuclein. Null models were generated by either randomiz-
ing (A) Snca expression, (B) the connection topology (‘rewired’) or (C) the physical position of regions (‘repositioned’) of the retrograde network. The red
dots represent the original peak fits, and the black dots represent the average null peak fits. Unbiased Monte Carlo estimates of the exact P-values are

reported above the box plot. HIP = CA1 field.

(Supplementary Table 2). Also, using matrices consisting of either
retrograde or anterograde connections yielded similar findings (re-
sults shown here are for retrograde connectivity). These findings
demonstrate that the agent-based SIR model recreates the distri-
bution of pathologic alpha-synuclein.

Snca expression shapes the spread of pathologic
alpha-synuclein

One cell-autonomous factor that may render cells more vulnerable
is Snca gene expression.**>** In our model, Snca expression deter-
mines the synthesis rate of alpha-synuclein agents. We tested
whether Snca expression shaped the spread of pathology by com-
paring the peak fits to those obtained in sets of null models in
which gene expression was randomized. For every injection site
and post-injection time point, randomization led to a substantial
fit disruption between modelled and measured pathologic alpha-
synuclein patterns (Fig. SA and Supplementary Table 3). In other
words, the distribution of pathology simulated by the model corre-
lated with the distribution of pathology observed by immunohisto-
chemistry; however, when randomizing the expression of Snca
used by the model, the simulated distribution of pathology no

longer correlated with the observed distribution of pathology, sug-
gesting that the spatial pattern of Snca expression is needed to
model pathology spread.

In addition, when replacing the Snca expression by the expres-
sion of genes involved in other pathological entities, namely App,
Mapt or Nf1, coding for proteins involved in amyloidopathies, tauo-
pathies and neurofibromatosis, respectively,>* > the peak fits were
also lower (Fig. 6 and Supplementary Table 4). Lower peak fits
were also observed when replacing the real Snca expression with
homogenous values from 0.1 to 0.9 (Fig. 6 and Supplementary
Table 4). These findings demonstrate that regional Snca expression
is involved in the spread of pathologic alpha-synuclein.

Connectome topology shapes the spread of
pathologic alpha-synuclein

There is some evidence that progression of brain pathology in
Parkinson’s disease is mediated by synaptic connectivity, as de-
monstrated by alpha-synuclein preformed fibril injection in
mice’™* or when recreating MRI-derived atrophy patterns of
Parkinson’s disease in humans.'®'? To investigate the role of con-
nectivity in shaping pathologic alpha-synuclein spread, we
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Figure 6 The effect of synthesis rate on the spread of pathologic alpha-synuclein. Scatterplots showing the original peak fits obtained using Snca ex-
pression as the synthesis rate (red lines) versus the peak fits obtained when replacing Snca expression by either the expression of control genes, name-
ly App, Mapt or Nf1 (blue, green, and orange lines), or by homogeneous synthesis rates (tones of grey). HIP = CA1 field.

randomized the connectome’s topology or geometry in two separ-
ate ways, either through rewired null networks by swapping pairs
of edges or, since connectivity is part of an embedded system con-
strained by physical laws,* through repositioned null networks by
swapping the physical positions of the nodes. We found that re-
wired null networks always led to lower peak fits between simu-
lated and true pathology patterns (Fig. 5B and Supplementary
Table 3), whereas repositioned null networks disrupted the fit at
every time point for the CP, at the earlier time points for the ACB,
and at none of the time points for HIP (Fig. 5C and
Supplementary Table 3). It is notable that the disruption was
more modest when randomizing the connectome than Snca ex-
pression. Nonetheless, these findings indicate that the connec-
tome is involved in the pathologic alpha-synuclein spread.

Despite simulating the spread in vivo, the model overestimated
pathologic alpha-synuclein in some regions. These resistant nodes
were in the thalamus, with over 30 of its 35 regions showing over-
estimation of pathology, followed by the pallidum, hypothalamus,
midbrain and pons (Supplementary Table 5). For the regions that
were predicted to develop pathology, we compared the character-
istics of those that remained resistant with those that developed
pathology, and observed lower average incoming connectivity
(3.81 versus 14.03, P <0.001 for the CP; 3.41 versus 10.36, P =0.001
for the ACB; 4.67 versus 14.10, P = 0.005 for the HIP) and Snca expres-
sion (4.22 versus 7.96, P < 0.001 for the CP; 3.50 versus 9.60, P < 0.001
for the ACB; 5.25 versus 13.19, P < 0.001 for the HIP) in resistant re-
gions (Supplementary Table 6), which is consistent with the mod-
el’s premises. Note however that the model may fail to account
for a threshold effect that might exist in vivo for the accumulation
of pathologic alpha-synuclein. Also, regions may be resistant to
pathologic alpha-synuclein accumulation for other unknown
reasons.

Discussion

Previous studies have provided support for the prion-like spread of
pathologic alpha-synuclein; however, the alpha-synuclein propa-
gation model remains a matter of debate in the field. In this study,
we generated a comprehensive histopathological dataset from

non-transgenic mice followed over 24 months after injection of re-
combinant alpha-synuclein preformed fibrils into the CP, ACB or
HIP and used the agent-based SIR model to recreate in silico the ob-
served neuroanatomical distributions over time. Our observations
demonstrate that pathologic alpha-synuclein initiated in different
regions leads to distinct patterns of pathology in mice, which can
be recreated in silico using our model. Because the pathology was
observed in wild-type mice after injection of alpha-synuclein fi-
brils, the most plausible explanation is that misfolded alpha-synu-
clein is pathogenic. In addition, by modelling the spread based on
Snca expression and connectomics, we demonstrate that these fac-
tors are sufficient, and therefore central, for the spread of path-
ology in animals.

First, introducing pathologic alpha-synuclein at different initi-
ation sites generates distinct patterns of pathology. This recapitu-
lates numerous findings on the propagation of pathologic
alpha-synuclein®™"”**’->2 and agrees with the distribution patterns
of pathology that differ according to the injection site,*>#>47:4853 I
this study, seeding pathologic alpha-synuclein from the ACB or the
HIP led to a strikingly reduced survival rate compared to the CP,
reminiscent of the clinical heterogeneity observed in human synu-
cleinopathies. The mechanisms underlying this are unclear, but
different pathologic alpha-synuclein conformations have been
shown to target distinct regions and cell types in animal mod-
els.>*>” Nonetheless, our study provides a more complex picture
whereby divergent clinical outcomes can be achieved by inoculat-
ing an identical dose of the same pathologic alpha-synuclein prep-
aration into different sites. Compared to previous studies that used
a more limited number of regions, we generated a comprehensive
quantification of pathologic alpha-synuclein sampled over the 426
regions of the Allen Mouse Brain Atlas. Also, whereas previous
models quantified the progression of pathology over 18 months
and two to three intermediary time points, we studied mice from
2 weeks to 24 months post-injection, with six to seven intermedi-
ate time points. While different experimental protocols were
used in previous studies, we used the same initiating dosage of pre-
formed fibrils for every cohort, ensuring a better comparability of
findings.

Second, the agent-based SIR model recreates in silico the neuro-
anatomical distributions of pathologic alpha-synuclein in mice.
Previous computational models of alpha-synuclein spread in the
mouse brain generally relied on connectivity or spatial proxim-
ity.2>2¢ Although important, the spread of pathology does not
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solely conform to the connectivity map and cell-autonomous fac-
tors also shape propagation.*® Here, both gene expression and con-
nectivity data were inserted simultaneously into an agent-based
framework to model the dynamics occurring at the level of the in-
dividual alpha-synuclein agent. Agent-based SIR models allow the
identification of factors that contribute to the dynamics of complex
epidemics upon networks and have proven successful in infectious
disease epidemiology.?”*® The prion-like hypothesis of neurode-
generative disease suggests that abnormal proteins have the
properties of transmissibility and propagation, making SIR models
appealing. The validation of our SIR model in preformed
fibril-injected mice now further strengthens its validity as a tool
to investigate synucleinopathies.

Third, some regions are more prone to pathology due to local
cell-autonomous factors.**** One such factor is Snca gene expres-
sion, which may predispose a cell to increased accumulation of
alpha-synuclein. We tested this hypothesis by showing that random-
izing Snca expression reduced the correlation between observed and
simulated pathology by 60-70%. The contribution of Snca expression
is in line with previous studies showing that some cell types appear
more vulnerable to showing pathologic alpha-synuclein.**** In fact,
although the factors underlying selective vulnerability remain to be
elucidated, the kinetics of pathology formation appear largely deter-
mined by the availability of intraneuronal alpha-synuclein.*® This is
supported by primary cultures showing that a higher alpha-
synuclein expression level associates with a higher propensity to
seed exogenous alpha-synuclein fibrils.*® Also, the early knockdown
of alpha-synuclein through antisense-oligonucleotide treatment in-
duces a significant reduction in pathological burden in the presence
of alpha-synuclein preformed fibrils and an increase in neuronal via-
bility.*** In a previous computational model, the pathology patterns
were recreated better when the connectivity-based diffusion of
alpha-synuclein was weighted by Snca expression.?® The impact of
Snca expression on the development of pathologic alpha-synuclein
in humans is further supported by the dose-dependent association
of Snca gene multiplication with early-onset Parkinson’s disease.®®
54 In post-mortem brains with neocortical Lewy body disease, the ex-
pression of physiological alpha-synuclein also appeared lower in re-
gions without pathology.®® Moreover, the previous use of the
agent-based SIR model to recreate the atrophy seen in patients
with Parkinson’s disease supported that Snca expression significant-
ly shaped the spread.” It is notable that both pathologic alpha-
synuclein accumulation, as modelled here, and brain atrophy, as
modelled in Zheng et al.*? are replicated by the SIR model and appear
to depend on Snca expression. This suggests a close relationship be-
tween pathologic alpha-synuclein accumulation and neurodegen-
eration, although we did not directly test this association here.

Fourth, the brain’s connectivity pattern and spatial embedding
also shape the spread of pathologic alpha-synuclein. This is in line
with the transneuronal spread of alpha-synuclein>?>264748 and
the spatiotemporal distribution of Lewy pathology observed at
post-mortem examination in Parkinson’s disease.**® The ran-
domization of spatial properties disrupted the spread, suggesting
that both topology and geometry constrain the pathologic alpha-
synuclein propagation. However, the decrease in fit was around
10—20% (i.e. lower than for Snca expression), highlighting that brain
connectivity is not the sole contributor to pathologic alpha-
synuclein distribution and that region-intrinsic factors are also in-
volved in the resilience of some regions to pathological spread. In
line with this, regions that were predicted to show pathology by
the model, but that had less pathology in vivo (i.e. thalamus, palli-
dum, hypothalamus, midbrain, pons), had lower incoming
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connectivity and Snca expression compared to regions that had
pathology in vivo. This may suggest the existence of a threshold ef-
fect below which alpha-synuclein arrival in a region does not lead to
Lewy pathology, although other protective regional factors may also
be involved in this resilience. As mentioned, the agent-based SIR
model used here was previously demonstrated to accurately recre-
ate the atrophy pattern measured with MRI in people with
Parkinson’s disease.'? In humans, the simulated outcome was tissue
loss, while in the mouse model used here, it was the accumulation
of pathologic alpha-synuclein. In both cases, connectivity and
alpha-synuclein concentration were shown to shape the pattern of
disease. This concordance between mouse and human experiments
supports the hypothesis that pathologic alpha-synuclein causes tis-
sue loss in Parkinson’s disease. With this model, new potential me-
chanisms other than Snca expression and connectomics can
eventually be tested; in this study, we focused on Snca expression
and connectomics because these factors were previously reported
to influence the spread and because the immediate goal of this
study was to validate the agent-based model using comprehensive
pathological datasets. In future studies, the agent-based model
can be used to generate hypotheses computationally that will be
tested empirically in the laboratory setting to better understand
the pathological mechanisms underlying synucleinopathies.

One limitation of this study is that the model used mesoscale
gene expression and connectivity information. Undoubtedly, the re-
silience of some brain regions to alpha-synuclein spread may be due
to factors related to cell subpopulations inside each region.***> Once
information about cell type distribution becomes available, this
could be incorporated in the model. Another limitation is that we
did not model cell or synaptic loss, despite signs of neuron loss in re-
gions such as the basolateral amygdala and dentate gyrus. The in-
crement in the number of infected agents therefore occurred
without accounting for local changes that may interfere with the
spread. However, although some studies reported neuron loss fol-
lowing preformed fibril-induced pathologic alpha-synuclein, this
has not been universally observed and more knowledge is needed
before implementing this process into the model.’>?%° Finally, sev-
eral other factors influence pathologic alpha-synuclein spread, such
as alpha-synuclein strains®” and comorbid pathologies.®® These
could benefit from being modelled to understand the mechanisms
leading to different pathological and clinical trajectories, although
the level of detail embedded in an agent-based model, if too com-
plex, may lead to over-fitting.®

In sum, alpha-synuclein preformed fibrils inoculated in differ-
ent brain regions lead to unique patterns of pathology that can
be recreated with the agent-based SIR model. This model repre-
sents a powerful tool to understand the mechanisms underlying
pathologic alpha-synuclein spread and test hypotheses about
therapeutic mechanisms that may combat neurodegeneration in
synucleinopathies.
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