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1 | INTRODUCTION

Parkinson’s disease (PD) and multiple system atrophy

(MSA) are neurodegenerative movement disorders that

share a long preceding non-motor phase characterized

by sleep disturbances such as insomnia, circadian

rhythm disruption, and rapid-eye-movement sleep

behavior disorder (RBD) [1]. These common clinical

symptoms are explained by similarities in the patho-

physiology of PD and MSA, both belonging to the

family of α-synucleinopathies. In PD, misfolded alpha-

synuclein (α-syn) aggregates in neurons as Lewy bodies

(LB), whereas in MSA the protein accumulates mainly

in oligodendrocytes as glial cytoplasmatic inclu-

sions (GCI) [2].

To reproduce the pathophysiology of these α-synu-

cleinopathies, several animal models have been developed

based on injection of in vitro-generated α-syn aggre-

gates into transgenic mice, or viral vectors inducing

α-syn overexpression [3, 4]. The injection of pre-

formed fibrils generated from recombinant α-syn pro-

teins into the mouse brain is a promising animal

model to study α-synucleinopathies, as it results in a

spreading pathology of phosphorylated α-syn aggregates

[5–7]. These phosphorylated α-syn aggregates are

proteinase-K-resistant and thioflavin-S-positive and colo-

calize with ubiquitin and p62 similar to human LBs [6].

Misfolded fibrillar α-syn propagates itself and spreads

from cell to cell in anatomically interconnected

regions [8]. In addition, different α-syn strains seed and

spread aggregates to various extents [9, 10]. For example,

α-syn strains were shown to vary between PD and

MSA [11]. When injected into the mouse brain, MSA

strains accelerate neurodegeneration as compared to PD

strains [12].

In the current study, we investigated the propagation

of α-syn in the mouse brain after injection of α-syn

fibrils amplified from homogenates of two MSA and

two PD patients [13]. In addition, we quantified the

number of microglia, astrocytes and neuronal cell death

in the substantia nigra pars compacta (SNpc) induced

by the injection of the patient material-amplified fibrils,

as well as the colocalization between pS129-α-syn and

the oligodendrocytic marker 20,30-cyclic nucleotide-30-

phosphodiesterase (CNPase).

2 | MATERIALS AND METHODS

The workflow of the study as well as exemplary images

for immunohistochemistry stainings are shown in

Figure 1.

2.1 | Amplification of α-syn fibrils from
protein misfolding cyclic amplification products
and generation of α-syn monomers

Following ethics approval from the University of New

South Wales Human Research Ethics Committee (approval

number: HC16568), brain tissues were received from the

Sydney Brain Bank at Neuroscience Research Australia

which is supported by The University of New South

Wales and Neuroscience Research Australia. α-syn

aggregates used in the current study had been previously

amplified from brain extracts of patients pathologically

confirmed with PD and MSA using protein misfolding

cyclic amplification (PMCA; Table 1) [13]. To obtain

sufficient quantities for structural analysis, PMCA-

amplified amyloid fibrils were used in a second step to

seed recombinant α-syn [13].

Basic demographic information on brain samples

used for α-syn fibril amplification is given in Table 1.

N-terminally acetylated α-syn was obtained by

co-transfection of Escherichia coli BL21 (DE3) cells with

pT7-7 plasmid encoding for human α-syn (kindly pro-

vided by the Lansbury Laboratory, Harvard Medical

School, Cambridge, MA) and Schizosaccharomyces

pombe NatB acetylase complex [14] using pNatB plasmid

(pACYCduet-naa20-naa25, Addgene, #53613, kindly

provided by Dan Mulvihill). Protein expression and puri-

fication were performed as described [15].

α-Syn fibrils were prepared at 37�C from monomeric,

N-terminally acetylated α-syn taken from the supernatant

of freshly thawed α-syn on ice after ultracentrifugation

(Beckman Coulter Optima MAX-XP using a TLA 100.3

rotor with a rotor speed of 55,000 rpm). Then, 0.5%

(w/w) PMCA product was added to 250 μM αSyn stock

solution (50 mM 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid [HEPES], 100 mM NaCl, pH 7.4, 0.02%

NaN3) and initially water bath sonicated for 10 min. This

mixture was aggregated under quiescent conditions in

1.5-mL Eppendorf cups in a ThermoScientific Heratherm

incubator.

2.2 | Animal experiments

Wild-type C57BI6/J male mice (RRID: IMSR_

JAX:000664) were purchased from Charles River

(Wilmington, USA) and housed in the Central Animal

Care Unit of the University Medical Center Göttingen,

Germany. The animals were treated according to the EU

Directive 2010/63/EU for animal experiments and the

regulations of the local animal research council as well as

the legislation of the State of Lower Saxony, Germany
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F I GURE 1 (A) Workflow of the study consisting of patient-derived fibril injection, brain sectioning, immunohistochemical staining,

microscopical imaging, image processing, and statistical analysis. (B) Immunohistochemistry: antibodies used for immunohistochemical analyses are

indicated next to representative images. CNPase, 20,30-cyclic nucleotide-30-phosphodiesterase; dpi, days postinjection; GFAP, glial fibrillary acidic

protein; TH, tyrosine hydroxylase.
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(ethics approval number: 33.9-42502-04-15/1982) in an

exploratory study which has received approval from the

institutional ethics committee. Mice were housed in indi-

vidually ventilated cages (Tecniplast) with standard ad

libitum food, water, and a 12-h dark/light cycle. No ran-

domization was performed to allocate subjects to the

study, no exclusion criteria were predetermined. Alto-

gether 42 male mice were used in this study. The average

body weight of all mice was 25.4 g. This study was not

preregistered.

Injections were performed as previously described [5].

At the age of 12 weeks, mice were injected with α-syn

monomers or fibrils into the right striatum (anteroposter-

ior axis +0.4 mm; mediolateral axis �1.8 mm; dorsoven-

tral axis �3.5 mm relative to Bregma). Both monomers

and fibrils were diluted in 50 mM HEPES buffer, and

5 μg were finally injected in 2 μL final volume. Before the

injection, α-syn fibrils were sonicated for 30 s in one cycle

at 10% power (Bandelin Sono Plus, Bandelin, Berlin,

Germany). Animals were divided into five groups: one

control group (monomeric α-syn n = 9) and four treat-

ment groups (PD1 n = 8, PD2 n = 7, MSA1 n = 7,

MSA2 n = 8). Three animals died because of complica-

tions of surgery.

Two days before and 2 days after the injection of

α-syn, the animals received an analgesic treatment with

Metamizole (1.5 mg/mL) in drinking water. For the injec-

tion, mice were anesthetized by intraperitoneal injection

of ketamine (150 mg/kg body weight) and xylazine

(10 mg/kg body weight) and fixed in a stereotactic frame.

Eyes were protected by using an eye ointment. After inci-

sion and trepanation, the solution was injected at an

injection rate of 500 nL/min using a glass capillary of

100 μm diameter and a microinjector (Micro 4, World

Precision Instruments, Friedberg, Germany). To prevent

reflux, the injection capillary was left in place for 4 min

before it was slowly removed, and the incision was closed

with tissue glue (DermaBond, Ethicon, Raritan, USA).

After surgery, mice were placed on a warming pad until

wake-up and then returned to their home cage.

Finally, the animals were sacrificed at 90 days postin-

jection by a lethal intraperitoneal injection of ketamine

(300 mg/kg body weight) and xylazine (15 mg/kg body

weight) solution. Under deep anesthesia, mice were trans-

cardially perfused with 50-mL ice-cold phosphate-

buffered saline (PBS) within 5 min followed by 50 mL of

4% paraformaldehyde (PFA, Applichem, Darmstadt,

Germany) at pH 7.4 within 5 min. Then, the mouse

brains were removed, fixed in 4% PFA/PBS for 24 h at

4�C and then transferred into 30% sucrose in PBS for

cryopreservation before freezing at �80�C.

2.3 | Cryosectioning

Complete coronal sections of all 39 brains were prepared

at a thickness of 30 μm at �20�C using a Leica CM3050S

Cryostat (Leica, Wetzlar, Germany). Sections were

mounted on Superfrost slides and stored at �80�C until

further processing. Six sectional planes were selected

based on important anatomical hallmarks for immuno-

histochemical staining and defined by their distance to

Bregma: + 1.54 mm (striatum), +0.38 mm (striatum,

location of injection point), +0.02 mm (striatum),

�1.58 mm (hippocampus), �3.08 mm (substantia nigra),

�3.28 mm (substantia nigra), according to coordinates

given in the Paxinos Mouse Brain Atlas [16]. These six

regions were stained for pS129-α-syn and Iba1. Addi-

tional five regions (+1.18 mm, +0.26 mm, �0.34 mm,

�1.34 mm, �3.16 mm) were also stained for pS129-α-

syn, Iba1, CD68, and glial fibrillary acidic pro-

tein (GFAP).

2.4 | Immunohistochemistry

Immunohistochemistry was performed according to

adapted protocols as previously described [5]. First,

mounted sections were dried at 21�C for 45 min. They

were rehydrated in PBS for 15 min and then steamed at

80�C in 10 mM citrate buffer (pH = 6.0) for 30 min.

After 2 � 5 min of washing in PBS, sections were incu-

bated in 25 mM glycine in PBS and washed again

2 � 5 min in PBS. Sections were then incubated in a

blocking solution (5% normal goat serum [NGS], 5%

bovine serum albumin, 0.3% TritonX, 25 mM Glycine

TABLE 1 Clinical characteristics of patient material and monomer preparations used in this study [13].

Group Source

Disease

duration (years)

Age at

death Sex Cause of death

Number of

animals injected

PD PD1 7 79 M Acute myocardial infarction 8

PD2 8 82 F Pneumonia 7

MSA MSA1 7 82 M Cardiorespiratory failure 7

MSA2 6 71 F Hypostatic pneumonia 8

α-syn monomer Recombinantly expressed

from Escherichia coli

n.a. 8

Note: The number of animals injected with each fibril/monomer preparation is given additionally.

Abbreviations: MSA, multiple system atrophy; PD, Parkinson’s disease; α-syn, alpha-synuclein.
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in PBS) for 60 min and washed for 5 min in PBS.

The anti-pS129 α-syn antibody (EP1536Y, #ab51253,

Abcam, Cambridge, UK) was diluted at 1:500, the anti-

Iba1 antibody (019-19741, Fujifilm Wako, Osaka, Japan)

was diluted at 1:300, the anti-CD68 antibody (FA-11,

ab53444, Abcam) was diluted at 1:500, the anti-CNPase

antibody (ab6319, Abcam) was diluted at 1:150, and the

anti-GFAP antibody (13-0300, Invitrogen, Waltham,

MA, USA) was diluted at 1:250 in blocking solution. For

the additional five regions, we used another anti-Iba1

antibody diluted at 1:250 (011-27991, Fujifilm Wako).

Then, sections were incubated with the primary anti-

bodies in a moist chamber overnight at 4�C. The next

day, the sections were washed 3 � 10 min in PBS and

incubated with the secondary antibody in a dark chamber

for 60 min at 21�C. Cy3 was used for the anti-α-syn and

the anti-Iba1 staining (111-165-003, Jackson ImmunoRe-

search, West Grove, PA, USA, dilution 1:250), Alexa

Fluor 647 for the anti-goat anti-Iba1 antibody (A32849,

Invitrogen, dilution 1:250), Alexa Fluor 488 (A-11006,

Invitrogen, dilution 1:250) for the anti-CD68 and the

anti-GFAP staining and another Alexa Fluor

488 (A32723, Invitrogen, dilution 1:150) for the anti-

CNPase staining. Following a washing step with PBS for

3 � 10 min, the sections were incubated in 1 μg/mL

40,6-diamidino-2-phenylindole (DAPI; Thermo Fisher

Scientific, Waltham, MA, USA) in PBS for 5 min and

washed with PBS for 2 � 10 min. Finally, the sections

were dried at 37�C in an incubator for 10 min and

mounted with EcoMount (Biocare Medical, Pacheco,

CA, USA).

For each brain, three sections of the substantia nigra

(SN) at around Bregma +3.00, +3.15, and +3.30 mm

were stained for tyrosine hydroxylase (TH) to visualize

the dopaminergic neurons. These sections were first dried

for 45 min, rehydrated in PBS for 10 min, and then incu-

bated in PBS with 40% methanol and 1% H2O2. Follow-

ing a washing step with PBS for 3 � 5 min, the sections

were blocked for 60 min using a solution consisting of

5% NGS (Cedarlane, Burlington, ON, Canada) and

0.05% Triton X-100 (AppliChem) in PBS. The blocking

solution was decanted, and the primary anti-TH anti-

body (620-0336, Zytomed, Bargteheide, Germany)

diluted 1:1000 in 2.5% NGS and 0.025% TritonX in PBS

was added to the sections. After an incubation period of

24 h at 4�C in a moist chamber, the slides were washed

3 � 5 min and incubated at 21�C for 2 h with the biotiny-

lated secondary antibody (111-065-003, Jackson Immu-

noResearch, 1:200, diluted in 2% NGS in PBS). The

tissue was washed for 3 � 5 min and then incubated in

the Vectastain ABC Peroxidase Kit for 2 h to enhance

the signal before it was washed again. The sections were

incubated for 8 min in the Vector 3,30-diaminobenzidine

(DAB) substrate kit (two drops DAB reagent 1, four

drops DAB reagent 2, two drops DAB Reagent 3), which

visualizes the TH-staining with DAB. Next, the reaction

was stopped in distilled water for 5 min and the slides

were washed one last time in PBS for 2 � 5 min. Finally,

the slides were mounted with Entellan (Merck Millipore,

Burlington, MA, USA) and dried at 21�C.

2.5 | Microscopy and image analysis

Stained sections were imaged using the Axio Observer

Z1 (Zeiss, Oberkochen, Germany). For immunofluores-

cence imaging, we used the MosaiX function of the

AxioVision software with 10x magnification to generate

whole-brain sections. The anti-CNPase anti-α-syn stain-

ings were imaged with 63� magnification by meander-

ing through the entire section. The SN sections were

imaged at 5� magnification for each hemisphere

separately.

The images were loaded into ImageJ/Fiji (version

1.53c) [17] to quantify the amount of pS129 α-syn-positive

signal. Regions of interest (ROIs) were defined manually by

outlining each hemisphere in the merged image of the red

(pS129 α-syn) and blue (DAPI) channel. The ROI areas

were quantified, and the channels were split. In the red

channel, the background was subtracted after the definition

of a manual threshold. To exclude bias because of variabil-

ity in manual thresholding, we performed a Kruskal–Wallis

rank sum test indicating no significant difference between

the thresholds of the five groups. With the analyze particles

function, the area of pS129 α-syn-positive aggregates was

calculated for each hemisphere. For each brain, the signal-

positive area was divided by the total area of the corre-

sponding hemisphere.

For the anti-CNPase/anti-α-syn double immunofluo-

rescence staining, we analyzed sections at +0.20 mm

from Bregma using the JACoP plugin in ImageJ/Fiji [18]

and calculated Pearson’s coefficient and Manders’ coeffi-

cient for the original and the thresholded image.

For the anti-Iba1-staining and the GFAP-staining,

six circular ROIs were defined for each brain section.

The background was subtracted, and an automatic

threshold was set. The analyze particles function was used

to quantify the area of Iba1-positive cells covering the

total area of each ROI. The anti-CD68-staining was ana-

lyzed in a similar way using one circular ROI in the

striatum.

The anti-TH DAB staining was analyzed using

the software ilastik (version 1.3.3post3) [19] and

ImageJ/Fiji [17]. First, ROIs were defined manually in

ImageJ/Fiji by outlining the SNpc. Using the pixel

classification function in ilastik, a mask for

TH-positive cells was created and these were quantified

in ImageJ/Fiji.

2.6 | Statistical analysis

RStudio (version 1.4.1106) was used for statistical

analysis. Data were tested for normality using the
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Shapiro–Wilks test. For normally distributed data, as

in the anti-TH staining, we performed an analysis of

variance (ANOVA) to compare the different groups

and a paired t-test to compare both hemispheres. The data

on the α-syn-staining, the Iba1-staining, the GFAP-

staining, and the CNPase-staining were not normally dis-

tributed; therefore, we performed a Kruskal–Wallis rank

sum test with a post hoc Dunn’s test.

3 | RESULTS

3.1 | Strain influences on α-syn spreading

After the injection of α-syn monomers or fibrils, we

quantified the area of α-syn aggregates for each brain

hemisphere (Figure 2). Overall, we found significant dif-

ferences in the amount of pS129-positive signal between

the five groups injected with α-syn fibrils of PD1, PD2,

MSA1, MSA2, or monomeric α-syn as control. α-syn

monomers are commonly used as non-aggregated con-

trols in α-syn fibril spreading experiments [5, 10, 20–23].

For the injected (right) hemisphere, brains from the

MSA2 group had the highest abundance of pS129-α-syn-

positive aggregates, followed by PD2 and MSA1. As the

data were not normally distributed, we performed

a Kruskal–Wallis rank sum test (Kruskal–Wallis

chi-squared = 18.8, d.f. = 4, p-value = 0.0009 for all

regions of the injected hemisphere), followed by a post

hoc Dunn’s test with Benjamini–Hochberg p-value

correction. For the injected hemisphere, the pairwise

comparison indicated that there were significant differ-

ences between PD1 and MSA2 (p = 0.0058), MSA1 and

MSA2 (p = 0.0222), and MSA2 and control (p = 0.0004;

Figure 2A).

For the non-injected (left) hemispheres, brains

injected with MSA2-derived α-syn fibrils also showed

the highest abundance of α-syn aggregates. The

Kruskal–Wallis rank sum test implied significant differ-

ences between the five groups (Kruskal–Wallis

chi-squared = 20.4, d.f. = 4, p-value = 0.0004 for all

the regions of the non-injected hemisphere) and Dunn’s

test with Benjamini–Hochberg p-value correction

revealed significant differences between brains injected

with α-syn fibrils from PD1 and MSA2 (p = 0.0166),

PD2 and MSA2 (p = 0.0402), MSA1 and control

(p = 0.0402), as well as MSA2 and control (p = 0.0001;

Figure 2B).

Overall, more aggregates were found in the injected

than in the non-injected hemisphere. Brains from the con-

trol group injected with α-syn monomers showed little to

no signal with the employed staining method. Further-

more, brains injected with the MSA2-derived α-syn fibrils

showed the most abundant α-syn accumulation for both

hemispheres and brains from the PD1 group showed the

lowest abundance among the fibril-injected groups

(Figure 3 and Supplementary Information Table 1). In

the two MSA groups, the pS129-α-syn aggregates were

also larger and more variable in their morphology

(Figure 4).

F I GURE 2 Quantification of pS129-positive α-syn aggregates in mouse brains injected with different brain-derived α-syn strains. Area of

pS129-positive α-syn aggregates per hemisphere area in the injected (A) and non-injected (B) hemispheres. A p-value <0.05 was considered as

significant according to the Kruskal–Wallis test and Dunn’s test.
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F I GURE 3 Heatmap showing the distribution of pS129-positive α-syn aggregates in the hemispheres of the five treatment groups (MSA2,

MSA1, PD2, PD1, α-syn monomer as control) and the 11 regions throughout the brain ranging from no aggregates (�) to highly abundant in

aggregates (+++). Injection point at 0.38 mm relative to Bregma. MSA, multiple system atrophy; PD, Parkinson’s disease; α-syn, alpha-synuclein.
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3.2 | Strain influences on microglia
infiltration

To correlate the microglial response to the pS129-α-syn

pathology, we quantified the signal of Iba1-positive

microglia in selected sections. Significantly more Iba1-

positive signal was found in the injected hemispheres of

MSA2- and PD2-fibril-injected mice compared to con-

trols (p = 0.06, respectively, according to Dunn’s test

with Benjamini–Hochberg p-value correction;

Figure 5A). The Iba1-positive signal was not signifi-

cantly different between the groups in the non-injected

hemispheres (Figure 5B). Similar to the α-syn-staining,

the α-syn fibril-injected brains showed Iba1-signal

throughout the entire brain, particularly in the injected

hemisphere and in the MSA2-fibril-injected brains

(Figure 6).

To assess activated microglia, we also stained for

CD68 in two regions (1.18 and 0.26 mm related to

Bregma) and analyzed specifically striatal regions where

more Iba1-activation was found than in other regions.

Although we did not find significant differences between

the treatment groups (injected hemisphere: Kruskal–

Wallis chi-squared = 3.8933, d.f. = 4, p-value = 0.4206;

non-injected hemisphere: Kruskal–Wallis chi-squared =

2.4669, d.f. = 4, p-value = 0.6506), there was a trend for

more CD68-positive signal particularly in the MSA2

and PD2 groups compared to the monomer group

(Figure 7).

3.3 | Correlation between pS129-α-syn
pathology and microglia distribution

We then tested for possible correlation between the

pS129-α-syn pathology and the Iba1-positive signal in each

section. Spearman correlation analysis for the injected hemi-

spheres revealed a weak but significant positive correlation

between the two variables (rho = 0.44, p = 0.0055;

Figure 8A). No significant correlation between pS129-α-syn

pathology and Iba1-positive signal was found in the non-

injected hemispheres (rho = �0.027, p = 0.87; Figure 8B).

3.4 | Colocalization of pS129-α-syn
pathology and CNPase

In MSA, α-syn pathology is mostly localized in oligoden-

drocytes as GCI [2]. Therefore, we performed CNPase

staining to mark oligodendrocytes, as well as pS129-α-

syn staining to examine whether the α-syn aggregates in

the MSA-fibril-injected brains are more localized

in CNPase-positive areas than in PD-fibril-injected

brains. The thresholded Manders’ coefficient M1,

which describes the fraction of the pixels in the α-syn

channel overlapping with those in the CNPase

channel, did not differ significantly between the treat-

ment groups (Kruskal–Wallis chi-squared = 2.101, d.f. = 3,

p-value = 0.5517). Nor did the M1 coefficient differ

between MSA-fibril- and PD-fibril-injected brains in

F I GURE 5 Quantification of Iba1-positive signal per region of interest (ROI) depending on treatment group for the injected (A) and the non-

injected (B) hemisphere, quantification by area of activated Iba1-positive microglia divided by the total area of ROI. A p-value <0.05 was considered

as significant according to the Kruskal–Wallis test and Dunn’s test.
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general (Wilcoxon rank-sum test, W = 8992.5, p-value =

0.6464) or between the four groups (Kruskal–Wallis

chi-squared = 1.6389, d.f. = 3, p-value = 0.6506; Figure 9).

3.5 | Influence of α-syn injections on
astrocytes

We also stained for GFAP in five different brain regions

(+1.18, +0.26, � 0.34, � 1.34, and �3.16 mm related to

Bregma) to analyze any influence of α-syn-fibril injection on

astrocytes. For all five groups and both hemispheres, we did

not detect any significant differences in the GFAP-positive

area per ROI (ANOVA of injected hemispheres, p = 0.313;

ANOVA of non-injected hemispheres, p = 0.132; Figure 10).

3.6 | Influence of α-syn injections on
dopaminergic neuron survival

To assess the impact of α-syn-fibril or α-syn-monomer

injections on the survival of dopaminergic neurons in the

F I GURE 7 Quantification of CD68-positive signal per region of interest (ROI) depending on treatment group for the injected (A) and the non-

injected (B) hemisphere, quantification by area of CD68-positive microglia divided by the total area of ROI.

F I GURE 8 Spearman correlation between pS129-α-syn-positive area per hemisphere in % and area [Iba1]/area [total hemisphere] shown for the

injected (A) and non-injected (B) hemispheres. Treatment groups are indicated by shape.
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SNpc, we performed immunohistochemical labeling for

TH and quantified the number of dopaminergic neurons.

There were no significant differences in the number of

TH-positive cells in the SNpc between the five groups in

either of the hemispheres (ANOVA of injected hemi-

spheres, p = 0.365; ANOVA of non-injected

hemispheres, p = 0.681).

4 | DISCUSSION

Although neurodegenerative movement disorders such as

PD and MSA are α-synucleinopathies with similar dis-

ease mechanisms, clinical disease phenotypes often vary

between individuals, even within the same disease entity.

Previous reports postulated that different α-syn strains

may cause different phenotypes in PD and MSA patients

and, next to genetic background and environmental influ-

ences, can be one reason for interindividual differences in

patients suffering from the same disease [24]. To model

the seeding and spreading of α-syn aggregates, we

injected α-syn fibrils amplified from two PD and two

MSA patient brain extracts into mouse brains. These

fibrils did not have defined molecular structures for one

type of disease but rather expressed a pronounced diver-

sity [13], which is being reflected by the different levels of

α-syn pathology in our mouse model. In addition, the

amplified fibrils were structurally different to non-

brain-derived α-syn fibrils and might be a more accurate

model to study α-synucleinopathies [13].

As previously reported, seeding of α-syn preformed

fibrils (PFFs), which were aggregated in the absence of

brain-derived seeds, induce spreading of α-syn pathol-

ogy [5]. Similar to previous studies, where PFF strains of

MSA patients more potently induced α-syn-spreading

pathology than those of PD patients [24], the most pro-

nounced α-syn-spreading in our study was observed in

animals injected with α-syn fibrils amplified from the

brain homogenate of one MSA patient (Figure 3). Of all

patients studied, this patient (MSA2) also had the short-

est disease duration of only 6 years and died the youngest

at an age of 71, suggesting a more aggressive disease

course than patient MSA1, whose disease duration was

longer (7 years) and who died at an older age (82 years;

Table 1). The fibrils of the two PD patients, on the other

hand, were less potent in seeding α-syn-pathology com-

pared to MSA2, with PD2 and MSA1-induced

pS129-positive α-syn pathology being comparable. All

brain-derived α-syn fibrils induced more α-syn aggregates

than the group of α-syn monomers. Our finding that

strong α-syn spreading was induced in the brains injected

with α-syn fibrils amplified from MSA patient brain

homogenate is in accordance with the rapidly progressive

disease course and overall poor prognosis of MSA com-

pared to PD. However, MSA1 and MSA2 showed

marked differences regarding α-syn distribution, suggest-

ing additional individual factors contributing to spread-

ing besides the disease entity.

In our study, we detected pS129-α-syn-positive aggre-

gates throughout the whole brain, although the non-

injected hemisphere was less affected. Notably, in our

study, the injection site at Bregma 0.38 mm did not show

the strongest pS129-α-syn pathology (Figure 3), suggest-

ing that α-syn pathology has spread to brain regions con-

nected to the injection site. Consistent with this

observation, previous studies demonstrated that α-syn

aggregates propagate through neuronal networks [25–

27]. In addition, LB-like inclusions after striatal injection

of recombinant α-syn-fibrils can be found in several areas

innervating the striatum including the frontal and insular

cortices, the amygdala, and the SNpc [6, 26]. Interhemi-

spheric corticostriatal and nigrostriatal connections have

also been described [28] through which the propagation

might occur.

Previous studies indicated that different α-syn strains

have distinct levels of toxicity, seeding, and propagation

properties [23, 29]. Recombinant and brain-derived α-syn

strains, for instance, differ in their clinical and pathologi-

cal manifestations after propagation in a mouse

model [30]. This includes variable disease incubation

periods, distinct regional and cellular vulnerability to

α-syn aggregates and conformational differences of these

aggregates. Structural differences in individual strains, as

demonstrated by different protonation levels of specific

residues [13] may be responsible for their different patho-

logical properties. In contrast to our study, strains were

often either generated from the same precursor α-syn [9]

or were generated de novo [10] and not seeded from dif-

ferent patient brains as in our study. In addition, fibrils

from the same species are known to induce more pathol-

ogy than cross-species seeded fibrils from humans to mice

and vice versa [27, 31, 32].

F I GURE 9 Violin plot for the thresholded M1 coefficient (fraction

of pixels in the pS129-α-syn channel overlapping with those in the

CNPase channel) in the MSA-fibril- and PD-fibril-injected groups.

CNPase, 20,30-cyclic nucleotide-30-phosphodiesterase; MSA, multiple

system atrophy; PD, Parkinson’s disease.
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Increasing evidence suggests a relationship between

α-syn pathology and immune response activation in PD

[33–36]. Inflammatory responses, including microglia

and astrocyte activation, infiltration of peripheral

immune cells, and alterations of leukocytes in the spleen

and lymph nodes occur after intrastriatal injection of

α-syn PFFs [37]. We, therefore, studied the amount of

microglial infiltration after injection of different brain-

derived α-syn fibrils. Similar to the pS129-α-syn-stain-

ing, brains from the MSA2-fibril-injected group showed

the highest abundance of Iba1-positive signal. Further

statistical analysis supported a correlation between

α-syn-pathology and microglia abundance for the

injected hemisphere.

Increased microglial activation has also been detected

in positron emission tomography (PET) scans of patients

with α-synucleinopathies [38]. For example, patients with

early-stage parkinsonian phenotype of MSA (MSA-P)

showed widespread microglia activation [39]. In addition,

patients with idiopathic rapid-eye-movement sleep behav-

ior disorder had increased microglial activation in the SN

witnessed by 11C-PK11195-PET along with reduced

dopaminergic function in the putamen [38]. However, it

is yet unresolved how microglia are activated by α-syn

aggregates and whether their activation contributes to

the formation of these aggregates. Duffy et al. [40] pro-

posed that microglial activation might be partly responsi-

ble for neuronal degeneration in the SNpc. A

contribution of microglia to the propagation of α-syn

pathology was also suggested from recent work in our

lab using iron-treated mice [5]. Other reports, on the

other hand, favor a neuroprotective function of microglia

as they clear α-syn released from neurons [41].

We did not find significant astrogliosis for any of the

treatment groups in accordance to postmortem MSA

patient brain analyses, which also did not find reactive

astrogliosis but widespread microgliosis especially in the

white matter [42]. For PD, studies have reported reactive

astrogliosis in the SN [43–45]. These results were not

reproduced in our study, most likely because our model

represents an earlier disease stage without any dopami-

nergic cell loss in the SNpc.

5 | CONCLUSION

Our study shows that α-syn fibrils amplified from the

brain homogenates of different MSA and PD patients

differ in their capacity to seed α-syn pathology and to

induce microglial activation after intrastriatal injection

into mouse brains. We further find that the strongest

α-syn pathology was triggered by α-syn fibrils amplified

from one of the two MSA patient brain homogenates in

agreement with previous studies indicating more effi-

cient spreading and a more rapid disease course for

MSA when compared to PD. Individual factors are

likely to contribute to differential seeding ability

beyond the disease entity itself. A similar heterogeneity

has also been observed in the amplification of α-syn

fibrils out of cerebrospinal fluid from different

MSA/PD patients [46]. The current study forms the

basis for future investigations with larger patient num-

bers and more human-like models to gain insight into

the heterogeneity of patient-derived α-syn fibrils and

the importance of α-syn spreading for the course of

α-synucleinopathy diseases.

F I GURE 1 0 Quantification of GFAP-positive signal per region of interest (ROI) depending on treatment group for the injected (A) and the

non-injected (B) hemisphere, quantification by area of GFAP-positive astrocytes divided by the total area of ROI.
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