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Abstract

Pain is a common non-motor symptom of Parkinson’s disease (PD), with current limited knowledge of its pathophysi-
ology. Here, we show that peripheral inoculation of mouse alpha-synuclein (a-Syn) pre-formed fibrils, in a transgenic
mouse model of PD, elicited retrograde trans-synaptic spreading of a-Syn pathology (pSer129) across sensory neurons
and dorsal nerve roots, reaching central pain processing regions, including the spinal dorsal horn and the projections
of the anterolateral system in the central nervous system (CNS). Pathological peripheral to CNS propagation of a-Syn
aggregates along interconnected neuronal populations within sensory afferents, was concomitant with impaired
nociceptive response, reflected by mechanical allodynia, reduced nerve conduction velocities (sensory and motor)
and degeneration of small- and medium-sized myelinated fibers. Our findings show a link between the transneuronal
propagation of a-Syn pathology with sensory neuron dysfunction and neuropathic impairment, suggesting promis-

ing avenues of investigation into the mechanisms underlying pain in PD.
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Introduction

Parkinson’s disease (PD) is traditionally considered a
neurodegenerative motor disorder, but it is becom-
ing increasingly clear that non-motor symptoms also
adversely impact the quality of life for PD patients [48].
A significant number of PD patients (30—85%) reportedly
suffer from some form of acute or chronic pain, including
musculoskeletal, fluctuation related, central, nocturnal,
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orofacial and peripheral pain [48]. Some PD-associated
dystonia-related musculoskeletal pain may respond to
dopaminergic medication [24]; otherwise, deep brain
stimulation of the subthalamic nucleus has evidenced a
reduction in the number of body areas experiencing pain
and has shown to improve pain scores from late-stage
PD patients [29]. It has been suggested that pain sensa-
tions may precede the onset of motor symptoms of PD
by several years [24]. Moreover, there is no direct cor-
relation between motor impairment and altered pain
thresholds, indicating that motor dysfunction and pain
may represent different pathophysiological processes in
the progression of PD. Whether nociceptive processing is
impaired in the early phases of PD, before the onset of
motor symptoms, remains largely unexplored.
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Although the pathophysiology of pain in PD remains
poorly understood [25], clinical examination of some
PD patients demonstrate a significant decrease in tac-
tile and thermal thresholds together with a reduction in
mechanical pain perception and a significant loss of epi-
dermal nerve fibers and Meissner corpuscles, independ-
ent of patient age or disease duration [41]. These findings
suggest that changes in receptor size and peripheral deaf-
ferentation of hitherto unknown etiology could play a
key role in sensory dysfunction of PD patients [40] and
be in accordance with a-Syn-dependent pathophysiology
in peripheral nerve fibers [17, 62]. Recently, it has been
suggested that o-Syn misfolding may begin in periph-
eral nerves and spread in a prion-like fashion to the cen-
tral nervous system (CNS), leading to PD pathology [3,
44, 47, 54]. Indeed, PD pathology can be induced in the
brain and spinal cord of a-Syn transgenic mice expressing
mutant A53T human a-Syn (M83 line) by a single periph-
eral intramuscular injection of a-Syn preformed fibrils
(PFF) [47]. This increased face-value of the M83 prion-
like model prompt us to investigate if these animals may
develop neuropathic pain that is a common non-motor
PD symptom.

In the present study, we show that mouse a-Syn PFF
injected peripherally in the gastrocnemius muscle of
the M83 PD mouse model are able to spread and induce
a-Syn inclusion pathology alongside neuroanatomi-
cal sensory connections, causing degeneration of sen-
sory pathways as well as nociceptive hypersensitivity.
We hypothesize that intraneuronal aggregation of a-Syn
might elicit dysfunction in peripheral sensory neu-
rons, inducing plastic changes in central pain process-
ing pathways that are ultimately integrated into painful
sensations.

Materials and methods

Production and purification of a-Syn

The expression vector for mouse a-Syn was a kind gift
from Dr. Virginia M. Lee. It was expressed in BL21(DE3)
competent cells and purified as previously described
[36]. Briefly, a-Syn purification involved dialysis of pro-
teins against 20 mM Tris pH 6.5 overnight, followed by
ion-exchange chromatography on a Poros HQ50 column
(Thermo Fisher Scientific) with a 0-2 M NaCl gradi-
ent. This method was followed by an additional reverse
phase-high pressure liquid chromatography purifica-
tion step on a Jupiter C18 column (Phenomenex, Tor-
rance, CA) in 0.1% trifluoroacetic acid with an 0-90%
acetonitrile gradient. Isolated a-Syn was then extensively
dialysed against PBS pH 7.4 overnight followed by an
additional dialysis step against 20 mM ammonium bicar-
bonate overnight. Protein concentration was determined
by bicinchoninic acid (BCA) protein concentration assay
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(Pierce). The proteins were subsequently aliquoted, lyo-
philized, and stored at — 80 °C until use.

Quantitative a-Syn fibril assembly and sedimentation
Soluble monomeric mouse a-Syn (5 mg/ml) was assem-
bled into preformed fibrils (PFF) by incubation at
37 °C in phosphate-buffered saline (PBS) pH 7.4 (PBS,
Gibco) with continuous shaking at 1050 r.p.m. (Eppen-
dorf Thermotop). The generated PFF were harvested by
centrifugation at 15,600 g 25 °C for 30 min, and then
resuspended in PBS at a concentration of 2 mg/mL, as
determined by BCA. Subsequently, PFF were sonicated
for 20 min using a Branson 250 Sonifier at 30% inten-
sity, before being aliquoted and frozen at — 80 °C until
further use. A fraction of each PFF batch was set aside
for SDS-PAGE, (trans,trans)-1-bromo-2,5-bis-(4-hy-
droxy)styrylbenzene (K114) fluorometry and dynamic
light scattering (DLS) analysis of purity, amyloid struc-
ture and particle size.

SDS-PAGE

SDS sample buffer (4% SDS, 40% glycerol, 1% bromo-
phenol blue, 50 mM Tris, pH 6.8) was added to mouse
PFF, which were heated to 96 °C for 15 min and ana-
lysed by SDS-PAGE (sodium dodecyl sulphate—poly-
acrylamide gel electrophoresis). The Coomassie blue
stained SDS-PAGE gels were scanned using Image ]
software (National Institutes of Health, Bethesda, MD,
USA) for quantification.

K114 fluorometry

To quantify the amount of amyloid formation, samples
were monitored by (trans,trans)-1-bromo-2,5-bis-(4-
hydroxy)styrylbenzene (K114) fluorometry as described
previously [12]. In brief, samples were analysed by incu-
bating a fraction of each sample with the K114 (50 uM)
in 100 mM glycine, pH 8.5, and measuring fluorescence
(Aex =380 nm, A\, =550 nm, cutoff=530 nm) with an
EnSpire 2300 Multilabel Reader (Perkin Elmer).

Dynamic light scattering (DLS)

PFF (2 mg/ml) were subjected to ultrasound breakage
for 20 min using a Sonifier (Branson 250; 30% Duty
Cycle) equipped with a water jacket cooling system
to avoid sample overheating. Then, the size distribu-
tion profile of PFF in suspension was measured by DLS
using a Wyatt DynaPro NanoStar instrument at 25 °C.
Data was processed using the Dynamics 7.5.0.17 soft-
ware package, with the solvent (PBS) background signal
subtracted from each sample.
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Seeding test of PFF in organotypic hippocampal slice
cultures

Organotypic hippocampal culture slices (OHCS)
were created from C57BL/6] pups on post-natal day
7 according to Stoppini et al. [51]. In order to validate
the ability of the mouse full-length (1-140) a-Syn PFF
for seeding aggregation before using them for in vivo
experiments, the PFF were injected into the dentate
gyrus of the OHCS, as previously described [18]. Slices
were fixed 7 days post injection (dpi), and stained for
pathological aggregates using conformation-specific
a-Syn antibody MJF-14 (rabbit mAb M]JF-14-6-4-
2, 1:25,000, Abcam #ab209538) and pSer129 (mouse
mAb 11A5, 1:10,000, kindly provided by ImagoPhar-
maceuticals), as described previously [18]. Alexa Fluor
488 anti-rabbit and Alexa Fluor 568 anti-mouse (Inv-
itrogen, #A11008 and #A11004, 1:2000) were used for
detection, along with 4/,6-diamidino-2-phenylindole
(DAPI, TH.GEYER, 5 pg/mL) for staining nuclei. As
negative controls, C57BL/6] OHCS were injected with
either sterile PBS or monomeric a-Syn and processed
as above. Furthermore, a-Syn knockout OHCS were
injected with human S129A PFF and processed as
above.

Animal model

Experimental procedures involving mice were approved
by The Danish Animal Experiments Inspectorate (license
2017-15-0201-01203) and followed the Danish and Euro-
pean Animal experimentation guidelines and legislations
(directive 2010/63/EU).

Mice were housed in a temperature-controlled room
under a 12 h light/dark period with water and food
ad libitum. Three-month-old heterozygous female mice
transgenic for human mutant A53T a-Syn (M83™/")
were bilaterally injected with vehicle (PBS pH 7.4, n=6),
monomeric «-Syn (2x5 uL at 2 mg/mL, n=38) or full-
length (1-140) mouse o-Syn PFF (2x 5 pL at 2 mg/ml,
n=38). An additional control experiment was performed
where mice were injected with full-length (1-140) mouse
a-Syn PFF (n=4) in the right hindlimb (ipsilateral) and
vehicle in the left hindlimb (PBS, pH 7.4, contralateral).
Mice were anaesthetised with isoflurane (3.5%) inhala-
tion. Intramuscular injections were made using differ-
ent 10-pL Hamilton syringes with a 25-gauge needle to
avoid any cross-contamination and performed by insert-
ing a needle ~1 mm deep into the gastrocnemius muscle,
as described elsewhere [47]. Hindlimb clasping behav-
iour was monitored and scored regularly as previously
reported [23, 27]. Briefly, the mouse is lifted by its tail,
and the time the hindlimbs are retracted towards the
abdomen is scored on a 4-point scale, from 0 to 3. A score
of 0 is given if the hindlimbs are continuously spread
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away from the abdomen; a score of 1 when one hindlimb
is retracted towards the abdomen more than 50% of the
suspended time; and score of 2 if both hindlimbs are par-
tially retracted for 50% of the time. A maximum score of
3 implies that both hindlimbs were completely retracted
and touching the abdomen for more than 5 s of the sus-
pended time [23, 27].

At 45 dpi, while motor function remains intact and
before the development of debilitating motor impair-
ments [47], M83 mice were euthanized with an overdose
of isoflurane and perfused with PBS pH 7.4 with phos-
phatase inhibitors (25 mM p-glycerolphosphate, 5 mM
NaF, 1 mM Nay;VO,, 10 mM Na-pyrophosphate) before
dissecting brain, spinal cord, dorsal roots and lumbar
(L3-L5) dorsal root ganglia (DRG). Tissues were snap
frozen and stored at — 80 °C until use, or fixed and pro-
cessed as described below.

Evaluation of mechanical allodynia

Mice were acclimatized in a Plexiglas cage atop a mesh
metal grid for approximately 30 min prior to testing. The
“ascending stimulus” method was used to determine the
mechanical withdrawal thresholds, by manually applying
calibrated Semmes—Weinstein monofilaments (Stoelt-
ing Co) into the plantar surface of the hind paws [14]. A
response is considered positive if the mouse exhibits any
nocifensive behaviors, including sudden paw withdrawal,
licking, flinching or trembling of the paw, either while
applying the stimulus or immediately afterwards [13].
A total of five stimuli per filament were recorded and
when at least three out of five trials rendered a positive
response, the corresponding force was defined as the tac-
tical threshold (expressed in grams) [46]. The average of
both paws per mouse was used for the statistical analysis.

Nerve conduction velocity recordings

Mice were anesthetized with 2% isoflurane for measur-
ing sural sensory and sciatic motor nerve conduction
velocities (NCV), using a Viking Quest apparatus (Natus
Neurology Incorporated, USA). For recording sural sen-
sory nerve conduction velocity (SNCV), electrodes were
placed in the dorsum of the hind paw with supramaximal
stimulation at the ankle.

For motor nerve conduction velocity (MNCV), the
stimulation needle electrodes (Natus Biomedical, Madi-
son, WI) were set at the ankle with recording electrodes
placed about 7-8 mm away from it, in the dorsum of the
hind paw. A second measurement was performed with
the stimulation set at the sciatic nerve notch. Sciatic-
tibial MNCV was then calculated following the formula:
[MNCV (m/s)=D/L], where (L) represents the take-off
latency (ms) of the sciatic nerve and (D) the distance
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between the stimulating and recording electrodes (mm).
After the electrophysiological recordings, mice were ter-
minally anaesthetized with an overdose of isoflurane for
tissue dissection.

Western blot

L3-L5 DRG were homogenised and analysed by West-
ern blot as previously described [31, 32]. Briefly, samples
were homogenised in lysis buffer (approx. 10 weight/
volume ratio; 20 mM Tris pH 7.4, 0.32 M sucrose,
5 mM EDTA and 1 cOmplete” proteinase inhibi-
tor tablet/10 mL (Roche), 25 mM sodium fluoride,
1 mM sodium orthovanadate, 10 mM sodium pyrophos-
phate). Homogenates were then centrifuged at 25,000x g
for 30 min at 4 °C. The resulting supernatant was saved
as the whole-tissue homogenate. Protein concentration
was determined by BCA (Sigma, MO, USA). Whole-tis-
sue homogenate (20 ug protein) was dissolved in loading
buffer (100 mM Tris—HCI, 8% SDS, 24% glycerol, 0.02%
bromophenol blue, pH 6.8) and the samples were then
denatured at 95 °C for 10 min. After centrifugation for
5 min at 25,000% g, the supernatant was loaded into 16%
Tricine gels (Novex) or 8-16% polyacrylamide gel (Gen-
Script). Proteins were blotted into PVDF membranes
using iBlot® 2 Dry Blotting System (Thermo Fischer). The
membranes were then fixed with 4% paraformaldehyde
(PFA) in PBS for 30 min; then boiled in PBS for 5 min.
After being blocked for 1 h (TBS, 0.01% Tween, skimmed
milk powder, pH 7.6), membranes were incubated with
primary antibodies, mouse mAb pSer129-a-Syn (11A5,
1:2,000), mouse Syn-1 (BD Biosciences #610787, 1:1,000),
mouse anti-actin (Sigma A5441, 1:5000), or mouse anti-
B-III tubulin (Sigma, T5076, 1:5000), ON at 4 °C, and
subsequently incubated with secondary HRP conjugated
mouse immunoglobulins (Dako, Denmark) for 1.5 h at
RT. Protein bands were visualised with ECL® (GE Health-
care, UK) and image acquisition performed with Fuji
LAS-3000 intelligent dark box (Fujifilm, Japan).

Immunofluorescence

Immunofluorescence for frozen DRG sections

Dorsal roots and L4 DRG (n=4 per group) were fixed
in 4% paraformaldehyde (PFA) overnight before being
transferred to the 30% sucrose cryoprotection solu-
tion, where they stayed overnight at 4 °C. Tissue was
then embedded in Tissue-Tek (Sakura) and snap frozen
in isopentane on dry ice. Longitudinal sections were
cut at 10 pm in a cryostat. After drying, tissue sections
were incubated in 20% methanol for 5 min, blocked with
a buffer containing 10% fetal bovine serum in 0.3% Tri-
ton X-100 in PBS for 1 h at room temperature, followed
by overnight incubation with the primary antibodies
against mouse mAb pSer129-a-Syn (11A5, 1:5,000) and
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neurofilament M (NF-M) (Millipore AB1987, 1:200) at
4 °C. Alexa Fluor 488 anti-mouse and Alexa Fluor 568
anti-rabbit-labelled secondary antibodies (Molecular
Probes, A10037 and A21206 respectively, 1:500) were
incubated for 2 h and Hoechst (Sigma, 1:10,000) was
used to label the nuclei, visualized in blue. Slides were
mounted with DAKO fluorescent mounting medium
and Z-stacked images captured by confocal microscopy
(LSM780, Carl Zeiss, Germany).

Immunohistochemistry of paraffin spinal cord and brain
sections

Immunohistochemistry on 10 um thick sections of for-
malin fixed paraffin embedded spinal cord and brain was
performed after deparaffinization and antigen retrieval
in citrate buffer pH 6. The following primary antibodies
were employed: pSer129-a-Syn (D1RIR, Cell Signaling
#23706, 1:500 or mouse mAb 11A5 1:1000). Neuronal
nuclei marker (NeuN, Millipore, MAB377, 1:500),
and glial fibrillary acidic protein (GFAP, Cell Signaling
#12389, 1:200). Alexa-Fluor fluorophore conjugated sec-
ondary antibodies (Thermo Fisher) were used (1:1000)
for primary antibody detection. High resolution pano-
ramic views were obtained using Olympus VS120 digi-
tal slide scanner (equipped with single-band emitters
for Hoechst, FITC, Cy3, Cy5 and Cy7), and 20 X views
were extracted using OlyVia software (Olympus). Alter-
natively, sections were imaged using Zeiss observer
inverted microscope equipped with colibri 7 LED illumi-
nation operated using ZenPro software (Zeiss).

Transmission electron microscopy (TEM)

Dorsal roots (vehicle =6, mouse monomeric a-Syn
n=8 and mouse a-Syn PFF n=8) were dissected,
immediately post fixed for 1 h in 2% osmium tetroxide
(OsO4) and stained with 2% uranyl acetate in 50% etha-
nol. Dehydration was performed in a series of ascend-
ing concentrations of ethanol and pure acetone (100%).
Samples were then embedded in Epoxy (48 h at 60 °C)
using Embedding Medium Kit (Sigma-Aldrich, Sweden
AB), after a three-step infiltration in a mixture of acetone
embedding medium (embedding medium: acetone, 1:3,
1:1, 3:1).

Leica UC7 ultra microtome (Leica Microsystems
GmbH, Vienna, Austria) was used for taking 60-nm thick
sections that were then collected onto formvar-coated
copper slot grids and counterstained with uranyl acetate
and lead citrate. A 100 kV transmission electron micro-
scope (JEM 1230, JEOL Ltd., Tokyo, Japan) was used for
sample observation.
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Fig. 1 PFF induce a-Syn aggregation and prion-like propagation in organotypic hippocampal slices. Full-length (1-140) mouse PFF were
characterized using diverse biochemical and biophysical methodologies. a Coomassie blue staining after SDS-PAGE protein separation. b K114
fluorescent amyloid assay. Y-axis demonstrates the K114 fluorescence in arbitrary units. Data are shown as mean £ SEM, ****P <0.0001 based on
two-tailed unpaired t test. ¢ Dynamic light scattering (DLS) analysis. d Following in vitro characterization and validation, PFF were injected into an
organotypic hippocampal culture slice (OHCS) model. Abundant aggregation, especially at the dentate gyrus (DG), is seen, 7 days post injection
(dpi) of mouse PFF, in mouse OHCS. Aggregation is observed both at the injection site (DG) and spreading throughout the hippocampal slice to
the CA3 and CA1 region. Aggregates are positive for the conformation-specific MJF-14 epitope (green) and for serine-129 phosphorylation (red,

antibody 11A5). Scale bars: i, iii-v: 20 um, inset: 5 pm, ii: 10 um

Results

Characterization of a-Syn PFF and trans-synaptic prion-like
propagation in vitro

In order to validate our preparation of sonicated mouse
a-Syn PFF prior to inoculation in mice, we analysed PFF
purity, size and seeding capacity (Fig. 1). Coomassie blue
SDS-PAGE staining showed a single 17 kDa protein band
corresponding to a-Syn monomer (Fig. 1a), thus confirm-
ing the high purity (>99%) of the PFF used for this study.
For monitoring beta-sheet containing amyloid forma-
tion as a measure of a-Syn aggregation, we performed
K114 amyloid fluorometry and used the monomeric
a-Syn starting material as the negative control (Fig. 1b).
As expected, a dramatic increase in fluorescence was
observed in the presence of PFF compared to a-Syn mon-
omers (Fig. 1b). The particle size of PFF is of paramount
importance for their pathogenicity. It has been shown
that sonicated a-Syn PFF with an average size of ~50 nm
hydrodynamic radius (Rh) or smaller induce the most
pathology in vitro and in rodent models of disease [1, 52].
Our dynamic light scattering (DLS) results show that our
PFF have an average Rh of 38.8 nm which is below the
recommended length cut-off for a-Syn aggregate seeds
[1, 52] (Fig. 1c).

The evaluation of the templated seeding capac-
ity of PFF is a crucial step in validating a PFF batch
before setting up a resource-intensive in vivo study.
Therefore, to determine the templating activity of our
PFF preparation, we injected them into the dentate
gyrus (DG) of organotypic hippocampal culture slices
(OHCS), as shown previously [18]. Injection of PFF in
OHCS resulted in the formation of short, serpentine
aggregates, formed by the recruitment of endogenous
a-Syn at the injection site in the DG, as detected by
conformation-specific antibody MJF-14 and pSer129-
antibody 11A5 (Fig. 1d). Apart from templating aggre-
gation at the site immediately exposed to exogenous
PFF, the injection also triggered a subsequent spread-
ing of aggregation throughout the connected regions
of the hippocampal formation, namely cornu ammonis
(CA) 3 and 1 (Fig. 1d), thus confirming the ability of the
PFF to propagate in a trans-synaptic prion-like fashion
ex vivo. The validity of the used antibodies as markers

for aggregate pathology was corroborated by the lack
of staining in slices injected with either sterile PBS
or monomeric a-Syn (Additional file 1: Supplemen-
tary Fig. 1a, b). Furthermore, a-Syn knockout (ASKO)
slices injected with PFF produced no aggregate staining
(Additional file 1: Supplementary Fig. 1c), proving that
the aggregates in Fig. 1d are indeed templated, endog-
enous a-Syn pathology. Overall, these results confirm
the sonicated PFF are pure amyloid a-Syn particles of
a homogenous size capable of inducing trans-synaptic
spreading of aggregate pathology in brain tissue.

Evaluation of the mouse model sensorimotor phenotype
To determine if peripherally administered a-Syn PFF
in the hind limb gastrocnemius muscle modulate noci-
ceptive pain responses during their templated spread-
ing from the peripheral nervous system to the brain,
we used M83"/~ mice as they do not spontaneously
develop disease within the time frame of our experi-
ment (Fig. 2a, up to 45 dpi) [47].

Hindlimb clasping reflex towards the abdomen is a
known marker of neurodegeneration in different mouse
models of neurodegenerative diseases [34, 35], includ-
ing Parkinson’s disease [19]. Our results show that mice
injected with vehicle (PBS, pH 7.4) or monomeric a-Syn
did not present any signs of hindlimb clasping within
the 45 dpi period of observation (Fig. 2b). In contrast,
the PFF cohort displayed progressive clasping that
became evident at 30 dpi (2 mice out of 8 mice clasping,
mean score of 0.25) and after 45 dpi amounted to 6 out
of 8 mice clasping with a mean score of 1.0 (Fig. 2b).

A decay in peripheral nerve function has been asso-
ciated with PD [10]. Therefore, electrophysiological
examination can provide valuable information on neu-
rofunctional abnormalities allowing for a better rec-
ognition of peripheral nerve degeneration. Our results
show that, at functional level, peripherally injected PFF
mice showed impairments in both motor (13% reduc-
tion, Fig. 2c¢) and sensory (9% reduction, Fig. 2d) nerve
conduction velocities.

To investigate whether the observed functional nerve
damage translate into hypersensitivity (mechanical
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Fig. 2 Pathological a-Syn induce nociceptive impairment. a Schematic illustration of the experimental design. Three-month-old M83*/~ were
bilaterally injected with vehicle (PBS, pH 7.4, n=6), mouse monomeric a-Syn (2 x 5 pl at 2 mg/ml, n=28) or mouse a-Syn PFF (2 x 5 pL at 2 mg/ml|,
n=28), by intramuscular injection into the gastrocnemius muscle. Hindlimb clasping behaviour was monitored and scored regularly. At 45 dpi, mice
were tested for hindlimb clasping, sensory and motor nerve conduction and plantar Von Frey filaments, before being euthanized. Tissues, including
brain, spinal cord, dorsal roots and lumbar (L3-L5) dorsal root ganglia (DRG) were then snap frozen and stored at — 80 °C until use, or fixed and
processed for immunohistochemistry. b Hindlimb clasping was scored on a scale from 0 to 3 as a function of dpi and displayed as mean & SEM. The
PBS- and monomeric a-Syn-injected mice did not develop clasping. Results shown as mean &= SEM, as determined by two-way ANOVA followed by
Tukey’s multiple comparisons test. ****P < 0.0001. At 45 dpi mice were tested for ¢ Motor nerve conduction velocity. Error bar indicate mean £ SEM
as determined by one-way ANOVA followed by Tukey's multiple comparison test. *P < 0.05. d Sensory nerve conduction velocity. Results shown as
mean =£ SEM as determined by one-way ANOVA followed by Tukey’s multiple comparison test. *P <0.05. @ Mechanical allodynia using the Von Frey
test. Error bars indicate mean 4= SEM as determined by one-way ANOVA followed by Tukey's multiple comparison test. *P <0.05
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ANOVA followed by Tukey's multiple comparison test. *P < 0.05

Fig. 3 Peripherally injected PFF lead to prion-like a-Syn aggregation in dorsal roots and sensory neurons of the lumbar DRG. a To investigate
whether the nociceptive impairment observed after intramuscular PFF-inoculation is due to the trans-synaptic propagation of a-Syn aggregates
within the sensory nervous system, we performed immunodetection of PD-like a-Syn pathology in lumbar DRG and their dorsal sensory roots,
spinal cord (dorsal horn and ventral horn), and brain (mesencephalic PAG and thalamic nuclei) in the vehicle, monomeric a-Syn- and PFF-injected
M83*/~ cohorts, at 45 dpi. lllustration was created with BioRender.com. b IHC panel showing pathological pSer129-a-Syn immunoreactivity in
axons of the sensory roots (upper right panel, yellow arrows) and neuron cell bodies of the lumbar L4 DRG (lower right pane, white arrows), in
PFF-injected M83 mice at 45 dpi. pSer129-a-Syn was not detected in the PBS- or monomeric a-Syn- injected cohorts. pSer129-a-Syn is represented
in green, neurofilament M (NF-M) as an axonal/neuronal marker in red and nuclei are labeled in blue with Hoechst. 20 x magnification. Scale
bar=40 um; n=4 mice per group. ¢ Lumbar DRG (L3-L5) homogenates from PBS- (blue, n=6), monomeric- (green, n=6) and PFF-injected (red,
n=>5) were separated by SDS-PAGE and visualized by immunoblotting with anti-a-Syn antibody, anti-pSer129-a-Syn, anti-3-actin, and anti-3-Ill
tubulin. d Densitometry quantification of immunoblots as a ratio of pSer129/total a-Syn. Results shown as mean £ SEM as determined by one-way

allodynia), similarly to what is observed in other cases
of PNS injury [20, 46], we tested pain behavior with
Von Frey filaments of varying forces. Our results show
that injection of PFF, but not vehicle or monomeric
a-Syn, elicited mechanical allodynia by reducing the
paw withdrawal threshold by 44% (Fig. 2e).

Trans-synaptic propagation of a-Syn pathology

from the periphery into central nociceptive pathways

The DRG contain groups of pseudounipolar neurons
surrounded by glial cells, comprising the greatest pro-
portion of the body’s peripheral sensory neurons which
are responsible for the transduction of somatosensory
and nociceptive input from the periphery to the CNS
[33]. As the dorsal root exits the DRG to enter the spi-
nal dorsal horn, sensory information ascends through
central projections in the spinal cord and relays to the
relevant regions of the brainstem and ventroposterior
nuclei in thalamus [33]. To investigate whether the noci-
ceptive impairment observed in the intramuscularly
PFF-injected cohort is due to the prion-like spreading of
a-Syn within the sensory nervous system, we performed
immunofluorescence detection of PD-like a-Syn pathol-
ogy (pSer129) in lumbar DRG and their dorsal sensory
roots, spinal cord, and brain (mesencephalic PAG and
thalamic nuclei) in the vehicle-, monomeric a-Syn- and
PFF-injected M83%/~ cohorts, at 45 dpi, as illustrated in
Fig. 3a.

Our results showed pSer129 immunofluorescence co-
localization with the neuron-specific protein marker
NE-M (Fig. 3b), in both DRG and dorsal roots of PFF-
injected mice, indicating propagation of a-Syn aggregates
through DRG neuron cell body and the axoplasm of the
sensory roots. No pSerl29 a-Syn immunostaining was
found in these tissues from the PBS or monomeric a-Syn
injected cohorts (Fig. 3b, left and central panels, respec-
tively). Western blot analysis of lumbar DRG (L3-L5)
homogenates further corroborated these observations,
with the PFF-injected cohort presenting significantly

increased levels of pathological pSer129, compared to
PBS-or monomeric a-Syn- injected mice (Fig. 3c, d).
Additionally, immunodetection against pSer129 in lum-
bar DRG (L3-L5) following unilateral intramuscular
injection of PFF showed a significant increase of a-Syn
insult in the ipsilateral DRG as compared to the con-
tralateral (Additional file 1: Supplementary Fig. 2a, b) at
45 dpi, suggesting that any spread from ipsilateral to con-
tralateral DRG is modest at this time point.

The pain processing neurons in DRG receive C and Ad
nociceptive and thermal inputs from peripheral recep-
tors, and centrally project to the neurons in lamina I and
II of the spinal cord [30]. The neurons in spinal lamina I
(also known as the posteromarginal nucleus) transmit the
nociceptive and thermal information into higher brain
centers via spinothalamic, spinoreticular and spinomes-
encephalic projections [30]. Whereas, the neurons in
lamina II (substantia gelatinosa) are mostly interneurons
that send collaterals locally in the spinal laminae III-V.
Therefore, we wanted to assess if the defective nocicep-
tion in bilaterally PFF-injected mice (Fig. 2d, e) is asso-
ciated with a-Syn pathology in central pathways of pain
processing and/or modulation. Our immunohistochem-
istry (IHC) analysis showed robust a-Syn pathology
(pSer129) in the spinal dorsal horn lamina I-V of the PFF-
injected mice (Fig. 4a, b) but not vehicle-injected (Addi-
tional file 1: Supplementary Fig. 3a). Substantial a-Syn
pathology was also detected in the spinal motor neurons
of the ventral horn (lamina IX, Fig. 4a, b), as has been
previously reported [47]. In contrast, no a-Syn pathology
(pSer129) was observed in the control mice (Fig. 4a left
panel, and Additional file 1: Supplementary Fig. 3a). Col-
lectively, these sets of observations are consistent with a
retrograde prion-like propagation of a-Syn aggregates via
afferent sensory axons and ventral efferent motor spinal
nerves.

Concomitant with accumulation of pSer129-positive
neuronal inclusions, increased immunodetection of glial
fibrillary acidic protein (GFAP), an astrogliosis marker,
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Fig. 4 Intramuscular injection of a-Syn PFF prompt pathological aggregation of a-Syn in neurons of the lumbar spinal cord, midbrain
periaqueductal grey and thalamus. a Panoramic views: pSer129-a-Syn (in green) co-detection with neuronal nuclei antigen (NeuN, in red) in
vehicle- (PBS, pH 7.4, left panel) and PFF-injected mice (right panel) lumbar spinal cord sections at 45 dpi (DH, dorsal horn; VH, ventral horn), b
pSer129-a-Syn (in green) co-detection with neuronal nuclei antigen (NeuN, in red) in a-Syn PFF- injected mice. ¢ Astrogliosis in the lumbar spinal
cord, midbrain periaqueductal grey and thalamus was observed in the PFF-injected cohort. pSer129-a-Syn (in green) and glial fibrillary acidic
protein marker (GFAP, in red) immunoreactivity, VH and DH of lumbar spinal cord, d midbrain periaqueductual grey (MB-PAG) and e thalamus. DAPI
(blue) was used to stain the nuclei. Scale bar=100 um; insets in merge show 63X magnified views

in the dorsal and ventral horns of the lumbar spinal cord
was also seen (Fig. 4c, Additional file 1: Supplementary
Fig. 4). Moreover, our data also reveal a remarkable extent
of pSer129 burden in higher brain centers of pain pro-
cessing and/or modulation including mesencephalic PAG
(Fig. 4d) and thalamic nuclei (Fig. 4e) in PFF-injected
mice 45 dpi, alongside with astrogliosis at the level of the
lumbar spinal cord. Once again, no a-Syn pathology was
identified in the spinal cord nor the analyzed brain areas
of the vehicle injected mice (Additional file 1: Supple-
mentary Fig. 3 ). To further establish the relevance of spi-
nal a-Syn pathology (Fig. 4) to the defective nociception
at 45 dpi (Fig. 2d, e), we also performed immunofluores-
cence analysis of the spinal cord at earlier time points (14
and 21 dpi, Additional file 1: Supplementary Fig. 5a, b).
Our results show that, at these intervals, sparse pSer129
inclusions were detected in the dorsal horn (lamina I-V),
being mostly present in the intermediate grey matter and
ventral horn motor neurons (Additional file 1: Supple-
mentary Fig. 5a, b).

a-Syn-dependent morphological abnormalities

in the peripheral sensory system

Dorsal sensory roots were analyzed by transmission
electron microscopy (TEM) and, as expected, myeli-
nated fibers with different range of diameters were
observed (Fig. 5a panels i-iii), with C-fibers distributed
throughout the endoneurium. Strikingly, C-fibers were
abnormal in all the examined groups, more severely in
monomeric a-Syn- and PFF- injected groups, with some
axons displaying a large gap between the axoplasm and
the Schwann cell cytoplasm, conferring an abnormal
structure to the Remak bundle with semi-naked unmy-
elinated axons that are only in contact with the Schwann
cell basal lamina (Fig. 5a panels vi—ix). Furthermore, the
occurrence of unmyelinated axons with intact axolemma
but darker axoplasm suggests ongoing axonal degenera-
tion (Fig. 5a panels vi, viii). The fact that these pathologi-
cal alterations were found in all cohorts, including the
PBS- injected mice, suggests that overexpression of a-Syn
A53T human mutant might be associated with abnor-
mal C-fiber morphology in the dorsal roots. Other than
abnormal C-fiber morphology, sensory roots from PBS-
and monomeric a-Syn- injected cohorts were generally

normal, with a few samples showing myelin degradation
(Fig. 5¢). Completely (Fig. 5b, panel i) or partially demy-
elinated axons (Fig. 5b, panel ii) were observed in the
endoneurium, particularly in the PFF cohort (Fig. 5c).

Besides the abnormal appearance of Schwann cells in
the Remak bundles described above, additional mild
Schwann cell pathology was found in 2 animals injected
with PFF, with Schwann cell cytoplasmic extensions
abundantly present in the endoneurium, resembling
bands of Biingner (Fig. 5b-i), an indication of nerve
injury and neurodegeneration [28, 53]. In addition, 4
out of 8 of the PFF-inoculated cohort showed extensive
axonal degeneration together with secondary demyelina-
tion and axonal atrophy, mainly in the small and medium
myelinated fibers (Fig. 5b, panel iii). The degradation rest
products were observed extracellularly in the endoneu-
rium (Fig. 5b, panel iii), where some macrophages were
also found, engulfing myelin debris (Fig. 5b, panel iv).

Indication of blood vessel damage was evident in the
PFF cohort, with 3 out of 8 mice showing endothelial
lumen invasion (Fig. 5b, panel v) and abnormal endothe-
lial cell morphology with irregular small branches
(Fig. 5b, panel vi). In contrast, none or 1 out of 8 samples,
for PBS- and monomer- injected groups, respectively,
presented an abnormal blood vessel (Fig. 5¢), with the
nucleus of an endothelial cell projecting into the lumen.

Overall, all of the ultrastructural abnormalities
observed in the sensory afferents of the PFF- cohort
support a o-Syn aggregation-dependent degeneration
of axons and myelin resulting in impaired sensory pro-
cessing and development of mechanical allodynia and
reduced nerve conduction velocities.

Discussion

A substantial proportion of PD patients (up to 85%) pre-
sent some form of acute or chronic pain, including vis-
ceral, neuropathic, musculoskeletal or dystonic pain
[15, 61], frequently preceding motor disturbances [43].
Although chronic pain in PD is a recurrent and impor-
tant non-motor symptom, it is often overlooked as a pre-
diagnostic presentation or early symptom, with tendency
for being even commonly misdiagnosed and treated as
depression, shoulder pain or muscle stiffness [49]. The
various pain presentations of PD have been extensively
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indicates aggravated pathology

Fig. 5 Peripherally injected PFF induces small- and medium-sized myelinated fiber pathology in the dorsal roots. a Morphological evaluation

of the dorsal sensory roots by EM. Representative low magnification images of the sensory roots from vehicle- (panel i, PBS, pH 7.4), monomeric
a-Syn (panel i) and a-Syn PFF-injected mice (panel iii), denoting normal distribution of myelinated fibers with some morphological abnormalities
identified in the PFF cohort (panel iii, white arrows). Scale bar 20 um. Panels iv—-ix denote high magnification pictures (scale bar=2 um), and
respective insets (scale bar= 250 nm), showing an abnormal structure of the Remak bundles composed of numerous unmyelinated axons enclosed
by basement membrane of Schwann cells, particularly in the monomeric and PFF- injected mice (panel vi-ix). Note electron loose Schwann

cell processes, and the lack of these processes around some of the axons (orange arrows). b Image displaying completely (panel i) or partially
demyelinated axon (panel ii) (> 1.5 um diameter; white asterisks). In Panel (i), flat sheets of Schwann cell cytoplasmic processes enclosed by a
common basement membrane, designated as bands of Blingner (black arrow) that are usually formed after degeneration of unmyelinated axons,
can also be observed. Panel (iii) Picture showing degeneration of small- and medium-sized myelinated fibers (blue arrows), Schwann cell cytoplasm
containing degradation products and myelin ovoids (red arrowhead), free debris in the endoneurium (orange arrow) and disorganized Remak
bundles with few unmyelinated C-fibers (pink arrow). Panel (iv) A macrophage engulfing myelin fragments is highlighted. Panel (v) Green arrows
feature projection of endothelial cell nuclei into the lumen of blood vessels. Panel (vi) Exhibits an endothelial cell with abnormal morphology, with
irregular small branches and swollen electron loose cytoplasm (yellow arrow). Scale bars are 2 um (Panels i, vi) and 5 um (Panels i, iii, iv, v). ¢ Dorsal
sensory roots semi-quantitative pathology scoring summary of the three cohorts in this study; the number of mice with detectable pathological
abnormalities in C-fibers, blood vessels, Schwan cells or axonal degeneration and demyelination in the endoneurium (n/6 for vehicle- injected mice
and n/8 for both monomeric a-Syn- and PFF-injected mice) is shown along with density of pathology represented by colour where darker colour

characterized and categorized [5, 57], but the underly-
ing mechanisms remain elusive and poorly understood.
Currently, there are no proven effective pharmacologi-
cal therapies to specifically alleviate PD-associated pain
[57]. Therefore, a better understanding of the patho-
physiological mechanisms of PD-associated pain, and
characterization of appropriate PD animal models, is
a prerequisite for the design of innovative treatments
able to address this critical issue. Existing animal mod-
els for PD, including acute pharmacological (reserpine
and haloperidol) or toxin-based (MPTP, rotenone and
6-OHDA) mouse models have been used to study PD-
induced pain [8]. Although these models present some
level of face and predictive validity for the understand-
ing of the pathophysiology of pain symptoms in PD, they
have major shortcomings. These include the absence of
Lewy body-like pathology, invasive routes of administra-
tion (intraventricular, intracisternal, intracerebral) pro-
voking blood-brain barrier disruption and edema, high
toxicity, low reproducibility, or limited time window for
the investigation of the disease progression and potential
therapeutical interventions [6, 8].

In this study, we show that retrograde templated
spreading of pathological a-Syn is associated to an aggre-
gate-dependent sensory nerve degeneration and defec-
tive nociception. The results presented here demonstrate
that peripherally injected PFF in the gastrocnemius mus-
cle of M83"/~ mice, induce a-Syn pathology in sensory
neurons and dorsal roots, and propagates into the CNS
throughout neuroanatomical connected pathways, while
modulating nociceptive pain responses. Therefore, these
data highlight the potential of this mouse model as a val-
uable tool for future research on the molecular mecha-
nisms involved in PD-associated pain.

The mouse sciatic nerve (about 70%) consists of
myelinated and unmyelinated sensory axons, predomi-
nantly from L3-L5 DRG and is the major nerve supply
to the hindlimb [58]. We have found that accumula-
tion of a-Syn aggregates in the afferent sensory system
(including sensory neurons of the DRG, axons from the
dorsal roots and spinal dorsal horn neurons, lamina I
and II) occurs concomitantly with the emergence of
defective nociception. Although o-Syn pathology in
the spinal cord has not been extensively studied, there
is evidence that some lamina I neurons in the thoracic
segment of PD patients harbor a-Syn inclusions [7].
Nevertheless, we here observed that pSer129 pathol-
ogy in the spinal cord manifests first in laminae VIII-IX
of the ventral horn, comprising motor neurons whose
axons innervate mostly striated or skeletal muscle fib-
ers [30]. This may indicate preferential spreading of
a-Syn pathology via myelinated motor axons [3].

We also detected substantial a-Syn pathology in
the mesencephalic PAG and thalamic nuclei, which
are major relay centres for pain information in CNS.
While the thalamic nuclei are the major gateway to the
somatosensory cortex, PAG contains neurons that par-
ticipate in the regulation of autonomic function, pain
modulation and circadian rhythms due to their wide-
spread connectivity in brainstem and hypothalamus
[37]. In this context, a-Syn pathology is also reported
in PAG in neuropathological studies in PD and related
diseases [27, 50], further supporting the relevance of
this peripheral-to-central rodent model of templated
propagation of a-Syn aggregates.

Moreover, PFF-inoculation elicited GFAP immuno-
reactivity that mirrored the spatiotemporal accumula-
tion of pS129-a-Syn in the dorsal and ventral horns of
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the spinal cord, suggesting aberrant tissue homeosta-
sis caused by the propagation of a-Syn aggregate seeds
along interconnected neuronal populations from the
PNS to the CNS. In addition, mice receiving a unilat-
eral intramuscular injection of PFF showed significantly
higher levels of pSer129 pathology in the ipsilateral
lumbar DRGs compared to the contralateral, support-
ing rostral propagation of a-Syn pathology through
direct neuroanatomical connections [3].

Intramuscular injection of PFF elicited hindlimb clasp-
ing behaviour, an abnormal phenotype also observed in
mice with lesions in cerebellum, basal ganglia, and neo-
cortex [35], as well as in transgenic mice with amyloid
pathology and neurodegeneration [34, 35]. In addition,
the PFF-injected cohort presented impaired mechanical
allodynia, i.e. a reduced nociceptive threshold to a non-
noxious stimuli, in a similar fashion to what is clinically
observed in PD patients [26, 56]. Damage of medium and
small myelinated and unmyelinated fibers in the dorsal
sensory roots of PFF-inoculated animals might underlie
the observed pain-like phenotype. These results further
support the involvement of pathological a-Syn propaga-
tion regarding sensory abnormalities related to nocicep-
tive processing.

Peripheral neuropathy typically starts from an asymp-
tomatic subclinical stage, in which neurological changes
have already begun but can only be detected through
more quantitative and sensitive testing. Although there is
no “gold standard” diagnostic methodology for evaluating
early stages of peripheral neuropathy, electrophysiologi-
cal nerve conduction velocity studies are widely accepted
as a precise and reliable method of classification and
quantification of peripheral nerve damage [42]. While
performing nerve conduction studies to investigate
peripheral nerve damage in our PD mouse model, we
found a discrete but significant reduction of sensory and
motor nerve conduction velocities in the PFF-injected
mice, equivalent to what is reported in idiopathic PD
patients, including those under treatment with L-Dopa
[38, 55], and also seen in other mouse models of periph-
eral sensory neuropathies [21]. The presence of periph-
eral neuropathy as demonstrated by pS129-a-syn in skin
is frequent in PD and even presymptomatic PD as dem-
onstrated in REM sleep behavior disorder patients [16].

Degeneration of the small and medium myelinated fib-
ers in the PFF cohort may explain the observed reduc-
tion in conduction velocity. Other ultrastructural deficits
found by EM might additionally have an impact on these
electrophysiological parameters, such as the abnor-
mal endothelial cell morphology and invasion of the
blood vessel lumen, which in a longer term could lead to
endothelial and microvascular dysfunction, affecting the
endoneurial nutritive blood flow and thus compromising
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signal conduction [11, 22, 45]. In the future, it would be
interesting and relevant to explore whether aggregation
and spreading of a-Syn in the PNS might have an impact
on the distribution of sodium channels in the nodes,
internodal distances [2, 59], the function of the Na/K
ATPase [60], density of type I muscle fibers [4] as well
as the mitochondrial content in the fibers [39], as all of
these functional cellular mechanisms or parameters can
impact the nerve conduction velocities.

The altered morphology of the Remak bundles together
with the frequent observed signs of ultrastructural dam-
age, such as small and medium myelinated fiber degen-
eration and the presence of flat sheets of Schwann cell
cytoplasmic processes (bands of Biingner) in the sensory
dorsal roots, can also also contribute to the observed
reduction in nerve conduction velocities as well as to the
increased mechanical allodynia in the PFF mice, as com-
pared with the control counterparts.

Although our results support the face and predictive
validity of the intramuscular PFF injection model for a
better understanding of the pathophysiology underly-
ing pain in PD, and provide a testbed for development
of modulation therapies, there are also limitations that
should be taken into account. For instance, the distribu-
tion of a-Syn pathology and onset of disease varies on the
PFF injection site (e.g. muscle, olfactory bulb, brain, gut),
the amount and type of PFF, and the animal species and
lines [9].

In summary, we have here provided conclusive evi-
dence that peripheral seeding with a-Syn fibrils in
transgenic M83™/~ mice results in a robust trans-syn-
aptic a-Syn spreading of endogenously recruited a-Syn
through interconnected neurons in a prion-like manner.
The propagation of a-Syn pathology from the peripheral
sensory system to the CNS was concomitant with sen-
sory nerve degeneration and nociceptive hypersensitivity.
We hypothesize that these dysfunctions might contribute
to the multifaceted etiology and symptomatology of pain
in PD. Furthermore, our observations support the face
and predictive validity of our rodent model for a better
understanding of the molecular mechanisms underly-
ing pain in PD and provide a testbed for development of
innovative therapeutic approaches for the treatment of
this common debilitating non-motor symptom.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/540478-021-01131-8.

Additional file 1. Fig. S1. Seeding and staining controls for OHCS experi-
ment. a, b) C57BL/6J OHCS injected with sterile PBS (a) or monomeric
a-Syn (b) do not show any aggregation either at injection site (DG) or
elsewhere at 7 dpi, as detected by conformation-specific MJF-14 (green)
and pSer129 (11A5, red). Scale bars = 20 pm (a), 100 um (b). c) Injection of
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PFF in a-Syn knockout OHCS does not result in any aggregate pathol-
ogy at 7 dpi, due to the lack of endogenous a-Syn needed to template
aggregation. Conformation-specific MJF-14 (green) was used to detect
pathology. Scale bar = 100 um. Fig. $2. Unilateral intramuscular injection
of PFF elicits higher pSer129 insult in the ipsilateral lumbar DRG compared
to the contralateral side. Threemonth-old TgM834-/— mice were injected
with full-length (1-140) mouse a-Syn PFF (n=4) in the right hindlimb (ipsi-
lateral, in red) or vehicle in the left hindlimb (PBS pH 7.4, contralateral, in
blue). a) Proteins from lumbar DRG (L3-L5) homogenates were separated
by SDS-PAGE and visualized by immunoblotting with anti-a-Syn antibody,
anti-pSer129-a-Syn, anti-b-actin, and anti-b-Ill tubulin. b) Densitometry
quantification of immunoblots as a ratio of pSer129/total a-Syn. Results
are shown as mean = SEM, as determined by one-way ANOVA followed
by Tukey’s multiple comparison test. *P < 0.05. Fig. S3. Immunofluores-
cence detection of astrogliosis in relation to pSer129-a-Syn pathology

in lumbar spinal cord, midbrain periaqueductal grey and thalamus of
vehicle- injected M83 mice. a) pSer129-a-Syn(in green) co-detection with
neuronal nuclei antigen (NeuN, in red) in vehicle-injected mice in dorsal
(DH) and ventral (VH) and horn of lumbar spinal cord. b) pSer129-a-Syn (in
green) and glial fibrillary acidic protein marker (GFAP, in red) immunore-
activity in DH and VH of lumbar spinal cord, ¢) midbrain periaqueductual
grey (MB-PAG) and d) thalamus. DAPI (blue) was used to stain the nuclei.
Scale bar = 100 pym; insets in merge show 63X magnified views. Fig. S4.
Immunofluorescence quantification of astrogliosis in lumbar and ventral
horn of the spinal cord, midbrain periaqueductal grey (PAG) and thalamus
in vehicle and PFF- injected M83 mice. Quantification was performed

on 10X views using Zen software (Zeiss). DAPI was used as a cell marker,
GFAP quantitation is expressed as GFAP+ cells/mm?2 in the indicated
regions. Results shown as mean £ SEM as determined by ordinary one-
way ANOVA followed by multiple comparison test. ***P < 0.001; ****p

< 0.0001.VH, ventral horn, DH, dorsal horn, PAG, periaqueductal grey,
thalamus ventroposterior. Fig. S5. Immunofluorescence for pSer129-a-Syn
pathology in lumbar spinal cord of PFF- injected M83 mice. pSer129-a-Syn
immunoreactivity (in green) in the dorsal (DH) and ventral (VH) horns, and
the intermediate grey (IG), with 20X magnified views of grey matter (red
rectangles) and white matter (yellow rectangles) as overlayimages at a) at
14 dpi and b) 21 dpi. I-X represent Rexed laminae; CC, central canal. DAPI
(blue) was used to stain the nuclei.Scale bar 100 um.

Acknowledgements
The authors would like to thank Jette Bank Lauridsen, Marianne Kristensen,
and Maria Ntzouni, from Aarhus University and Linkdping University,
respectively, for the excellent technical assistance. The study was supported
by the Independent Research Fund Denmark (IRFD) grant 8020-00118B and
Lundbeck Foundation grants R223-2015-4222 for PHJ, R313-2019-606 for CBV,
R248-2016-2518 for Danish Research Institute of Translational Neuroscience-
DANDRITE, Nordic-EMBL Partnership for Molecular Medicine and R171-2014-
591 Postdoctoral Fellowship to NF.

The 11A5 antibody was kindly provided by Imago Pharmaceuticals.

Authors’ contributions

N.F. designed the experiments, performed PFF generation, K114 fluorometry,
DLS analysis, PFF mouse injections, mouse behavioural analysis, western-
blotting, analysed the data, and wrote the manuscript. N.PG. designed the
experiments, performed the Von Frey test, nerve conduction electrophysiol-
ogy, immunohistochemistry, TEM analysis, and wrote the manuscript AJ.
interpreted the data and performed immunohistochemistry. N.M.J. performed
the organotypical hippocampal slice cultures and immunohistochemistry.
AV.D.L. performed immunohistochemical analysis. S.M. performed the TEM
analysis. CB.V. designed the experiments, interpreted the data, and revised the
manuscript. PH.J. designed the experiments, interpreted the data, and revised
the manuscript.

Data availability
The data that supports the findings of this study are available from the cor-
responding authors upon reasonable request.

Competing interests
The authors declare no competing interests.

Page 150f 17

Author details

T Danish Research Institute of Translational Neuroscience (DANDRITE), Nordic
EMBL Partnership for Molecular Medicine, Department of Biomedicine, Aarhus
University, 8000 Aarhus C, Denmark. ? International Diabetic Neuropathy Con-
sortium (IDNC), Aarhus University Hospital, Aarhus N, Denmark. * Department
of Biomedical and Clinical Sciences, Linkdping University, Linkdping, Sweden.

Received: 11 February 2021 Accepted: 11 February 2021
Published online: 25 February 2021

References

1. Abdelmotilib H, Maltbie T, Delic V, Liu Z, Hu X, Fraser KB, Moehle MS,
Stoyka L, Anabtawi N, Krendelchtchikova V et al (2017) alpha-Synuclein
fibril-induced inclusion spread in rats and mice correlates with dopa-
minergic Neurodegeneration. Neurobiol Dis 105:84-98. https://doi.
0rg/10.1016/j.nbd.2017.05.014

2. Arancibia-Carcamo IL, Ford MC, Cossell L, Ishida K, Tohyama K, Attwell D
(2017) Node of Ranvier length as a potential regulator of myelinated axon
conduction speed. Elife 6:€23329. https://doi.org/10.7554/eLife.23329

3. Ayers Jl, Riffe CJ, Sorrentino ZA, Diamond J, Fagerli E, Brooks M, Galalel-
deen A, Hart PJ, Giasson Bl (2018) Localized induction of wild-type and
mutant alpha-synuclein aggregation reveals propagation along neuro-
anatomical tracts. J Virol. https://doi.org/10.1128/JV1.00586-18

4. Bala U, Leong MP, Lim CL, Shahar HK, Othman F, Lai MI, Law ZK, Ramli K,
Htwe O, Ling KH et al (2018) Defects in nerve conduction velocity and
different muscle fibre-type specificity contribute to muscle weakness in
Ts1Cje Down syndrome mouse model. PLoS ONE 13:0197711. https://
doi.org/10.1371/journal.pone.0197711

5. Beiske AG, Loge JH, Ronningen A, Svensson E (2009) Pain in Parkinson’s
disease: prevalence and characteristics. Pain 141:173-177. https://doi.
org/10.1016/j.pain.2008.12.004

6. Bove J, Prou D, Perier C, Przedborski S (2005) Toxin-induced models of
Parkinson’s disease. NeuroRx 2:484-494. https://doi.org/10.1602/neuro
rx.2.3.484

7. Braak H, Sastre M, Bohl JR, de Vos RA, Del Tredici K (2007) Parkinson’s
disease: lesions in dorsal horn layer |, involvement of parasympathetic
and sympathetic pre- and postganglionic neurons. Acta Neuropathol
113:421-429. https://doi.org/10.1007/500401-007-0193-x

8. Buhidma, Rukavina K, Chaudhuri KR, Duty S (2020) Potential of animal
models for advancing the understanding and treatment of pain in
Parkinson’s disease. NPJ Parkinsons Dis 6:1. https://doi.org/10.1038/54153
1-019-0104-6

9. Chung HK, Ho HA, Perez-Acuna D, Lee SJ (2019) Modeling alpha-
synuclein propagation with preformed fibril injections. J Mov Disord
12:139-151. https://doi.org/10.14802/jmd.19046

10. Comi C, Magistrelli L, Oggioni GD, Carecchio M, Fleetwood T, Cantello
R, Mancini F, Antonini A (2014) Peripheral nervous system involvement
in Parkinson’s disease: evidence and controversies. Parkinsonism Relat
Disord 20:1329-1334. https://doi.org/10.1016/].parkreldis.2014.10.010

11. Coppey LJ, Gellett JS, Davidson EP, Dunlap JA, Yorek MA (2002) Changes
in endoneurial blood flow, motor nerve conduction velocity and vascular
relaxation of epineurial arterioles of the sciatic nerve in ZDF-obese
diabetic rats. Diabetes Metab Res Rev 18:49-56. https://doi.org/10.1002/
dmrr.257

12. Crystal AS, Giasson BI, Crowe A, Kung MP, Zhuang ZP, Trojanowski JQ,
Lee VM (2003) A comparison of amyloid fibrillogenesis using the novel
fluorescent compound K114. J Neurochem 86:1359-1368

13. Deuis JR, Dvorakova LS, Vetter | (2017) Methods used to evaluate pain
behaviors in rodents. Front Mol Neurosci 10:284. https://doi.org/10.3389/
fnmol.2017.00284

14. Dixon WJ (1980) Efficient analysis of experimental observations. Annu
Rev Pharmacol Toxicol 20:441-462. https://doi.org/10.1146/annur
ev.pa.20.040180.002301

15. Djaldetti R, Melamed E (2007) Sensory symptoms in Parkinson’s
disease. Handb Clin Neurol 83:377-384. https://doi.org/10.1016/S0072
-9752(07)83016-8

16. DonadioV, Doppler K, Incensi A, Kuzkina A, Janzen A, Mayer G, Volkmann
J,Rizzo G, Antelmi E, Plazzi G et al (2019) Abnormal alpha-synuclein


https://doi.org/10.1016/j.nbd.2017.05.014
https://doi.org/10.1016/j.nbd.2017.05.014
https://doi.org/10.7554/eLife.23329
https://doi.org/10.1128/JVI.00586-18
https://doi.org/10.1371/journal.pone.0197711
https://doi.org/10.1371/journal.pone.0197711
https://doi.org/10.1016/j.pain.2008.12.004
https://doi.org/10.1016/j.pain.2008.12.004
https://doi.org/10.1602/neurorx.2.3.484
https://doi.org/10.1602/neurorx.2.3.484
https://doi.org/10.1007/s00401-007-0193-x
https://doi.org/10.1038/s41531-019-0104-6
https://doi.org/10.1038/s41531-019-0104-6
https://doi.org/10.14802/jmd.19046
https://doi.org/10.1016/j.parkreldis.2014.10.010
https://doi.org/10.1002/dmrr.257
https://doi.org/10.1002/dmrr.257
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.1146/annurev.pa.20.040180.002301
https://doi.org/10.1146/annurev.pa.20.040180.002301
https://doi.org/10.1016/S0072-9752(07)83016-8
https://doi.org/10.1016/S0072-9752(07)83016-8

Ferreira et al. acta neuropathol commun

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34

35.

(2021) 9:31

deposits in skin nerves: intra- and inter-laboratory reproducibility. Eur J
Neurol 26:1245-1251. https://doi.org/10.1111/ene.13939

Doppler K, Jentschke HM, Schulmeyer L, Vadasz D, Janzen A, Luster M,
Hoffken H, Mayer G, Brumberg J, Booij J et al (2017) Dermal phospho-
alpha-synuclein deposits confirm REM sleep behaviour disorder as
prodromal Parkinson’s disease. Acta Neuropathol 133:535-545. https://
doi.org/10.1007/500401-017-1684-z

Elfarrash S, Jensen NM, Ferreira N, Betzer C, Thevathasan JV, Diekmann R,
Adel M, Omar NM, Boraie MZ, Gad S et al (2019) Organotypic slice culture
model demonstrates inter-neuronal spreading of alpha-synuclein aggre-
gates. Acta Neuropathol Commun 7:213. https://doi.org/10.1186/54047
8-019-0865-5

Fleming SM, Ekhator OR, Ghisays V (2013) Assessment of sensorimotor
function in mouse models of Parkinson’s disease. J Vis Exp. https://doi.
0rg/10.3791/50303

Ford A, Castonguay A, Cottet M, Little JW, Chen Z, Symons-Liguori AM,
Doyle T, Egan TM, Vanderah TW, De Koninck Y et al (2015) Engagement of
the GABA to KCC2 signaling pathway contributes to the analgesic effects
of A3AR agonists in neuropathic pain. J Neurosci 35:6057-6067. https://
doi.org/10.1523/JNEUROSCI.4495-14.2015

Goncalves NP, Jager SE, Richner M, Murray SS, Mohseni S, Jensen TS, Vae-
gter CB (2020) Schwann cell p75 neurotrophin receptor modulates small
fiber degeneration in diabetic neuropathy. Glia. https://doi.org/10.1002/
glia.23881

Goncalves NP, Vaegter CB, Andersen H, Ostergaard L, Calcutt NA, Jensen
TS (2017) Schwann cell interactions with axons and microvessels in
diabetic neuropathy. Nat Rev Neurol 13:135-147. https://doi.org/10.1038/
nrneurol.2016.201

Guyenet SJ, Furrer SA, Damian VM, Baughan TD, La Spada AR, Garden

GA (2010) A simple composite phenotype scoring system for evaluating
mouse models of cerebellar ataxia. J Vis Exp. https://doi.org/10.3791/1787
Ha AD, Jankovic J (2012) Pain in Parkinson’s disease. Mov Disord 27:485—
491. https://doi.org/10.1002/mds.23959

Harms AS, Ferreira SA, Romero-Ramos M (2021) Periphery and brain,
innate and adaptive immunity in Parkinson’s disease. Acta Neuropathol.
https://doi.org/10.1007/500401-021-02268-5

Ito S, Asahina M, Asahina M, Oki T, Hattori T (2001) Severe chronic pain
with allodynia in Parkinson’s disease: a case report. Rinsho Shinkeigaku
41:147-149

Jan A, Jansonius B, Delaidelli A, Bhanshali F, An YA, Ferreira N, Smits LM,
Negri GL, Schwamborn JC, Jensen PH et al (2018) Activity of translation
regulator eukaryotic elongation factor-2 kinase is increased in Parkinson
disease brain and its inhibition reduces alpha synuclein toxicity. Acta
Neuropathol Commun €:54. https://doi.org/10.1186/540478-018-0554-9
Jessen KR, Mirsky R (2016) The repair Schwann cell and its function in
regenerating nerves. J Physiol 594:3521-3531. https://doi.org/10.1113/
JP270874

Jung YJ, Kim HJ, Jeon BS (2015) Considerations of long-term pain evalua-
tion post-deep brain stimulation surgery-reply. JAMA Neurol 72:1077-
1078. https://doi.org/10.1001/jamaneurol.2015.1590

Khalid S, Tubbs RS (2017) Neuroanatomy and neuropsychology of pain.
Cureus 9:e1754. https://doi.org/10.7759/cureus.1754

Kofoed RH, Betzer C, Ferreira N, Jensen PH (2020) Glycogen synthase
kinase 3 beta activity is essential for Polo-like kinase 2-and Leucine-rich
repeat kinase 2-mediated regulation of alpha-synuclein. Neurobiol Dis
136:104720. https://doi.org/10.1016/j.nbd.2019.104720

Kofoed RH, Zheng J, Ferreira N, Lykke-Andersen S, Salvi M, Betzer C,
Reimer L, Jensen TH, Fog K, Jensen PH (2017) Polo-like kinase 2 modu-
lates alpha-synuclein protein levels by regulating its mRNA production.
Neurobiol Dis 106:49-62. https://doi.org/10.1016/j.nbd.2017.06.014
Krames ES (2014) The role of the dorsal root ganglion in the development
of neuropathic pain. Pain Med 15:1669-1685. https://doi.org/10.1111/
pme.12413

Lalonde R, Dumont M, Staufenbiel M, Strazielle C (2005) Neurobe-
havioral characterization of APP23 transgenic mice with the SHIRPA
primary screen. Behav Brain Res 157:91-98. https://doi.org/10.1016/].
bbr.2004.06.020

Lalonde R, Fukuchi K, Strazielle C (2012) Neurologic and motor dysfunc-
tions in APP transgenic mice. Rev Neurosci 23:363-379. https://doi.
org/10.1515/revneuro-2012-0041

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 16 of 17

Lindersson E, Lundvig D, Petersen C, Madsen P, Nyengaard JR, Hojrup P,
Moos T, Otzen D, Gai WP, Blumbergs PC et al (2005) p25alpha Stimulates
alpha-synuclein aggregation and is co-localized with aggregated alpha-
synuclein in alpha-synucleinopathies. J Biol Chem 280:5703-5715. https
;//doi.org/10.1074/jbc.M410409200

Linnman C, Moulton EA, Barmettler G, Becerra L, Borsook D (2012)
Neuroimaging of the periaqueductal gray: state of the field. Neuroimage
60:505-522. https://doi.org/10.1016/j.neuroimage.2011.11.095

Merola A, Romagnolo A, Zibetti M, Bernardini A, Cocito D, Lopiano L
(2016) Peripheral neuropathy associated with levodopa-carbidopa
intestinal infusion: a long-term prospective assessment. Eur J Neurol
23:501-509. https://doi.org/10.1111/ene.12846

Miotto PM, LeBlanc PJ, Holloway GP (2018) High-fat diet causes mito-
chondrial dysfunction as a result of impaired ADP sensitivity. Diabetes
67:2199-2205. https://doi.org/10.2337/db18-0417

Nolano M, Provitera V, Estraneo A, Selim MM, Caporaso G, Stancanelli A,
Saltalamacchia AM, Lanzillo B, Santoro L (2008) Sensory deficit in Parkin-
son's disease: evidence of a cutaneous denervation. Brain 131:1903-1911.
https://doi.org/10.1093/brain/awn102

Nolano M, Provitera V, Santoro L, Terme T, Herrmann DN, Neil Boger J,
Jansen C, Alessi-Fox C (2008) In vivo confocal microscopy of meissner
corpuscles as a measure of sensory neuropathy. Neurology 71:536-537.
https://doi.org/10.1212/01.wnl.0000324710.24747.c4

Perkins BA, Ngo M, Bril V (2002) Symmetry of nerve conduction studies
in different stages of diabetic polyneuropathy. Muscle Nerve 25:212-217.
https://doi.org/10.1002/mus.10044

Pont-Sunyer C, Hotter A, Gaig C, Seppi K, Compta Y, Katzenschlager R,
Mas N, Hofeneder D, Brucke T, Bayes A et al (2015) The onset of nonmo-
tor symptoms in Parkinson’s disease (the ONSET PD study). Mov Disord
30:229-237. https://doi.org/10.1002/mds.26077

Prusiner SB, Woerman AL, Mordes DA, Watts JC, Rampersaud R, Berry DB,
Patel S, Oehler A, Lowe JK, Kravitz SN et al (2015) Evidence for alpha-synu-
clein prions causing multiple system atrophy in humans with parkinson-
ism. Proc Natl Acad Sci U S A 112:E5308-5317. https://doi.org/10.1073/
pnas.1514475112

Richner M, Ferreira N, Dudele A, Jensen TS, Vaegter CB, Goncalves NP
(2018) Functional and structural changes of the blood-nerve-barrier in
diabetic neuropathy. Front Neurosci 12:1038. https://doi.org/10.3389/
fnins.2018.01038

Richner M, Pallesen LT, Ulrichsen M, Poulsen ET, Holm TH, Login H, Cas-
tonguay A, Lorenzo LE, Goncalves NP, Andersen OM et al (2019) Sortilin
gates neurotensin and BDNF signaling to control peripheral neuropathic
pain. Sci Adv 5:eaav9946. https://doi.org/10.1126/sciadv.aav9946

Sacino AN, Brooks M, Thomas MA, McKinney AB, Lee S, Regenhardt RW,
McGarvey NH, Ayers JI, Notterpek L, Borchelt DR et al (2014) Intramuscu-
lar injection of alpha-synuclein induces CNS alpha-synuclein pathology
and a rapid-onset motor phenotype in transgenic mice. Proc Natl Acad
SciUS A 111:10732-10737. https://doi.org/10.1073/pnas. 1321785111
Schapira AHV, Chaudhuri KR, Jenner P (2017) Non-motor features of
Parkinson disease. Nat Rev Neurosci 18:509. https://doi.org/10.1038/
nrn.2017.91

Schrag A, Horsfall L, Walters K, Noyce A, Petersen | (2015) Prediagnostic
presentations of Parkinson’s disease in primary care: a case-control study.
Lancet Neurol 14:57-64. https://doi.org/10.1016/51474-4422(14)70287-X
Seidel K, Mahlke J, Siswanto S, Kruger R, Heinsen H, Auburger G, Bouzrou
M, Grinberg LT, Wicht H, Korf HW et al (2015) The brainstem patholo-
gies of Parkinson'’s disease and dementia with Lewy bodies. Brain Pathol
25:121-135. https://doi.org/10.1111/bpa.12168

Stoppini L, Buchs PA, Muller D (1991) A simple method for organotypic
cultures of nervous tissue. J Neurosci Methods 37:173-182. https://doi.
0rg/10.1016/0165-0270(91)90128-m

Tarutani A, Arai T, Murayama S, Hisanaga S|, Hasegawa M (2018) Potent
prion-like behaviors of pathogenic alpha-synuclein and evaluation of
inactivation methods. Acta Neuropathol Commun 6:29. https://doi.
0rg/10.1186/540478-018-0532-2

Trimarco A, Taveggia C (2020) Schwann cell energy to die for. Nat Neuro-
sci 23:1179-1181. https://doi.org/10.1038/541593-020-00707-2

Van Den Berge N, Ferreira N, Gram H, Mikkelsen TW, Alstrup AKO, Casadei
N, Tsung-Pin P, Riess O, Nyengaard JR, Tamguney G et al (2019) Evidence
for bidirectional and trans-synaptic parasympathetic and sympathetic


https://doi.org/10.1111/ene.13939
https://doi.org/10.1007/s00401-017-1684-z
https://doi.org/10.1007/s00401-017-1684-z
https://doi.org/10.1186/s40478-019-0865-5
https://doi.org/10.1186/s40478-019-0865-5
https://doi.org/10.3791/50303
https://doi.org/10.3791/50303
https://doi.org/10.1523/JNEUROSCI.4495-14.2015
https://doi.org/10.1523/JNEUROSCI.4495-14.2015
https://doi.org/10.1002/glia.23881
https://doi.org/10.1002/glia.23881
https://doi.org/10.1038/nrneurol.2016.201
https://doi.org/10.1038/nrneurol.2016.201
https://doi.org/10.3791/1787
https://doi.org/10.1002/mds.23959
https://doi.org/10.1007/s00401-021-02268-5
https://doi.org/10.1186/s40478-018-0554-9
https://doi.org/10.1113/JP270874
https://doi.org/10.1113/JP270874
https://doi.org/10.1001/jamaneurol.2015.1590
https://doi.org/10.7759/cureus.1754
https://doi.org/10.1016/j.nbd.2019.104720
https://doi.org/10.1016/j.nbd.2017.06.014
https://doi.org/10.1111/pme.12413
https://doi.org/10.1111/pme.12413
https://doi.org/10.1016/j.bbr.2004.06.020
https://doi.org/10.1016/j.bbr.2004.06.020
https://doi.org/10.1515/revneuro-2012-0041
https://doi.org/10.1515/revneuro-2012-0041
https://doi.org/10.1074/jbc.M410409200
https://doi.org/10.1074/jbc.M410409200
https://doi.org/10.1016/j.neuroimage.2011.11.095
https://doi.org/10.1111/ene.12846
https://doi.org/10.2337/db18-0417
https://doi.org/10.1093/brain/awn102
https://doi.org/10.1212/01.wnl.0000324710.24747.c4
https://doi.org/10.1002/mus.10044
https://doi.org/10.1002/mds.26077
https://doi.org/10.1073/pnas.1514475112
https://doi.org/10.1073/pnas.1514475112
https://doi.org/10.3389/fnins.2018.01038
https://doi.org/10.3389/fnins.2018.01038
https://doi.org/10.1126/sciadv.aav9946
https://doi.org/10.1073/pnas.1321785111
https://doi.org/10.1038/nrn.2017.91
https://doi.org/10.1038/nrn.2017.91
https://doi.org/10.1016/S1474-4422(14)70287-X
https://doi.org/10.1111/bpa.12168
https://doi.org/10.1016/0165-0270(91)90128-m
https://doi.org/10.1016/0165-0270(91)90128-m
https://doi.org/10.1186/s40478-018-0532-2
https://doi.org/10.1186/s40478-018-0532-2
https://doi.org/10.1038/s41593-020-00707-2

Ferreira et al. acta neuropathol commun (2021) 9:31

55.

56.

57.

58.

59.

propagation of alpha-synuclein in rats. Acta Neuropathol 138:535-550.
https://doi.org/10.1007/500401-019-02040-w

Vanta OM, Tohanean N, Pintea S, Perju-Dumbrava L (2019) Large-fiber
neuropathy in Parkinson’s disease: clinical, biological, and electroneu-
rographic assessment of a Romanian cohort. J Clin Med. https://doi.
0rg/10.3390/jcm8101533

Vela L, Cano-de-la-Cuerda R, Fil A, Munoz-Hellin E, Ortiz-Gutierrez R,
Macias-Macias Y, Fernandez-de-Las-Penas C (2012) Thermal and mechani-
cal pain thresholds in patients with fluctuating Parkinson’s disease.
Parkinsonism Relat Disord 18:953-957. https://doi.org/10.1016/j.parkr
eldis.2012.04.031

Wasner G, Deuschl G (2012) Pains in Parkinson disease—many syn-
dromes under one umbrella. Nat Rev Neurol 8:284-294. https://doi.
0rg/10.1038/nrneurol.2012.54

Woodbury CJ, Kullmann FA, Mcllwrath SL, Koerber HR (2008) Identity of
myelinated cutaneous sensory neurons projecting to nocireceptive lami-
nae following nerve injury in adult mice. J Comp Neurol 508:500-509.
https://doi.org/10.1002/cne.21693

Wu LM, Williams A, Delaney A, Sherman DL, Brophy PJ (2012) Increasing
internodal distance in myelinated nerves accelerates nerve conduction

Page 17 of 17

to a flat maximum. Curr Biol 22:1957-1961. https://doi.org/10.1016/j.
cub.2012.08.025

60. Yorek MA, Wiese TJ, Davidson EP, Dunlap JA, Stefani MR, Conner CE, Lat-
timer SA, Kamijo M, Greene DA, Sima AA (1993) Reduced motor nerve
conduction velocity and Na(+)-K(+)-ATPase activity in rats maintained
on L-fucose diet. Reversal by myo-inositol supplementation. Diabetes
42:1401-1406. https://doi.org/10.2337/diab.42.10.1401

61. Yust-Katz S, Hershkovitz R, Gurevich T, Djaldetti R (2017) Pain in Extrapy-
ramidal neurodegenerative diseases. Clin J Pain 33:635-639. https://doi.
org/10.1097/AJP0000000000000437

62. Zange L, Noack C, Hahn K, Stenzel W, Lipp A (2015) Phosphorylated
alpha-synuclein in skin nerve fibres differentiates Parkinson’s disease from
multiple system atrophy. Brain 138:2310-2321. https://doi.org/10.1093/
brain/awv138

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1007/s00401-019-02040-w
https://doi.org/10.3390/jcm8101533
https://doi.org/10.3390/jcm8101533
https://doi.org/10.1016/j.parkreldis.2012.04.031
https://doi.org/10.1016/j.parkreldis.2012.04.031
https://doi.org/10.1038/nrneurol.2012.54
https://doi.org/10.1038/nrneurol.2012.54
https://doi.org/10.1002/cne.21693
https://doi.org/10.1016/j.cub.2012.08.025
https://doi.org/10.1016/j.cub.2012.08.025
https://doi.org/10.2337/diab.42.10.1401
https://doi.org/10.1097/AJP.0000000000000437
https://doi.org/10.1097/AJP.0000000000000437
https://doi.org/10.1093/brain/awv138
https://doi.org/10.1093/brain/awv138

	Trans-synaptic spreading of alpha-synuclein pathology through sensory afferents leads to sensory nerve degeneration and neuropathic pain
	Abstract 
	Introduction
	Materials and methods
	Production and purification of α-Syn
	Quantitative α-Syn fibril assembly and sedimentation
	SDS-PAGE
	K114 fluorometry
	Dynamic light scattering (DLS)
	Seeding test of PFF in organotypic hippocampal slice cultures
	Animal model
	Evaluation of mechanical allodynia
	Nerve conduction velocity recordings
	Western blot
	Immunofluorescence
	Immunofluorescence for frozen DRG sections
	Immunohistochemistry of paraffin spinal cord and brain sections

	Transmission electron microscopy (TEM)

	Results
	Characterization of α-Syn PFF and trans-synaptic prion-like propagation in vitro
	Evaluation of the mouse model sensorimotor phenotype
	Trans-synaptic propagation of α-Syn pathology from the periphery into central nociceptive pathways
	α-Syn-dependent morphological abnormalities in the peripheral sensory system

	Discussion
	Acknowledgements
	References




