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Abstract

The conversion of endogenous alpha-synuclein (asyn) to pathological asyn-enriched aggregates is a hallmark of Parkinson’s
disease (PD). These inclusions can be detected in the central and enteric nervous system (ENS). Moreover, gastrointestinal
symptoms can appear up to 20 years before the diagnosis of PD. The dual-hit hypothesis posits that pathological asyn aggre-
gation starts in the ENS, and retrogradely spreads to the brain. In this study, we tested this hypothesis by directly injecting
preformed asyn fibrils into the duodenum wall of wild-type rats and transgenic rats with excess levels of human asyn. We
provide a meticulous characterization of the bacterial artificial chromosome (BAC) transgenic rat model with respect to ini-
tial propagation of pathological asyn along the parasympathetic and sympathetic pathways to the brainstem, by performing
immunohistochemistry at early time points post-injection. Induced pathology was observed in all key structures along the
sympathetic and parasympathetic pathways (ENS, autonomic ganglia, intermediolateral nucleus of the spinal cord (IML),
heart, dorsal motor nucleus of the vagus, and locus coeruleus (LC)) and persisted for at least 4 months post-injection. In
contrast, asyn propagation was not detected in wild-type rats, nor in vehicle-injected BAC rats. The presence of pathology
in the IML, LC, and heart indicate trans-synaptic spread of the pathology. Additionally, the observed asyn inclusions in the
stomach and heart may indicate secondary anterograde propagation after initial retrograde spreading. In summary, trans-
synaptic propagation of asyn in the BAC rat model is fully compatible with the “body-first hypothesis™ of PD etiopatho-
genesis. To our knowledge, this is the first animal model evidence of asyn propagation to the heart, and the first indication
of bidirectional asyn propagation via the vagus nerve, i.e., duodenum-to-brainstem-to-stomach. The BAC rat model could
be very valuable for detailed mechanistic studies of the dual-hit hypothesis, and for studies of disease modifying therapies
targeting early pathology in the gastrointestinal tract.
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease after Alzheimer’s disease. The
disorder is characterized by loss of dopaminergic neurons
in the substantia nigra (SN) and the presence of Lewy bod-
ies (LBs) and Lewy neurites (LNs) in the central nervous
system (CNS) and peripheral nervous system (PNS). Lewy
pathology consists of alpha-synuclein (asyn)-enriched
aggregates, which are hypothesized to self-amplify and
propagate in a prion-like manner through interconnected
neurons by the recruitment of soluble endogenous asyn
protein [14, 49].

The etiology of the initial asyn aggregates is still largely
unknown. The dual-hit hypothesis proposes that the first
inclusions form in the olfactory bulb and peripheral auto-
nomic nerve endings of the gut, thereby explaining why
the dorsal motor nucleus of the vagus (DMV) seems to be
affected early in most cases of PD [9, 10]. This hypothesis
is supported by several lines of evidence. Asyn pathology
can be detected in the gut of PD patients up to 20 years
prior to diagnosis [18, 45, 48], and full truncal vagotomy
seems to lower the risk of PD by 40-50% after 10-20 years
of follow-up [23, 51]. Also, recent in vivo imaging data
showed that prodromal PD patients display marked dam-
age to the parasympathetic and sympathetic nervous sys-
tem, while their nigrostriatal dopamine system is still
relatively intact [22]. Moreover, recent studies support a
bidirectional link between gastrointestinal inflammation
and the initiation and progression of PD [39]. Neverthe-
less, the dual-hit hypothesis remains controversial, and is
very difficult to prove conclusively in human patients due
to the multifactorial etiology and the extended prodromal
phase of PD, which may span 20 years or more [1, 8, 12,
44, 50].

The mechanistic underpinnings of the hypothesis,
potential risk factors, and the proposed spreading routes
can be efficiently studied in animal models. However, the
vast majority of previous animal studies employed intrac-
erebral inoculation with asyn seeds, which cannot inform
the dual-hit hypothesis (reviewed in [15, 49]). It has been
shown that asyn aggregates can be transported retro-
gradely and anterogradely through the vagus [19, 53, 54].
A seminal study by Holmqvist et al. demonstrated that the
preformed asyn fibrils (PFF) injected into the duodenum
wall of wild-type rats were transported to the DMV within
6 days [19]. No further time points were investigated, so
that finding mainly reflected the transport of the injected
matter, and not the recruitment of endogenous asyn, or
trans-synaptic propagation of asyn pathology.

Intraperitoneal and intramuscular injections of PFFs
in transgenic M83 mice lead to manifest neuroinvasion

@ Springer

of asyn pathology and in some cases, a motor phenotype
[4, 11, 41, 43]. In addition, oral gavage with the insecti-
cide rotenone in wild-type mice induces pathological asyn
over time in the ENS, IML, and DMV [33, 34]. However,
these peripheral seeding strategies may not be a realistic
approximation of how asyn pathology actually originates
and spreads in the human condition. We hypothesize that
PD may start in a highly localized segment of the gastro-
intestinal tract, where the asyn aggregation/degradation
balance is decidedly shifted toward aggregation due to the
presence of local aggravating triggers such as inflamma-
tion and gut hyperpermeability or due to the stochastic
formation of a particularly stable and neuroinvasive asyn
strain [20, 36].

In this study, we injected PFFs in the duodenum and
pylorus of a transgenic rat model to test the Braak’s hypoth-
esis. The duodenum was chosen, as it has been shown by Hol-
mgqvist et al. that asyn injections at this site lead to robust trans-
port to the DMV [19]. Moreover, human postmortem studies
have demonstrated a gradient of asyn pathology with marked
involvement of the stomach and only slight involvement of the
colon [5, 17]. Also, the density of parasympathetic efferents is
highest in the stomach/duodenum [7].

The transgenic rat model used in this study overexpresses
the complete human SNCA gene in its wild-type form and is
termed BAC (Bacterial Artificial Chromosome) in this study,
as it results from the random integration of a BAC/PAC fusion
construct containing the human SNCA sequence [30]. It has
been shown that BAC rats overexpress cytosolic human asyn
by twofold—threefold in several brain regions compared to the
level of rodent asyn expressed in wild-type control rats. Thus,
we expected that the excess gene dosage would significantly
facilitate propagation of gut-induced PD pathology. Impor-
tantly, BAC rats display spontaneous asyn pathology only
in tele- and diencephalic structures, but not in the brainstem
except for the SN. Since BAC rats overexpress human asyn, we
used human asyn PFFs to avoid a potential species barrier. The
BAC rats were seeded in the duodenum wall with PFFs and
followed for 4 months with several aims: (1) to meticulously
characterize how closely the frans-synaptic asyn propagation
follows the spreading routes predicted by the Braak staging
scheme; (2) to document asyn propagation to the cardiac sym-
pathetic nerves suggestive of anterograde propagation from the
sympathetic ganglia, and (3) to document secondary involve-
ment of the stomach, which would suggest that a primary
retrograde duodenum-to-DMV propagation is followed by a
secondary anterograde DM V-to-stomach propagation.
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Materials and methods
Generation of fibrils

Two types of recombinant preformed fibrils (PFFs) were
used: wild-type human asyn (phosphorylatable at Ser129
residue) and asyn S129A mutant (non-phosphorylatable
at Ser129 residue). Note that both fibril types are phos-
phorylatable at other phosphorylation sites than Ser129.
PFFs were made by incubating monomeric wild-type or
S129A mutant asyn (5 mg/ml) in sterile PBS at pH 7.4
(Gibco) for 48 h at 37 °C and 1050 rpm (Thermomixer;
Eppendorf). The presence of insoluble amyloid fibrillar
material was confirmed by SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis), thioflavin T,
and K114 amyloid fibril assays, as previously described
[13, 56]. The SDS-PAGE of mildly denatured PFFs and
monomer demonstrated that the PFFs contain a consid-
erably higher molecular weight smear in contrast to the
monomer that runs as a single 20 kDa band (Online
Resource Fig. 1a). The thioflavin T fluorescence signal
showed a high amyloid binding in the PFF samples (high-
est in the S129A), and no binding in the monomeric asyn
samples, nor in the blank PBS control (Online Resource
Fig. 1b). The mean K114 fluorescence signal of the fibrils
is significantly higher than the mean signal of the mono-
meric asyn (p <0.0001, Online Resource Fig. 1c). Next,
we resuspended the insoluble pelleted amyloid material
to 2 mg/ml in sterile PBS at pH 7.4 (Gibco) and sonicated
asyn PFFs to an average size of ~50 nm hydrodynamic
radius, as determined by dynamic light scattering (DLS)
with DynaPro Star (Wyatt Technology) (25 °C). The DLS
measurements of PFFs showed a homogeneous PFF popu-
lation of 44 nm (Online Resource Fig. 1d). PFFs were
aliquoted and stored at — 80 °C until use. The fibrils were
thawed and sonicated (Branson Sonifier SFX250; Kebo
Lab) for 5 min with the duty cycle setting =30% and power
output setting = 3, right before use.

In some previous studies, it cannot be excluded that
the transmission of asyn pathology is caused by the sim-
ple diffusion or transport of the injected asyn material,
instead of actual conversion of normal endogenous asyn
to pathological asyn species. To overcome this mat-
ter, we used asyn S129A, an asyn mutant that cannot be
phosphorylated at Ser129, hereby enabling us to distin-
guish the endogenously phosphorylated asyn from the
trans-synaptic transportation of the exogenously injected
S129A PFFs. To verify the specificity of the phospho
antibodies to detect phosphorylated asyn (and not the
S129A PFFs), we carried out biochemical experiments
with both recombinant monomeric (pSer129) and fibril-
lar WT and S129A asyn run on PAGE and analyzed with

one phospho-specific antibody that was used on all tissue
types in this study (Ab51253) and one antibody against
total asyn (Ab138501). These data are shown in Online
Resource Fig. le. In short, PFFs or monomeric asyn (a
kind gift from prof. Hilal A. Lashuel, EPFL Switzerland)
were diluted in SDS loading buffer to a final concentra-
tion (50 mM Tris pH 6.8, 4% SDS, 40% glycerol, 50 mM
DTE, bromophenol blue) and heated for 10 min at 95 °C.
25 ng pSer129 asyn and 100 ng PFF were added to the
wells of 4-20% polyacrylamide gel (GenScript). The gel
was subsequently blotted on a PVDF membrane, which
was then fixed in 4% PFA for 30 min, boiled for 5 min in
PBS followed by blocking in milk blocking buffer with
phosphatase inhibitors (25 mM B-glycerophosphate, 1 mM
Na;VO,, 5 mM NaF). Next, the membrane was incubated
at 4 °C with primary antibody (Ab138501, Ab51253) and
diluted in blocking buffer with phosphatase inhibitors. The
membrane was then washed and incubated for 1.5 h with
horseradish peroxidase conjugated secondary antibody
(Dako), followed by visualization with ECL in a Fuji Las-
3000 intelligent dark box.

BAC rat model

In this study, we utilized homozygous BAC rats that are
overexpressing the full-length human SNCA sequence under
the control of the endogenous human regulatory elements
and wild-type (Sprague—Dawley) littermates as controls. To
distinguish between homozygous and heterozygous animals,
the relative number of DNA copies was estimated by quan-
titative real-time PCR and rat tail genomic DNA. Homozy-
gous BAC rats exhibit soft phenotype changes such as early
smell deficits and late motor decline. However, these pheno-
type changes are irrelevant to the current research hypothesis
as we are focusing on the early prodromal spread of asyn
pathology through the peripheral connectomes. We refer to
Nuber et al. (2013) for a detailed description of the genera-
tion of the BAC strain, genotyping, and phenotype [30].

Animal surgery

The experimental procedures involving animals were
approved by The Danish Animal Experiments Inspectorate
in Glostrup, Denmark on the license 2016-15-0201-01004.
The rats were acclimated for at least 1 week, and they were
housed in type III cages in a Scantainer (Scanbur, Denmark).
The temperature was kept at 20-24 °C and with a target
humidity of approximately 45-65%. The day length was
artificially held on 12 h. The rats were fed ad libitum with
Altromin 1324 (Brogaarden, Denmark) and had access to tap
water. Health status was controlled through regular surveys
of the rodents in the facility.
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Four-month-old rats (n=26, 300-400 g) were rand-
omized and anesthetized with a mixture of medical O, and
isoflurane (5% for induction, 2% for maintenance) and kept
at a constant body temperature using a conventional heating
pad. Aseptic laparotomy was performed, and the duodenum
was identified. Injections of the PFFs or phosphate-buffered
saline (PBS) were made using a 10 ul Hamilton syringe with
a 25-gauge needle into the gut wall of the pylorus and duo-
denum at six different sites with an approximate spacing
of 0.5 cm. Each site was injected with 3 ul of PFFs (1 pg/
pl) or PBS in case of sham injections. Thirteen BAC rats
and seven wild-type (WT) rats (mostly littermates) were
injected with PFFs, further on referred to as ‘BACPFF’ and
‘WTPFF’, respectively. Four BAC rats and two WT rats were
injected with PBS, referred to as ‘BACPBS’ and ‘WTPBS’,
respectively.

Following injection, the incision was closed with sev-
eral individual sutures at two levels: abdominal muscles and
skin. Analgesia was administered for post-operative relief:
xylocaine (2%) was applied on the skin at and around the
incision site prior to surgery, buprenorphine ip (Temgesic,
2.5 mg/kg) once prior to surgery, meloxicam ip (Metacam,
0.5 mg/kg) once per day for 3 days. The rats returned to
normal housing conditions and visual inspection was per-
formed during awakening and later on a regular basis (daily
during 1 week of post-operative recovery and weekly after)
to assess their welfare status (including signs of neurologic
disease). Soaked food was placed in the cage so the rats
did not have to stretch. If the rat bed up single sutures, they
were briefly anesthetized with isoflurane, after which the
wound was cleaned and new sutures were placed. After sur-
gery, the rats were continuously evaluated through a scoring
scheme based on predefined human endpoints. If the score
was higher than allowed in the animal license, the rat was

Table 1 List of antibodies against alpha-synuclein

immediately sacrificed. In that case, the rat was excluded
from this study.

Tissue collection and processing

At2 (n=11) and 4 (n=15) months post-seeding, the rats
were sedated and perfused transcardially with PBS and
phosphate-buffered 4% formaldehyde. The brain, spinal
cord, celiac ganglia, heart, stomach, and duodenum were
sampled to study the route of asyn pathology spread through
the ANS from the gastrointestinal tract to the brain. After
overnight post-fixation, the tissue was dehydrated in a series
of alcohol baths and, after clearing in xylene, embedded in
paraffin. The tissue was cut into 3-um-thick sections (Leica
RM?2235) and mounted on glass adhesion slides (SuperFrost
Plus™, Thermo Scientific™).

Immunohistochemistry and immunofluorescence

Tissue sections were deparaffinized in xylene and rehydrated
in a series of alcohol baths. The sections were washed with
TBS and 0.25% Triton X-100 in TBS (TBS-T) and incu-
bated with a 3% hydrogen peroxide solution for 30 min to
inhibit endogenous peroxidases. For antigen retrieval, slides
were incubated in a modified citrate buffer (< pH 6.2) for
15 min at 80 °C. After cooling, slides were blocked with a
buffer containing 2% bovine serum albumin (BSA) in TBS-T
for 30 min at room temperature, and then incubated with
a primary antibody diluted in 1% BSA in TBS-T at room
temperature for 2-5 h. The antibodies used were: pSer129-
asyn/Ab51253, pSer129-asyn/Ab59264, pSer129-asyn/A81,
pSer129-asyn/Syn64; fibrillar asyn/Ab209538, total asyn/
Ab138501 with or without proteinase K/Ab64220 (Abcam,
1:800) pretreatment; tubulin/Ab56676 (Abcam, 1:100); TH/

Product number Description Supplier  Immunogen/epitope Concentration
Ab51253 Rabbit monoclonal [EP1536Y] to asyn (phos- ~ Abcam Phospho-specific peptide corresponding to 1:50-1:12500
pho S129) residues aa 100 to the C terminus surrounding
Ser129 of human asyn.
Ab59264 Rabbit polyclonal to asyn (phospho S129) Abcam Phospho-specific peptide corresponding to 1:500-1:7500
residues surrounding Ser129 of human asyn
(M-P-SP-E-E).
A81 Mouse monoclonal to asyn (phosphor S129) Biolegend Phospho-specific peptide corresponding to 1:500-1:3000
residues 124—134 surrounding Ser129 of
human asyn.
Syn64 Mouse monoclonal to asyn (phosphor S129) Wako Phosphor-specific peptide corresponding to 1:1000
residues 124134 surrounding Ser129 of
human asyn.
Ab209538 Rabbit monoclonal to asyn (filament conforma- Abcam Recombinant full length protein within human  1:50-1:500
tion-spec) asyn filament aa 100 to the C-terminus.
Ab138501 Rabbit monoclonal [MJFR1] to asyn Abcam Recombinant full length protein corresponding  1:500-1:10000

to residues 118-123 of human asyn.
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Ab112 (Abcam, 1:100-1-500); VAChT/139103 (Synaptic
Systems, 1:1000). Treatment with proteinase K was per-
formed after the first washing step in TBS for 5 min at room
temperature. Table 1 provides a list of the primary antibod-
ies against asyn used in this study, including details about
the supplier, concentration, and specificity.

After incubation with primary antibody, the sections were
rinsed and incubated with a biotinylated secondary antibody
(BA-2000 or BA-2001, Vector Laboratories, 1:200) in com-
bination with the Vectastain ABC peroxidase kit, or an HRP
secondary antibody (P0448, Dako, 1:400) for 2 h. All incu-
bation steps were done in a humidified chamber. Peroxidase-
positive structures were then visualized by incubation with
DAB (3,3'-diaminobenzidine) containing 0.03% H,0, for
0.5-5 min, depending on the antibody. After counterstaining
with toluidine blue, the slides were coverslipped with Eukitt
mounting medium (Sigma, 03989).

Samples from each experimental group (i.e., BACPFF,
BACPBS, WTPFF, WTPBS) were stained together. Addi-
tionally, positive (known presence of pathology) and nega-
tive controls (omitting the primary antibody) were included
in each staining.

Triple immunofluorescence staining was performed on
the duodenal tissue for co-localization purposes. The stain-
ing protocol was similar to the immunohistochemistry pro-
tocol described above, but with goat serum as the blocking
agent and the primary antibodies beta-Tubulin 3/Ab78078
(Abcam, 1:500) and pSer129/Ab51253 (Abcam, 1:2000).
After overnight incubation with primary antibody at 4 °C,
the sections were incubated overnight at 4 °C with a second-
ary antibody AlexaFluor488/Ab150117 or Biotin/Ab97049
(Abcam, 1:1000). Next, the sections were incubated in
Streptavidin-AlexaFluor647/405237 (Biolegend, 1:1000)
and DAPI/D3571 (Invitrogen, 1:4000) for 1 h at room tem-
perature. In between each incubation step, the sections were
washed three times for at least 30 min per washing step.
Finally, the sections were dehydrated and mounted with
Vectashield Antifade Mounting Medium (Vector Labora-
tories, H-1000). Immunofluorescent images were acquired
with Zeiss Confocal LSM700.

Quantification assessment of asyn
immunoreactivity

For quantification, optical density values were calculated
using ImagelJ (https://fiji.sc/, open-source platform for bio-
logical image analysis). Images for optical density analysis
were collected from 3-pm-thick sections using the Visiop-
harm software (Visiopharm, Hoersholm, Denmark) and
Olympus VS120 automated slide scanning microscope
(Olympus, Ballerup, Denmark) with automated calibration
and constant light source.

First, a background subtraction was performed based on
the mean value of an unstained portion of the section, such
as the corpus callosum, cerebellum, or abdominal aorta.
Second, a color deconvolution (after double staining with
toluidine blue) was done. Lastly, the regions of interests
were drawn as shown in Fig. 2, and optical density values
were calculated [40]. For statistical analysis, a one-way
analysis of variance (ANOVA) with Tukey post hoc test
was used for multiple comparisons among groups.

Results

Characterization of asyn pathology in the BAC rat
brain

At 4 months post-injection, we detected in PFF- and PBS-
injected BAC rats alike marked asyn immunoreactivity
in the olfactory bulb, motor, frontal, parietal, occipital,
and entorhinal cortex, striatum, thalamus, hippocampus,
hypothalamus, and the substantia nigra (SN). However,
the BACPFF rats showed more intense asyn staining in the
SN pars reticulata (SNr) than the BACPBS rats, and only
the BACPFF rats exhibited distinct asyn pathology in the
dorsal motor nucleus of the vagus (DMV) and the locus
coeruleus (LC). In contrast, the brainstem of all BACPBS
rats remained completely free of pathology below the
level of the SN. No asyn pathology was seen anywhere in
the brain of all WT rats. We refer to Fig. 1a and Online
Resource Figs. 2, 3, 4, and 5 for representative images of
the ‘whole-brain” asyn pathology distribution in sagittal
brain sections of seeded and non-seeded BAC and WT
rats, detected with six different antibodies in total. Fig-
ure 1b shows the tyrosine hydroxylase (TH) distribution
in a sagittal brain section of a BACPFF and a BACPBS
rats. There was no difference in the level or pattern of TH
between all four groups. Figure 2 shows representative
images from brainstem structures (DMV, LC, and SN) of
BAC and WT rats and the optical density analyses (full
dataset in Online Resource Fig. 6). Significantly more
asyn pathology was detected in the BACPFF group in
the DMV (p <0.01), LC (p<0.001), and SNr (p <0.05),
but not in the SN pars compacta (SNc), compared to the
other experimental groups. Figure 3 shows representative
magnifications of asyn inclusions in the DMV and LC of
the seeded BAC rat, as detected by several antibodies.
The detection of asyn aggregates, which are phosphoryl-
ated at Ser129 after duodenal seeding with S129A fibrils,
indicates recruitment of endogenous asyn to pathological
aggregates in the recipient cell, rather than the mere trans-
port of the injected fibrils.
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«Fig. 1 a Distribution of phosphorylated asyn (pASYN/Ab51253)
pathology in sagittal brain sections of S129A PFF- and PBS-injected
BAC rats at 4 months post-injection. The scale bar represents 1 mm
in the whole brain sagittal sections (upper panel). In the lower panel,
representative high-magnification photomicrographs of phosphoryl-
ated asyn (pASYN, Ab51253) pathology are shown in several brain
areas of S129A PFF- and PBS-injected BAC rats: bulb, cortex, motor
cortex (MC), striatum, hippocampus (HC), entorhinal cortex (EC),
substantia nigra pars compacta (SNc), substantia nigra pars reticu-
lata (SNr) hypothalamus (HypoT), dorsal motor nucleus of the vagus
nerve (DMV), locus coeruleus (LC). The scale bar represents 100 um
in the DMV and LC, and 50 pm in all other brain areas. Similar levels
of brain pathology were seen in the BAPFF and BACPBS rats, except
for the brainstem (DMV, LC, and SNr), which contained significantly
less or no pathology in the BACPBS rats. b Distribution of tyrosine
hydroxylase in a sagittal brain section of BACPFF and BACPBS rats.
Scale bar: 1 mm

Primary parasympathetic and sympathetic
retrograde propagation from the ENS to the brain

Along the parasympathetic pathway, asyn pathology propa-
gated from the duodenum to the DMV, and along the sympa-
thetic pathway to the celiac ganglia, and then to the interme-
diolateral nucleus of the spinal cord (IML). Figure 4 depicts
pathological asyn in the duodenum, autonomic ganglia,
and IML of BACPFF rats (full data set in Online Resource
Figs. 7, 8, and 9). No asyn pathology was seen anywhere
in the ENS, autonomic nuclei, or IML in the seeded or
non-seeded WT rats. Some phosphorylated asyn pathology
was observed in the duodenal ENS of the BACPBS group.
However, this pathology tended to be in the cell nuclei and
disappeared almost completely when using a proteinase K
pretreatment before staining against phosphorylated asyn.
In contrary, the BACPBS rats showed some heterogeneous
staining in a few cell bodies of the celiac ganglia even after
using proteinase K pretreatment. Thus, the BACPBS rats
might display some spontaneous pathology in the periph-
ery, but it was clearly below the levels seen in BACPFF
rats (p <0.05). Asyn pathology was seen to co-localize with
several markers: DAPI, microtubulin, and the vesicular ace-
tylcholine transporter (VAChT) in the duodenum (Fig. 4a),
tyrosine hydroxylase in the celiac ganglia (Fig. 4b), and
VAChT in the IML (Fig. 4d). The pathology in the myenteric
and submucosal plexuses and the neurites in the mucosa
resembled pathological asyn immunoreactivity in the colon
of a human PD patient (Online Resource Fig. 10).

Secondary anterograde propagation to the heart
and stomach

Marked asyn pathology was detected in the stomach (Fig. 5)
and the heart (Fig. 6) of BACPFF rats (full dataset in Online
Resource Figs. 11, 12). In the heart, the asyn signal co-
localized with TH staining (Fig. 6a). These findings suggest
secondary anterograde propagation from the DMV to the

stomach and from the autonomic ganglia and sympathetic
trunk to the cardiac sympathetic nerves after the initial ret-
rograde propagation along the parasympathetic and sympa-
thetic pathways.

Figure 7 depicts a schematic overview of the proposed
trans-synaptic and bidirectional propagation of asyn pathol-
ogy, and Table 2 summarizes the frequency of asyn pathol-
ogy in the analyzed CNS and ANS tissues in BACPFF rats.
Some intersubject variability in disease progression was
seen in the heart and IML, which may indicate temporal
evolution of the propagating pathology. 2 months post-
seeding, asyn pathology was detected in the bilateral IML
(BiL-IML) in 3/5 and unilateral IML (UniL-IML) in 2/5
BACPFF rats, and in the heart in 2/5 BACPFF rats. 4 months
post-seeding, asyn pathology was detected in the BiL-IML
in 6/8 and UniL-IML in 2/8 BACPFF rats, and in the heart
in 7/8 BACPFF rats. The intersubject variability is also evi-
dent from the Online Resource figures, which provide the
full dataset per tissue type analyzed (subjects seeded with
S129A PFFs are marked with * in the label).

Discussion

Here, we injected human wild-type or mutant asyn fibrils,
or vehicle, in the duodenum wall of homozygous BAC
rats and WT littermates. To investigate the early spread of
asyn pathology, the tissue was collected at 2 and 4 months
post-seeding. Our study provides the hitherto most com-
prehensive immunohistochemical report about propaga-
tion of initially localized enteric asyn pathology through
the autonomic nervous system to the brain in a transgenic
rodent model. We documented trans-synaptic propagation
of phosphorylated asyn pathology through interconnected
neuronal pathways in a pattern, which fully recapitulates
Braak’s hypothesis.

Our study design was similar to the seminal study by Hol-
mgqvist et al. [19]. However, the observational period in that
study was restricted to 6 days, which is much too short to
document formation of pathological asyn aggregates through
recruitment of endogenous asyn. Furthermore, the investiga-
tors did not use antibodies against pathological, phosphoryl-
ated asyn, but only a single antibody directed against total
human asyn without proteinase K pretreatment. That study
was, therefore, limited to detect only short-term vagal trans-
port of the injected asyn aggregates to the DMV.

Gut-to-CNS propagation of asyn pathology
In the present study, duodenal injections of PFFs were fol-
lowed by unequivocal asyn pathology in the ENS, DMV,

celiac ganglion (CMG), and LC in all 13 BAC rats. Mark-
edly, less asyn pathology was seen in the IML, with 9/13
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Fig.2 Phosphorylated asyn (pASYN) pathology in the DMV, LC,
and SN of S129A PFF- and PBS-injected BAC rats and WT controls
at 4 months post-injection. a—¢ Schematic of DMV (a), LC (b), and
SN (c) anatomy at bregma —13.76 mm, —9.84 mm and —5.88 mm,
respectively. d High magnification photomicrograph of asyn pathol-
ogy (pASYN/Ab51253) in the DMV of PFF- and PBS-injected
BAC and WT rats. Scale bar: 200 um. e, f High-magnification pho-
tomicrograph of tyrosine hydroxylase and asyn pathology (pASYN/
Ab51253) in the LC (e) and SN (f) of PFF- and PBS-injected BAC
and WT rats. Scalebar: 200 um. g Optical density (OD) measure-
ments of pASYN pathology in the DMV of PFF- and PBS-injected
BAC and WT rats. The regions of interest used for the analysis
are indicated in d and in Online Resource Fig. 6. h Optical den-
sity measurements of pASYN pathology (left panel) and TH (right

BAC rats displaying pathology bilaterally and 4/13 only
unilaterally. In contrast, none of the rats in the other experi-
mental groups displayed clear asyn pathology in any of these
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panel) in the LC of PFF- and PBS-injected BAC and WT rats. The
regions of interest used for the analysis are indicated in e and in
Online Resource Fig. 6. The BACPFF rats showed pathology in the
DMV and LC at 2 and 4 months post-injection (DMV: p<0.01, LC:
p<0.001). The DMV and LC of BACPBS and WT rats remained free
of pathology. i Optical density measurements of pASYN pathology
in the SN pars reticulata (left panel) and pars compacta (right panel)
of PFF- and PBS-injected BAC and WT rats. The regions of inter-
est for the analysis are indicated in f and in Online Resource Fig. 6.
The BACPFF rats showed significantly more pathology in the SNr
(p<0.05) at 2 and 4 months post-injection, but not in the SNc. The
SN of WT rats remained free of pathology. Each data point represents
mean OD values. Horizontal bars: + SE

structures (after proteinase K pretreatment of the tissue),
except in the CMG where we did see slightly more phos-
phorylated asyn staining in the BACPBS group compared
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Fig.3 Representative high magnification photomicrographs of phos-
phorylated asyn-positive inclusions detected in the DMV of seeded
BAC rats. Inclusions were evident in neuronal cell bodies (a, b) and

to the clearly negative WT rats (Fig. 4b). Thus, it is possi-
ble that the BAC rat model also shows subtle spontaneous
asyn pathology in the CMG in addition to the much more
dramatic pathology in the telencephalon. Interestingly, the
sympathetic chain and autonomic ganglia may be particu-
larly susceptible to asyn pathology, since incidental Lewy
body disease patients tend to show the highest frequency
of asyn pathology in these structures [5, 17]. Nevertheless,
the CMG staining in the BACPFF group was significantly
more positive—suggestive of a significant contribution from
propagating asyn pathology initiated by the injected PFFs.
In the SN of the BACPBS rats, the magnitude of asyn
staining was generally uniform across the SNc and SN,
whereas the SNr appeared more intensely stained in the
BACPFF rats (Online Resource Fig. 6). This qualitative
impression was supported by the optic density measure-
ments (Fig. 2i). Since it has been reported that the LC pro-
jects mainly to the SNr [6, 55], it seems plausible that the
additional asyn pathology of the SNr was caused by asyn
propagation through LC connections. Though neuronal con-
nectivity is necessary, additional factors might contribute to
the anatomical pattern of asyn pathology propagation [32].
Overall, our findings suggest that seeded BAC rats show
asyn propagation through Braak stages 1, 2, and 3 [9, 10].
The present finding of robust and extensive gut-to-brain
asyn propagation contrasts with two recent reports [25, 52].
In those studies, asyn PFFs were injected directly into the
stomach or colon of mice, rats, and macaques, but little or no
persisting asyn pathology was seen in the brainstem. Impor-
tantly, those investigators employed young healthy wild-type
animals without additional susceptibility factors. The semi-
nal paper by Holmgqvist et al. reported asyn positivity in
the DMV at 6 days, which most likely represent staining
of the transported injected material. It seems probable that
this asyn signal would also have become negative, had the
authors included time points beyond 6 days [19]. We would

Fibrillar syn/
‘Ab209538

pSer129/Ab51253

prot)K {‘- :
asynf/Ab138501

as elongated Lewy neurite-like structures (c). Depending on the anti-
bodies used, inclusions (a/b, scale bar=25 um) and neurites (c, scale
bar =50 um) had different appearances

argue that young wild-type animals (including humans) are
probably able to minimize or prevent neuroinvasion from
sites of enteric asyn aggregation, given that sporadic PD is
mainly diagnosed in people above 60—70 years of age [16].
Therefore, the use of young wild-type animals could lead to
false- negative results within this experimental paradigm.
Surprisingly, the effects of aging on the efficiency of asyn
propagation in animal models have received almost no atten-
tion so far.

Of note, we did not see asyn pathology in the myenteric
and submucosal plexus of the PFF-injected WT rats, which
contrasts with the observed persistent enteric pathology in
PFF-injected WT rodents and non-human primates [25, 52].
The absence of pathology in the present WT rats could be
explained by a species barrier, since we used human asyn
PFFs in the WT rats, whereas the previous studies used
species-compatible PFFs.

Potential bidirectional spread

To our knowledge, this study is the first to investigate
the potential secondary anterograde (DMV-to-stomach)
spreading of asyn pathology, after the primary retrograde
(duodenum-to-DMV) spreading within the same study
protocol. We detected asyn pathology in the stomach in 4/5
rats at 2 months, and 8/8 rats at 4 months post-injection.
The pathology was found 3 cm or more from the site of
duodenal injection. During PFF injections, care was taken
not to penetrate into the duodenal lumen or veins. The
needle was slowly pushed horizontally into the wall for at
least 1 cm and left in place for at least 15 s after injection.
Upon retraction, the injection site was carefully inspected
and dabbed clean to remove any invisible amount of leak-
ing fluid to the peritoneal space. Thus, we believe that
only negligible amounts of PFFs could have escaped
to the peritoneum. To our knowledge, no long distance
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ENS connections have been demonstrated between the
duodenum and stomach. Since the DMV and the celiac
ganglion were asyn-positive in all rats at 2 months post-
injection, the pathology in the stomach could conceivably
have traveled to the stomach via both the sympathetic and
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PFFs

parasympathetic pathways. However, it cannot be excluded
that the stomach pathology was caused by accidental
seeding from PFFs escaped from the injection site, or
that asyn pathology propagates rapidly through the ENS
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«Fig. 4 a Distribution of asyn pathology in the duodenum of S129A
PFF- and PBS -injected BAC rats and WT controls, at 4 months post-
injection, detected with four different antibodies. Scale bar: 100 pm.
Representative high magnification photomicrographs are shown
of the myenteric ganglion and neurites in the BACPFF. The enteric
nervous system remained pathology free in BACPBS and WT rats.
Scale bar: 50 pm. For co-localization purposes, representative high
magnification photomicrographs are shown of the distribution of
VAChHT, tubulin, and DAPI in the duodenum. Asyn pathology co-
localized with DAPI, VAChT, and tubulin. Scale bar: 50 pm. b Dis-
tribution of asyn pathology in the celiac ganglia of SI29A PFF- and
PBS-injected BAC rats and WT controls, at 4 months post-injection
(left panel). Distribution of tyrosine hydroxylase in the celiac gan-
glion of a BAC PFF rat (right panel). The TH distribution is simi-
lar across the four experimental groups. Scale bar: 200 pm. ¢ Opti-
cal density (OD) measurements of pASYN pathology in the celiac
ganglia of PFF- and PBS-injected BAC and WT rats. pASYN levels
were significantly higher in the ganglia of BACPFF compared to
BACPBS rats (p<0.05), and were close to zero in the WT rats. d
Distribution of asyn pathology in the IML of S129A PFF- and PBS-
injected BAC rats and WT controls, at 2 or 4 months post-injection
(left panel). For co-localization purposes, distribution of VAChT in
the IML of a BAC PFF rat. The VAChT distribution is similar across
the four experimental groups (right panel). High magnification pho-
tomicrographs of the IML are shown in the right bottom corner of
each image. 4/13 BACPFF showed unilateral asyn pathology and
9/13 BACPFF showed bilateral asyn pathology in the IML after duo-
denal seeding. No pathology was observed in the IML of BACPBS
and WT rats (see Table 2 and Online Resourse Fig. 9). Scale bar:
50 um. e Schematic of the proposed retrograde parasympathetic (duo-
denum — DMV —LC) and sympathetic (duodenum — celiac gan-
glia— IML — LC) spreading routes of asyn pathology

connectome. The latter seems improbable, since the
pathology would likely have to cross a large number of
synapses.

Future studies could more conclusively prove that such
widespread enteric pathology is caused by bidirectional asyn
propagation through the vagus by performing similar experi-
ments in vagotomized rats. Also, a decreasing density of
asyn pathology in the myenteric plexus from the stomach to
the transverse colon would suggest that the pathology was
derived from DMV motor efferents, which are known to
exhibit this pattern of innervation [7]. Of note, the major-
ity of asyn-positive synapses in the rat myenteric plexus
are DMV motor efferents, whereas sensory vagal afferents
are asyn-negative and local enteric neurons express asyn at
much lower frequencies [37, 46, 47, 54]. Thus, the DMV
motor efferents could be a particular vulnerable system for
asyn pathology and propagation.

The decreasing gradient of asyn pathology has also been
demonstrated in whole body autopsy studies of human PD
patients [5, 17]. If the present observation of secondary
stomach pathology was caused by bidirectional propaga-
tion through the vagus, it could have significant importance
for our understanding of PD. It has been suggested that the
relative absence of human postmortem cases with “gut-only”
asyn pathology argues against the dual-hit hypothesis [3].
However, the present findings suggest that the origin of PD

could be highly localized enteric pathology, which rapidly
spreads to the DMV and then back to the entire projection
field of DMV motor neurons. Detecting the localized initial
pathology in the human gastrointestinal tract, which meas-
ures more than 8—10 m in length, would be extremely chal-
lenging unless hundreds of tissue samples were examined
throughout the gut. In addition, the time window from the
appearance of initial enteric pathology to the appearance of
the first DMV inclusion may be very short (weeks). Thus,
the absent gut-only cases in human autopsy studies cannot
presently be considered proof that PD does not start in the
gut. Rather, those data suggest that, if PD starts in the gut
in some cases, the initial enteric pathology is probably very
localized.

Heart pathology

Severe degeneration of the cardiac postganglionic sympa-
thetic projections is a well-known characteristic of PD, and
by Hoehn and Yahr stage 3, nearly all PD patients exhibit
manifest cardiac denervation [21, 29]. Moreover, nearly all
prodromal PD patients with REM sleep behavior disorder
display fulminant cardiac denervation at an early time point,
when their nigrostriatal dopamine system is still mostly
intact [22, 28]. The etiology behind cardiac denervation is
unknown, but it seems clear that the noradrenergic postgan-
glionic neurons also constitute a particularly vulnerable cell
population.

We hypothesized that initial asyn pathology located in
the gut could rapidly propagate via the celiac and stellate
ganglia to the cardiac sympathetic nerve terminals, and our
findings support this hypothesis. Two of five rats showed
pathology at 2 months, whereas 7/8 rats were positive at
4 months post-injection. Our histological findings coincide
with previous studies of asyn pathology and sympathetic
innervation in the heart [31, 57]. Of note, the pattern of posi-
tive asyn staining as well as identifiable TH staining in the
BACPFF rats is compatible with findings in ILBD patients.
Once cardiac neurodegeneration is underway in manifest
PD, both of these signals disappear [31]. The asyn signal
disappears because there are very few sympathetic terminals
left to harbor asyn pathology.

Overall, our observations demonstrate that phosphoryl-
ated asyn pathology in the heart of PD patients could be a
secondary phenomenon to initial onset in the gut, and that
it takes only 2—4 months for cardiac pathology to develop
in rats. Although humans are considerably larger mam-
mals than rats, the prodromal phase of PD probably spans
20 years or more in many patients, which would be a suffi-
cient time for the asyn propagation to occur with deleterious
consequences for the vulnerable sympathetic cardiac nerves.
The current findings, therefore, present a plausible explana-
tion for the conundrum of cardiac denervation in prodromal
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Fig.5 Distribution of asyn pathology in the stomach of S129A
PFF- and PBS-injected BAC rats and WT controls, at 4 months post-
injection, detected with two different antibodies. Scale bar=100 um.
Representative high magnification photomicrographs are shown of

PD. Importantly this explanation is fully compatible with the
dual-hit hypothesis, since the heart pathology was only seen
in the gut-seeded BAC rats.

Limitations

No animal models faithfully recapitulate all pathological and
clinical features of PD. The BAC rat could be construed as
a model of genetic PD with SNCA multiplication and the
present findings may, therefore, not be applicable to normal
sporadic PD. On the other hand, transgenic models such
as the BAC rat could be a general approximation of unbal-
anced asyn aggregation/degradation, and may, therefore, be
applicable to situations with normal amounts of asyn, but
decreased cellular clearance mechanisms, which may be a
consequence of normal aging. Of note, very little is known
about asyn propagation in aged wild-type animals.

As mentioned above, the observed asyn pathology in the
stomach could be a consequence of peritoneal seeding from
escaped PFFs at the injection site or tangential propagation
through the ENS. Both the cardiac and stomach asyn pathol-
ogy could theoretically also have been caused by hemato-
genic seeding. Considering the striking asyn pathology in
the DMV and celiac ganglion in all rats at 2 months post-
injection, we find these alternative explanations less likely,
but future studies could investigate such spreading routes
using vagotomized animals, and by performing intravenous
injections of PFFs.

@ Springer

the myenteric ganglion and neurites in the BACPFF. The plexus and
lumen of the BACPBS and WT rats remained pathology free. Scale
bar: 50 um

Finally, it has been reported that cross seeding between
human and mouse asyn is less efficient than homologous
seeding [24]. Therefore, it cannot be excluded that mis-
matches in the sequence between human asyn PFFs and
wild-type rat asyn could have impeded seeding in the
WTPFF group of this study. However, Abdelmotilib et al.
did not observe any difference in seeding effectiveness of
human and mouse asyn fibrils in mouse primary neurons
[2], and both human and mouse asyn fibrils have been
used successfully in different seeding studies [24, 26, 27,
35, 42]. Moreover, Recasens et al. have shown that intrac-
erebral seeding of wild-type mice with human PD lysate
induces asyn pathology and progressive nigral degeneration
3—4 months post-seeding, indicating that exogenous human
asyn can be quickly internalized and trigger asyn pathology
in mice [38]. Different strains, compositions, and concen-
trations of fibrils have been used in different animal models
across studies, but it remains incompletely understood how
these factors contribute to seeding efficiency. A comparative
study in vivo is necessary to elucidate the seeding efficiency
across animal models.

Conclusion

In summary, we have provided conclusive evidence that
duodenal seeding with preformed asyn fibrils in transgenic
BAC rats leads to robust frans-synaptic asyn propagation of
endogenously recruited asyn in a pattern fully compatible



Acta Neuropathologica (2019) 138:535-550

547

a ~ epicardial nerve surface _ s N AP
> ' / 2 “J 4 o epicardial nerve surface
Q"Qtas\‘ / e fo B 8 P
\ - i~ % > G
o - s \.\ N ‘ 5 £S5 ) W\\\/\/
o N
n 4
= S y i \ “
§ > T ;3 icardial nervefascicl.es s 4 Ry
) < S by : : S,
e ~ . 2 0 ) » -
3 LN S / T 7 \ 4 % L ~
Q e X ; S 5 N
! S 7 - ) N
o o L ET by .
= - S T : ! ,"‘:, ; L R
< P e
epicardial nerve surface
S / -
o 3 .';q
: \ epicardial nerve surface
~
pa
o -
% epicardial nerve fascicles
= \
o
e —
b 74
BACPFF 75 % BACPBS + WTPFF WTPBS
J 2 B . \
- SR s :
n ¥ , v
B 5 / :
kS ; > I 0 B
< % 1 :
S~ 5
> ,/ v .
N Ronls 7 . / Y
o A S
@ 4 \»
]l r Myocardial
Myocardial neurites ] ganglion
]
a BACPFF A BACPBS WTPFF WTPBS
8 P ’l
~
2
$ ’
0 &
= li
O
:.5 / / / ; / Mybcardial',
e Mlyocardial neurites / gdnglion S

Fig.6 a Distribution of asyn pathology (pSer129/Ab51253; upper
panel) and tyrosine hydroxylase (lower panel) in the heart of S129A
PFF- and PBS-injected BAC rats and WT controls at 4 months
post-injection. In the BACPFF rats, clear co-localization was seen
between staining for TH and phosphorylated asyn pathology. Scale
bar=100 um. b Distribution of asyn pathology in the myocardium of

with the “body-first hypothesis” of PD etiopathogenesis.
Propagation was documented through the vagus to the DMV,
and through the sympathetic connectome to the celiac gan-
glion and IML. The pathology propagated rostrally in the
brainstem with involvement of the LC and SNr. We also
provide the first evidence of involvement of the cardiac sym-
pathetic nerves, which most likely signifies rapid propaga-
tion via the sympathetic trunk. This finding provides an

S129A PFF- and PBS-injected BAC rats and WT controls, detected
with two different antibodies. Representative high magnification pho-
tomicrographs are shown of a myocardial ganglion and neurites in the
BACPFF. The heart remained free of pathology in all BACPBS and
WT rats. Scale bar: 50 pm

explanation for the well-known observation that cardiac
denervation occurs in the prodromal phase of PD. In addi-
tion, we observed secondary asyn pathology in the stomach.
We speculate that localized gastrointestinal asyn pathology
initially spreads to the DMV, infects neighboring cell bod-
ies, and then spreads anterogradely via DMV motor effer-
ents. This proposal reconciles the gut-first hypothesis with
the observed rostro-caudal distribution of asyn pathology
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DUODENUM
1

Fig.7 Schematic overview of the hypothesized trans-synaptic bidi-
rectional propagation of asyn pathology through the autonomic nerv-
ous system to the brain after gastrointestinal seeding. First, seeding
of the duodenum with fibrils induces aggregation of endogenous asyn
in the duodenum. Second, the induced pathology retrogradely spreads
along the parasympathetic pathway to the dorsal motor nucleus of the

O asyn pathology

vagus (DMV) and along the sympathetic pathway to the celiac gan-
glia (CMG). Third, asyn pathology propagates trans-synaptically to
the locus coeruleus (LC) and intermediolateral nucleus of the spinal
cord (IML). Additionally, asyn pathology spreads anterogradely to
the heart and to the stomach. Fourth, asyn pathology spreads to the
substantia nigra pars reticulata (SNr)

Table 2 Presence of asyn

N No. of seeded BAC rats affected
pathology in BAC rats after

seeding with PFF mpi  Duodenum DMV  Celiac ganglia = LC  Stomach  Heart  UniL-IML  BiL-IML
2 5/5 5/5 55 4/5 2/5 2/5 3/5
4 8/8 8/8 8/8  8/8 7/8 2/8 6/8

mpi months post-injection, UniL-IML and BiL-IML unilateral and bilateral intermediolateral nucleus

in autopsy studies of PD patients. The BAC rat model could
be very valuable for detailed mechanistic studies of the dual-
hit hypothesis, and for studies of disease modifying therapies
targeting early pathology in the gastrointestinal tract.

Acknowledgements Nathalie Van Den Berge is funded by the Lund-
beck Foundation. Per Borghammer is funded by the Lundbeck Foun-
dation, Jascha Foundation, Danish Parkinson’s Association, and Novo
Nordisk Foundation. Nicolas Casadei is funded with the EU Joint Pro-
gramme—Neurodegenerative Disease Research (JPND) project. The
project JPCOFUND_FP-829-047 aSynProtec is supported through the
funding organization Deutschland, Bundesministerium fiir Bildung und
Forschung (BMBF, FKZ) under the aegis of JPND-www.jpnd.eu. The
Center for Stochastic Geometry and Advanced Bioimaging is supported
by Villum Foundation.

Compliance with ethical standards

Conflict of interest The author declares that they have no competing
interests.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

@ Springer

References

1. Abbott RD, Petrovitch H, White LR, Masaki KH, Tanner CM,
Curb JD et al (2001) Frequency of bowel movements and the
future risk of Parkinson’s disease. Neurology 57:456—462

2. Abdelmotilib H, Maltbie T, Delic V, Liu Z, Hu X, Fraser KB
et al (2017) a-Synuclein Fibril-induced inclusion spread in rats
and mice correlates with dopaminergic neurodegeneration. Neu-
robiol Dis 105:84-98

3. Adler CH, Beach TG (2016) Neuropathological basis of non-
motor manifestations of Parkinson’s disease. Mov Disord
31:1114-1119

4. Ayers JI, Brooks MM, Rutherford NJ, Howard JK, Sorren-
tino ZA, Riffe CJ et al (2017) Robust central nervous system
pathology in transgenic mice following peripheral injection of
a-Synuclein Fibrils. J Virol 91:¢02095-16

5. Beach TG, Adler CH, Sue LI, Vedders L, Lue L, White Iii CL
et al (2010) Multi-organ distribution of phosphorylated alpha-
synuclein histopathology in subjects with Lewy body disorders.
Acta Neuropathol 119:689-702

6. Beckstead RM, Domesick VB, Nauta WJ (1979) Efferent con-
nections of the substantia nigra and ventral tegmental area in
the rat. Brain Res 175:191-217

7. Berthoud HR, Carlson NR, Powley TL (1991) Topography of
efferent vagal innervation of the rat gastrointestinal tract. AmJ
Physiol 260:R200-R207

8. Borghammer P (2018) How does parkinson’s disease begin?
Perspectives on neuroanatomical pathways, prions, and histol-
ogy. Mov Disord 33:48-57


http://www.jpnd.eu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Acta Neuropathologica (2019) 138:535-550

549

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Braak H, Riib U, Gai WP, Tredici Del (2003) Idiopathic Par-
kinson’s disease: possible routes by which vulnerable neuronal
types may be subject to neuroinvasion by an unknown pathogen.
J Neural Transm 110:517-536

Braak H, Del Tredici K, Riib U, de Vos RA, Jansen Steur EN,
Braak E (2003) Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol Aging 24:197-211

Breid S, Bernis ME, Babila JT, Garza MC, Wille H, Tamgiiney
G (2016) Neuroinvasion of a-synuclein prionoids after intra-
peritoneal and intraglossal inoculation. J Virol 90:9182-9193
Brundin P, Melki R (2017) Prying into the Prion hypothesis for
Parkinson’s disease. J Neurosci 37:9808-9818

Crystal AS, Giasson BI, Crowe A, Kung MP, Zhuang ZP, Tro-
janowski JQ et al (2003) A comparison of amyloid fibrillogen-
esis using the novel fluorescent compound K114. J Neurochem
86:1359-1368

Dickson DW (2018) Neuropathology of Parkinson disease. Par-
kinsonism Relat Disord 46:S30-S33

Flores-Cuadrado A, Saiz-Sanchez D, Mohedano-Moriano A,
Martinez-Marcos A, Ubeda-Bafion I (2019) Neurodegenera-
tion and contralateral a-synuclein induction after intracerebral
a-synuclein injections in the anterior olfactory nucleus of a Par-
kinson’s disease A53T mouse model. Acta Neuropathol Com-
mun 7:56

GBD 2016 Neurology Collaborators (2019) Global, regional, and
national burden of neurological disorders, 1990-2016: a system-
atic analysis for the global burden of disease study 2016. Lancet
Neurol 18:459-480

Gelpi E, Navarro-Otano J, Tolosa E, Gaig C, Compta Y, Rey
MIJ et al (2014) Multiple organ involvement by alpha-synuclein
pathology in Lewy body disorders. Mov Disord 29:1010-1018
Hilton D, Stephens M, Kirk L, Edwards P, Potter R, Zajicek J et al
(2014) Accumulation of a-synuclein in the bowel of patients in
the pre-clinical phase of Parkinson’s disease. Acta Neuropathol
127:235-241

Holmgqvist S, Chutna O, Bousset L, Aldrin-Kirk P, Li W,
Bjorklund T et al (2014) Direct evidence of Parkinson pathology
spread from the gastrointestinal tract to the brain in rats. Acta
Neuropathol 128:805-820

Johnson ME, Stecher B, Labrie V, Brundin L, Brundin P (2019)
Triggers, facilitators, and aggravators: redefining Parkinson’s dis-
ease pathogenesis. Trends Neurosci 42:4-13

Kashihara K, Imamura T, Shinya T (2010) Cardiac 123I-MIBG
uptake is reduced more markedly in patients with REM sleep
behavior disorder than in those with early stage Parkinson’s dis-
ease. Parkinsonism Relat Disord 16:252-255

Knudsen K, Fedorova TD, Hansen AK, Sommerauer M, Otto M,
Svendsen KB et al (2018) In-vivo staging of pathology in REM
sleep behaviour disorder: a multimodality imaging case-control
study. Lancet Neurol 17:618-628

Liu B, Fang F, Pedersen NL, Tillander A, Ludvigsson JF, Ekbom
A et al (2017) Vagotomy and Parkinson disease: a Swedish regis-
ter-based matched-cohort study. Neurology 88:1996-2002

Luk KC, Covell DJ, Kehm VM, Zhang B, Song 1Y, Byrne
MD et al (2016) Molecular and biological compatibility with
host alpha-synuclein influences fibril pathogenicity. Cell Rep
16:3373-3387

Manfredsson FP, Luk KC, Benskey MJ, Gezer A, Garcia J, Kuhn
NC et al (2018) Induction of alpha-synuclein pathology in the
enteric nervous system of the rat and non-human primate results
in gastrointestinal dysmotility and transient CNS pathology. Neu-
robiol Dis 112:106-118

Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai
T, Akiyama H et al (2013) Prion-like spreading of pathological
alpha-synuclein in brain. Brain 136:1128-1138

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Masuda-Suzukake M, Nonaka T, Hosokawa M, Kubo M, Shimo-
zawa A, Akiyama H et al (2014) Pathological alpha-synuclein
propagates through neural networks. Acta Neuropathol Commun
2:88

Miyamoto T, Miyamoto M, Inoue Y, Usui Y, Suzuki K, Hirata K
(2006) Reduced cardiac 1231-MIBG scintigraphy in idiopathic
REM sleep behavior disorder. Neurology 67:2236-2238
Nagayama H, Hamamoto M, Ueda M, Nagashima J, Katayama
Y (2005) Reliability of MIBG myocardial scintigraphy in the
diagnosis of Parkinson’s disease. J] Neurol Neurosurg Psychiatry
76:249-251

Nuber S, Harmuth F, Kohl Z, Adame A, Trejo M, Schonig K
et al (2013) A progressive dopaminergic phenotype associated
with neurotoxic conversion of a-synuclein in BAC-transgenic
rats. Brain 136:412-432

Orimo S, Uchihara T, Nakamura A, Mori F, Kakita A, Waka-
bayashi K et al (2008) Axonal alpha-synuclein aggregates her-
ald centripetal degeneration of cardiac sympathetic nerve in
Parkinson’s disease. Brain 131:642-650

Oliveira MAP, Arreckx S, Di Monte D, Preciat GA, Ulusoy
A, Fleming RMT (2019) The connectome is necessary but not
sufficient for the spread of alpha-synuclein pathology in rats.
bioRxiv. https://doi.org/10.1101/567222

Pan-Montojo F, Schwarz M, Winkler C, Arnhold M, O’Sullivan
GA et al (2012) Environmental toxins trigger PD-like progres-
sion via increased alpha-synuclein release from enteric neurons
in mice. Sci Rep 2:898

Pan-Montojo F, Anichtchik O, Dening Y, Knels L, Pursche S,
Jung R et al (2010) Progression of Parkinson’s disease pathol-
ogy is reproduced by intragastric administration of rotenone in
mice. PLoS One 5:8762

Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi
R, Giugliano M et al (2015) alpha-Synuclein strains cause dis-
tinct synucleinopathies after local and systemic administration.
Nature 522:340-344

Peclaerts W, Bousset L, Baekelandt V, Melki R (2018)
a-Synuclein strains and seeding in Parkinson’s disease, inciden-
tal Lewy body disease, dementia with Lewy bodies and multiple
system atrophy: similarities and differences. Cell Tissue Res
373:195-212

Phillips RJ, Walter GC, Wilder SL, Baronowsky EA, Powley TL
(2008) Alpha-synuclein-immunopositive myenteric neurons and
vagal preganglionic terminals: autonomic pathway implicated
in Parkinson’s disease? Neuroscience 153:733-750

Recasens A, Dehay B, Bové J, Carballo-Carbajal I, Dovero S,
Pérez-Villalba A et al (2014) Lewy body extracts from Parkin-
son disease brains trigger « -synuclein pathology and neurode-
generation in mice and monkeys. Ann Neurol 75:351-362
Rolli-Derkinderen M, Leclair-Visonneau L, Bourreille A, Coron
E, Neunlist M, Derkinderen P (2019) Is Parkinson’s disease a
chronic low-grade inflammatory bowel disease? J neurol. https
://doi.org/10.1007/s00415-019-09321-0

Ruifrok AC, Johnston DA (2001) Quantification of histochemi-
cal staining by color deconvolution. Anal Quant Cytol Histol
23:291-299

Sacino AN, Brooks M, Thomas MA, McKinney AB, Lee
S, Regenhardt RW et al (2014) Intramuscular injection of
a-synuclein induces CNS a-synuclein pathology and a rapid-
onset motor phenotype in transgenic mice. Proc Natl Acad Sci
USA 111:10732-10737

Sacino AN, Brooks M, Thomas MA, McKinney AB, McGarvey
NH, Rutherford NJ et al (2014) Amyloidogenic alpha-synuclein
seeds do not invariably induce rapid, widespread pathology in
mice. Acta Neuropathol 127:645-665

Sargent D, Verchere J, Lazizzera C, Gaillard D, Lakhdar L,
Streichenberger N et al (2017) ‘Prion-like’ propagation of the

@ Springer


https://doi.org/10.1101/567222
https://doi.org/10.1007/s00415-019-09321-0
https://doi.org/10.1007/s00415-019-09321-0

550

Acta Neuropathologica (2019) 138:535-550

44.

45.

46.

47.

48.

49.

50.

51.

synucleinopathy of M83 transgenic mice depends on the mouse
genotype and type of inoculum. J Neurochem 143:126-135
Savica R, Bradley BF, Mielke MM (2018) When do
a-synucleinopathies start? an epidemiological timeline: a review.
JAMA Neurol 75:503-509

Shannon KM, Keshavarzian A, Dodiya HB, Jakate S, Kordower
JH (2012) Is alpha-synuclein in the colon a biomarker for pre-
motor Parkinson’s disease? Evidence from 3 cases. Mov Disord
27:716-719

Sharrad DF, de Vries E, Brookes SJ (2013) Selective expression
of a-synuclein-immunoreactivity in vesicular acetylcholine trans-
porter-immunoreactive axons in the guinea pig rectum and human
colon. J Comp Neurol 521:657-676

Sharrad DF, Gai WP, Brookes SJ (2013) Selective coexpression
of synaptic proteins, a-synuclein, cysteine string protein-a, syn-
aptophysin, synaptotagmin-1, and synaptobrevin-2 in vesicular
acetylcholine transporter-immunoreactive axons in the guinea pig
ileum. J Comp Neurol 521:2523-2537

Stokholm MG, Danielsen EH, Hamilton-Dutoit SJ, Borghammer
P (2016) Pathological a-synuclein in gastrointestinal tissues from
prodromal Parkinson disease patients. Ann Neurol 79:940-949
Steiner JA, Quansah E, Brundin P (2018) The concept of alpha-
synuclein as a prion-like protein: 10 years after. Cell Tissue Res
373:161-173

Surmeier DJ, Obeso JA, Halliday GM (2017) Parkinson’s disease
is not simply a prion disorder. J Neurosci 37:9799-9807
Svensson E, Horvath-Puh6 E, Thomsen RW, Djurhuus JC, Ped-
ersen L, Borghammer P et al (2015) Vagotomy and subsequent
risk of Parkinson’s disease. Ann Neurol 78:522-529

@ Springer

52.

53.

54.

55.

56.

57.

Uemura N, Yagi H, Uemura MT, Hatanaka Y, Yamakado H, Taka-
hashi R (2018) Inoculation of a-synuclein preformed fibrils into
the mouse gastrointestinal tract induces Lewy body-like aggre-
gates in the brainstem via the vagus nerve. Mol Neurodegener
13:21

Ulusoy A, Rusconi R, Pérez-Revuelta BI, Musgrove RE, Helwig
M, Winzen-Reichert B et al (2013) Caudo-rostral brain spread-
ing of a-synuclein through vagal connections. EMBO Mol Med
5:1119-1127

Ulusoy A, Phillips RJ, Helwig M, Klinkenberg M, Powley TL, Di
Monte DA (2017) Brain-to-stomach transfer of a-synuclein via
vagal preganglionic projections. Acta Neuropathol 133:381-393
Wang ZY, Lian H, Cai QQ, Song HY, Zhang XL, Zhou L et al
(2014) No direct projection is observed from the substantia nigra
to the dorsal vagus complex in the rat. J Parkinsons Dis 4:375-383
Waxman EA, Giasson BI (2011) Induction of intracellular tau
aggregation is promoted by a-synuclein seeds and provides
novel insights into the hyperphosphorylation of tau. J Neurosci
31:7604-7618

Wengrowski AM, Wang X, Tapa S, Posnack NG, Mendelowitz
D, Kay MW (2015) Optogenetic release of norepinephrine from
cardiac sympathetic neurons alters mechanical and electrical func-
tion. Cardiovasc Res 105:143-150

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



	Evidence for bidirectional and trans-synaptic parasympathetic and sympathetic propagation of alpha-synuclein in rats
	Abstract
	Introduction
	Materials and methods
	Generation of fibrils
	BAC rat model
	Animal surgery
	Tissue collection and processing
	Immunohistochemistry and immunofluorescence
	Quantification assessment of asyn immunoreactivity

	Results
	Characterization of asyn pathology in the BAC rat brain
	Primary parasympathetic and sympathetic retrograde propagation from the ENS to the brain
	Secondary anterograde propagation to the heart and stomach

	Discussion
	Gut-to-CNS propagation of asyn pathology
	Potential bidirectional spread
	Heart pathology
	Limitations

	Conclusion
	Acknowledgements 
	References




