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To design better therapeutics against Parkinson’s disease (PD), it is of
utmost importance to understand the pattern of α-synucleinopathy in key
brain regions, which are considered to be crucial in the prodromal and
manifest PD.
To answer this question, this dissertation consists of two different research efforts with a
different focus as the following:

In Part I, a potential therapeutic candidate was employed in two classical in-vitro and
in-vivo nigral dopaminergic model of PD to understand the relationship between the
cholinergic anti-inflammatory pathway and α-synuclein.

In Part II, a newly established prodromal PD mouse model focused on the locus
coeruleus and the vagal nuclear complex was characterized using multiple recombinant
adeno-associated viral vectors (rAAV) carrying α-synuclein to investigate selective
neuronal vulnerability and the synaptic transport.

All in all, this set of findings demonstrate novel insights from three different brain
regions using α-synuclein in the PD research field for the first time. This collective
report offers a new experimental mouse model of prodromal PD and thus may
contribute to the disease-modifying compound development for PD in the future.
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Part I-1. Title

JN403, α-7-nicotine-acetylcholine-receptor agonist, reduces alpha-synuclein
induced inflammatory parameters in in-vitro microglia but fails to attenuate the
reduction of TH immunoreactive nigral neurons in a focal alpha-synuclein
overexpression mouse model of Parkinson’s disease.
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INTRODUCTION

Epidemiological studies show that smoking is associated with a reduced risk of
Parkinson’s disease (PD) along with other lifestyle factors, such as caffeine, physical
activity and taking ibuprofen [1]. Regarding caffeine, a recent randomized controlled
trial showed that twice daily consumption of caffeine-containing capsules for 18 months
failed to show any (symptomatic or disease-modifying) beneficial effect as it did not
improve PD motor symptoms in Parkinson patients with 1-8 years disease duration [27].
On the other hand, nicotine, a potent nicotinic acetylcholine receptor (nAChR) agonist,
has also been considered as a therapeutic target as it exerted antidyskinetic activity in
non-human primate models of dopamine-induced dyskinesias [6, 42]. However, so far
clinical studies probing therapeutic efficacy in PD patients failed to show convincing
effects e.g. on the improvement of motor symptoms [7, 38, 40]. Nevertheless, the
‘cholinergic anti-inflammatory pathway’ suggests that treatment with nicotinic agonists
may modulate the production of proinflammatory cytokines from immune cells via
activation of α-7-nicotine-acetylcholine-receptors (α7-nAChRs) as they are pivotal to
inhibit synthesis and release of proinflammatory cytokines [17, 36, 39].
Several lines of evidence show that microglia-induced inflammation may not only
be a consequence of neurodegeneration but also a trigger to dopaminergic cell loss
during the course of the disease [15]. Chronically activated microglia release abundant
proinflammatory mediators, such as nitric oxide (NO), tumor necrosis factor-α (TNF-α),
and reactive oxygen species, which in turn may cause further microglia activation and
neuronal loss. However, the precise role of microgliosis in PD still needs to be
uncovered [12].
The hallmarks of PD are characterized by progressive depigmentation and
subsequent loss of dopaminergic (DA) neurons in the substantia nigra pars compacta
(SNc) [9] as well as the formation of eosinophilic cytoplasmic inclusions, referred to as
Lewy bodies (LBs) in surviving nigral neurons. The major component of LBs is alphasynuclein (αSyn), a protein of 140 amino acids that contains three functional domains:
the N-terminal domain amino acid residues (AA 1-60), the NAC-region (AA 1-95) and
the C-terminal domain (AA 96-140) [33]. Typically, αSyn lacks a definitive secondary
structure, therefore, αSyn can obtain an α-helical or a β-sheet conformation [20, 37]. A
5
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series of in-vitro and in-vivo studies revealed that αSyn released by damaged DA
neurons accelerates reactive microgliosis and closely correlated with the progressive
nature of neurodegeneration [15].
α7-nAChRs

may

serve

as

a

crucial

link

between

inflammation

and

neurodegeneration in PD and could represent a pharmacological target for potential
neuroprotection [5, 34]. However, in-vivo research for understanding the potential
efficacy of α7-nAChRs is restricted to a toxin (MPTP)-induced PD animal model [34].
Our previous research showed that MPTP-induced nigral dopaminergic cell loss was
reduced, and the accompanying neuroinflammatory response was attenuated with a
daily treatment of the α7-nAChR agonist, PNU-282987 [34]. These observations led to
the question of whether the other α7-nAChR agonist, JN403 has the potential to
modulate microglial function in-vitro and displays efficacy in-vivo in rodent models for
PD. JN403 has been described as a potent and selective α7-nAChR agonist, shows good
penetration into the brain after oral administration in rodents [10, 11] and is a potential
candidate for clinical use.
The aim of this study is, therefore, to investigate the functional role of JN403 in
microglia cell cultures treated with αSyn as well as in a focal in-vivo nigral αSyn
overexpression mouse model of PD.
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METHODS

Microglia cultures of the mouse ventral mesencephalon

The protocol of the microglia culture is identical as published before [29]. Briefly,
microglia cultures derived from E13.5 mouse embryos (Janvier Breeding Center, France)
were obtained by mild trypsinization as described previously. After 14 days, cultures
were washed with Dulbecco's modified Eagle's medium/F-12 nutrient mixture
(DMEM/F12; Invitrogen, Cergy-Pontoise, France) supplemented with 10% fetal calf
serum (FCS) to eliminate the serum and then incubated with diluted DMEM/F12
(trypsin) 1:4 for 90 min at 37 °C until the astrocytic upper layer detached. The medium
containing the layer of detached cells was aspirated, and the highly enriched microglial
cell population that remained attached to the bottom of the well was exposed to 500 µL
of DMEM/F12 with 10% FCS to allow trypsin inactivation. The remaining microglial
cells were treated with JN403 (100 nM, 1 µM or 10 µM) for 24 hours followed by
addition of human α-synuclein fragment (61-140) ( rPeptide; Bogart, GA, USA) for
another 24 hours.

MTT-assay

The cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Steinheim, Germany) assay as
described previously [23]. MTT was added to the cells at a final concentration of 0.5
mg/ml in the cell culture medium, and the cells were incubated for 30 min at 37 °C.
Afterward, the DMSO was added to the cells (AppliChem; Gatersleben, Germany) and
kept in -80°C for an hour.

Measurement of nitric oxide (NO)

Accumulated nitrite, a stable oxidation product of NO, was measured using Griess
reagents. 50 µL of primary microglial cell supernatants were transferred to a 96-well
microtiter plate, and 50 µL of solution 1 (1% sulfanilamide in 5% phosphoric acid) was
7

Part I-3. Methods

added. After 10 minutes of incubation in the dark, 50 µL of solution 2 (0.1% naphthyl
ethylenediamine dihydrochloride) was added and incubated for an additional 10 minutes
in the dark. The absorbance was measured at 450 nm using a plate reader (ELISAReader Infinite® 200 series, Tecan; Crailsheim, Germany).

Cytokine quantification by ELISA

Microglia cells were collected at different time points. The release of cytokines in
the supernatant (TNF-α and IL-6) was measured by using the DuoSet ELISA
Development System with mouse TNF-α and IL-6 (e-bioscience; Darmstadt, Germany).
The ELISAs were carried out according to the manufacturer's protocol. The initial level
of cytokine release (TNF-α and IL-6) was assessed with a single pre-incubation of
JN403 (100 nM, 1 µM or 10 µM), and the changes of each cytokine were measured
again after human α-synuclein fragment (61-140) on the following day.

Animals

A total number of 30 male C57/BL6N mice (Charles River; Sulzfeld, Germany), 10
weeks old at the beginning of the experiment, were used. The mice were housed in
standard cages with ad libitum access to food and water at 23ºC with a 12/12 hours
light/dark cycle. Animal experiments were performed according to German legislation
and mice were handled according to the EU Council Directive 86/609/EEC. Approval of
the

experiment

from

the

appropriate

institutional

governmental

agency

(Regierungspräsidium Giessen, Germany) was documented as V54-19 c 20 15h 01 MR
20/15 Nr. 116/2014.

Targeted WT-αSyn overexpression via the delivery of recombinant AAV5 in the
SNc

Mice were deeply anesthetized with a mixture of Ketavet® (100 mg/kg, Zoetis
Deutschland GmbH; Berlin, Germany) and 2% Rompun® (5 mg/kg, Bayer; Leverkusen,
Germany), diluted in 0.9% NaCl. Later mice were placed in a stereotactic frame (Kopf
8
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Instruments, Tujunga, CA) for surgical procedure [4]. A total amount of 2µl rAAV5CBA-human-α-synuclein (wild-type; original titer: 1x1013 vg/ml) or rAAV5-CBAluciferase (original titer: 1x1013 vg/ml) was unilaterally injected into the substantia nigra
pars compacta (SNc) over ten minutes (flow rate of 200 nl/min) by micro-injection
pump (Micro4TM, WPI, Sarasota, USA). After the injection, the needle stayed in the
brain for an additional 5 minutes before it was slowly retracted. The injections were
performed by using a microsyringe, stainless steel needle (33G, WPI, Sarasota, USA).
The coordinates of the injection were anteroposterior: -3.1 mm, mediolateral: -1.2 mm,
and dorsoventral: -4.2 mm, relative to bregma using a flat skull position [26].
The viral-mediated vectors were provided by the Michael J. Fox Foundation
(https://www.michaeljfox.org/research/research-tools-catalogue.html), and the Gene
Therapy Center of the University of North Carolina at Chapel Hill.

The in-vivo experimental design

Mice were habituated for 1 week following arrival. To investigate the effects of
JN403 on the wild-type human α-synuclein-induced overexpression in the SNc, animals
received the injection of either rAAV5-CBA-human-wildtype-α-synuclein (rAAV-WTαSyn) or rAAV5-CBA-luciferase (rAAV-luc) (as overexpression of a control protein).
Six to eight mice were thereafter assigned to either JN403 treated- or vehicle-treated
groups. A total of 4 groups were created; rAAV-WT-αSyn treated with saline (AN),
rAAV-WT-αSyn treated with JN403 (AJ); rAAV-luc treated with saline (LN) and rAAVluc treated with JN403 (LJ).
The dosage of subcutaneous injection (s.c) for JN403 was 30 mg/kg dissolved in
saline solution based on the experimental conclusion as previously published [11]. One
week after the viral overexpression, mice received a daily subcutaneous injection of
JN403 or saline for 9 weeks. Afterward, all mice were sacrificed for further
quantification analysis and image processes.

Tissue Preparation and Immunohistochemistry

Tissue preparation and the staining protocols were performed as described
9
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previously [4]. The animals were deeply anesthetized and perfused transcardially with
0.1 M phosphate buffer (PB) followed by ice-cold 4% PFA. Coronal sections of the
striatum and the midbrain containing SNc were sliced at 30 µm by a cryostat microtome
and collected in 10 regularly spaced series in antifreeze buffer (1:1:3 volume ratio of
ethyl glycerol, glycerol, and 0.1 M PB), stored at -20°C before further analysis. After
washing with PB buffer 4 times for 5 min each, the sections were then pre-incubated in
5% normal donkey serum and 0.3% Triton X-100 in 0.1 M PB for 30 minutes, and
incubated overnight at 4 °C with the primary antibodies [rabbit anti-TH, 1:1000
(Thermo Scientific; Rockford, IL, USA); mouse anti-human α-synuclein 1:1000
(Thermo Scientific; Rockford, IL, USA); goat anti-luciferase 1:5000 (Abcam;
Cambridge, UK)]. On the second day, sections were washed and incubated for 1- hour
with biotinylated species-specific secondary antibodies [donkey anti-rabbit/-mouse/goat, 1:1000 (Jackson ImmunoResearch Laboratories Inc.; West Grove, PA, USA)],
followed by 1-hour incubation in avidin-biotin-peroxidase solution (ABC Elite, Vector
Laboratories; Burlingame, CA, USA). The protein was finally visualized by a 0.1M PB
containing 5% 3,3´-diaminobenzidine (DAB) (Serva; Heidelberg, Germany) and 1%
H2O2. The DAB-stained sections were mounted and counterstained with cresyl-violet
and covered by mounting gel with coverslips (Corbit-Balsam; Kiel, Germany).

Double immunofluorescent labeling

The brain sections of the substantia nigra were pre-incubated in 10% normal donkey
serum and 0.3% Triton X-100 in 0.1 M PB for 1 hour at room temperature (RT). Then
they were incubated overnight at 4 °C with rabbit-anti-TH, 1:1000 (Thermo Scientific;
Rockford, IL, USA) and mouse anti-human α-synuclein 1:1000 (Thermo Scientific;
Rockford, IL, USA) or goat anti-luciferase 1:250 (Novus Biological; Littleton, CO,
USA) primary antibodies followed by washing and incubation with fluorescence
labelled donkey anti-rabbit AlexaFluor488 and donkey anti-mouse or goat Cy3
secondary antibodies 1:500 (Jackson ImmunoResearch Laboratories Inc.; West Grove,
PA, USA) for 2 hours at RT. For microglia analysis, sheep-anti-TH, 1:1000 (Merck
Millipore; Darmstadt, Germany) and rabbit-anti-Iba1, 1:500 (Wako; Osaka, Japan) were
incubated overnight. On the next day, the biotinylated anti-rabbit secondary antibody
10
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was used and labeled with anti-goat AlexaFluor488 and AlexaFluor647 Conjugated
Streptavidin. All epifluorescence images were acquired using an AxioImager M2
microscope (Carl Zeiss MicroImaging GmbH; Jena, Germany) equipped with an
ORCA-Flash4.0 LT Digital CMOS camera (Hamamatsu C11440-42U; Hamamatsu city,
Japan).

Unbiased Stereology and Optical density measures

The quantification of TH positive cells was counted by using Stereo Investigator
software (v8, MicroBrightField, Magdeburg, Germany) at 40x magnification (Nikon
Microphot-FX, Tokyo, Japan). The SNc was outlined as on every 5th serial slice (2.4 to
4.1 mm dorsal of the bregma) and a fractionator probe was established for each section
[16]. The criterion for counting an individual TH-ir cell was the presence of its nucleus
either within the counting frame or touching the upper and/or right frame lines (green),
but not touching the lower and/or left frame lines (red). The number of TH-ir nigral
neurons was then determined by the Stereo Investigator program. The entire SNc was
delineated from each animal in AN, AJ, LN, and LJ with a method described previously
[28].
To quantify the immunoreactivity of reactive microgliosis in the SNc and TH fibers
in the striatum, we measured the optical density (OD) of the slices, in comparison with
the OD in the injected hemispheres versus the non-injected ones by FIJI software [31].
The striatum was outlined as previously described [3]. The SNc slices were used in the
identical anatomical coordinates described in the quantification section; The striatum
images were captured from three selected planes: +0.62 mm, +0.5 mm and +0.26 mm
relative to bregma, and analyzed using Image J software version 1.43r for Mac OS X
platform (http://rsbweb.nih.gov/ij/).

Statistical analysis

All in-vitro experiments were performed with a minimum of three wells per
experimental condition. Statistical analysis was performed using the GraphPad Prism 7
(La Jolla, USA). Each data point represents mean ± S.E.M. *p < 0.05, **p < 0.01, ***p
11
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< 0.001, ****p < 0.0001 compared to control values. Multiple comparisons against a
single reference group were performed by one-way ANOVA followed by a posthoc
Tukey's multiple comparisons test. For analysis of in-vivo experiments, two-way
ANOVA was performed to test the interaction of two variables: protein overexpression
and treatment.
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RESULTS
Establishment and characterization of αSyn toxicity in-vitro model for evaluation
of JN403

To determine whether JN403 elicits any cytotoxic effects in mouse primary
microglia cells, we treated microglia cells with three different doses of JN403 (100 nM,
1 µM, and 10 µM) for 24 hours, followed by an assessment of cell viability using the
MTT-assay. One-way ANOVA revealed the lack of cytotoxic effects of JN403 in
concentrations up to 10 µM, and there was no difference between all these doses [F3, 4 =
1.707, p > 0.05; Fig. 1A]. Based on this data, we decided to use the two lower doses;
100 nM and 1 µM of JN403 for all subsequent in-vitro assays. Next, we verified the
αSyn induced toxicity model in this microglia culture in order to provide a platform to
examine the effects of JN403 on the inflammatory level. To examine the effect of JN403
in αSyn exposed microglia cell model, we tested the basal toxicity of 1µM of αSyn
fragment AA 61-140 (Fig. 1B). Several groups have shown that many types of αSyn
fragments have been used in vitro models, but the most toxicity and increased
aggregation tendency were observed with C-terminal domains including NAC region of
AA 61-95 [8, 21]. Interestingly, we also found that the treatment of 1µM of the αSyn
fragment AA 61-140 induced a significant reduction in the number of microglial cells,

A

Cell viability (% of control)

therefore, it was used to apply in further experiments.

n.s

120
100
80
60
40
20

0
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Fig. 1 Microglia cells were incubated with three different doses of JN403 (100 nM, 1 µM, and
10 µM) for 24 hours, followed by an assessment of cell viability using the MTT-assay. (A)
JN403 incubation alone, did not elicit cellular toxicity in microglial cells at concentrations up to
1 µM. One-way ANOVA, non-significant (n.s). (B) Overview of αSyn fragment schematic
diagram. αSyn fragment 61-140 was only used to induce toxicity for in-vitro experiments. (C)
100 nM or 1 µM of JN403 was pre-incubated with microglia cells, and co-incubated again with
1µM αSyn fragment 61-140 on next day. αSyn treatment induced cytotoxicity in microglial cells,
but both 100 nM and 1 µM of JN403 treatment did not affect the cell viability. Data are
presented as the mean ± standard error of the mean. Cell viability was measured for multiple
independent experiments. **** p < 0.0001, significantly different from the control group.
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JN403 reduced αSyn induced NO and TNF-α release in microglia cell culture

After performing the evaluation of JN403 concentration in the microglia culture, we
selected a parameter, the nitric oxide (NO) release to evaluate the JN403 effects,
because NO has been considered as an inflammatory mediator and a neurotoxic effector
molecule of immune responses [14, 18]. To elucidate the treatment effect of JN403 on
the level of NO changes, microglia cells were pre-incubated with JN403 for 24 hours
and co-incubated with 1µM αSyn for another 24 hours. Pre-incubation of 100 nM or
1 µM of JN403 didn’t increase NO release, however, we detected that the NO release
was increased in all groups when 1 µM αSyn fragment was added [One-way ANOVA,
F5, 24 = 276, (**** p < 0.0001); Fig. 2A]. The statistical results showed that both 100
nM and 1µM of JN403 co-incubation significantly decreased αSyn-induced NO release
compared to the control without JN403 incubation (100 nM: *** p < 0.001, 1 µM: ****
p < 0.0001 accordingly). The results indicate that JN403 effectively downregulated the
NO, in the αSyn model of microglial culture.
Next, changes in the cytokine release, TNF-α and IL-6 were also quantified by
ELISA in our microglia model. TNF is known to be essential for the complete
expression of inflammation against external microbial invasion, and α7 subunit of
nAChRs is known to be required for cholinergic inhibition of TNF release [13, 36, 39].
On the other hands, IL-6 is known to be both pro- and anti-inflammatory cytokine,
which can modulate acute or systematic inflammation [30, 41]. Our ELISA results
showed that TNF-α level was minimally increased during the pre-incubation of JN403
(100 nM or 1 µM) in microglia cells, but there were no significant differences compared
to the control without JN403. When 1µM αSyn was treated, the level of TNF-α was
significantly increased [One-way ANOVA, F5, 29 = 89.97, (**** p < 0.0001); Fig. 2B].
However, 100 nM or 1 µM of JN403 co-incubation decreased the TNF-α release
compared to the control without JN403 (****p < 0.0001). On the other hand, the IL-6
level was also increased when 1µM αSyn was treated [F5, 18 = 24.34, (**** p < 0.0001)]
compared to the control without JN403. Neither 100 nM nor 1 µM of JN403 coincubation altered IL-6 release in microglia cells (p > 0.05). To conclude, the results
demonstrated that JN403 indeed lowered the pro-inflammatory mediators, especially the
NO and TNF-α release, however not IL-6 in this αSyn-induced culture model, implying
15
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a specific role of JN403 to interact with an individual pro-inflammatory cytokine.
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Fig. 2 Inflammatory parameters (A) Nitric Oxide (NO) and (B) TNF-α were measured in JN403
pre-incubated microglia cells for a baseline. (A) NO, and (B) TNF-α release increased with
1µM αSyn treatment, but both 100 nM and 1 µM of JN403 co-incubation significantly reduced
NO and TNF-α release One-way ANOVA; * p < 0.05, ** p < 0.01.
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Targeted WT-αSyn overexpression via the delivery of recombinant AAV5 in the
substantia nigra compacta (SNc)

To test whether JN403 has the therapeutic effects to ameliorate the toxicity of aSyn
or not, we took advantage of recombinant adeno-associated virus (rAAV) harboring
human wild-type αSyn (WT-αSyn) genome to create a mouse model of αSyn
overexpression in the SNc. The control group received the rAAV-luciferase (luc) to
compare to the WT-αSyn overexpression. Stereotaxic microinjection was performed
with each vector and three mice per group were selected 3 weeks post-injection to
validate the transduction rate [16]. Double immunofluorescence staining against
TH/αSyn or TH/luc was conducted in the midbrain areas, and the percentage of
dopaminergic cells showing immunoreactivity against human αSyn or luc was
calculated. Both rAAVs led to high transduction rates in the dopaminergic SNc neurons
of mice, with no significant difference between αSyn and luciferase transduction; 91.7 ±
0.6% for αSyn and 93.4 ± 1.6% for luc. Immunoreactivity of human α-synuclein (hαSyn)
was mainly observed in the injected hemisphere 10 weeks post-injection as well (Fig.
3A), and αSyn and luciferase expression were confirmed in the majority of the
dopaminergic neurons within the SNc (Fig. 3B-C).
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A

Non-Injected

Injected
SNc
SNr
TH
hαsyn

Merge

Anti-TH

Anti-hαsyn

Anti-TH

Anti-luc
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WT-αSyn

C

rAAV-luc
luc
Merge

Fig. 3 Double immunofluorescence staining against TH/hαSyn or TH/luc was performed in
midbrain slices 10 weeks after the stereotactic microinjection. (A) Merged image of TH (green)
and haSyn (red) showed that anti-hαsyn immunoreactivity (ir) is mostly seen in the injected side
of substantia nigra compacta (SNc) with rAAV-WT-αSyn. Scale bar = 500 um. (B) Transduction
of TH-ir nigral neurons with either rAAV-WT-αSyn or (C) rAAV-luc was confirmed. Anti-TH –
green, anti-hαsyn or anti-luc – red. Scale bar = 200 µm.

18

Part I-4. Results

JN403 did not influence the microglial regulation in the mouse model of WT-αSyn
overexpression in the SNc

To explore whether JN403 treatment regulates microglia activation in-vivo after
WT-αSyn or luc overexpression in the SNc, we performed double fluorescent staining
with Iba1, a microglial marker, and TH. The representative photomicrographs (Iba1
staining) revealed neither an increase in the number nor morphological changes of
microglia in the injected side of SNc in both rAAV5-WT-αSyn and luc injected groups
[F (1, 12) = 0.03532, (p > 0.05); n=4; Fig. 4A-B]. In addition, the ratio of Iba1-ir
density of injected side compared to the non-injected side was analyzed. The results
show no significant differences between the rAAV groups and treatment. Two-way
ANOVA; n=4, non-significant (n.s).
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Fig. 4 Iba1-ir microglia cells were detected and the density analysis showed no differences
between the rAAV groups and treatment. (A) Representative photomicrographs showing Iba1-ir
signals per group, TH (green) and Iba1 (magenta). No activated forms of microglia were found.
Scale bar 200 µm. (B) The ratio of Iba-ir density of injected side compared to the non-injected
side showed no significant differences between the rAAVs and treatment. Two-way ANOVA;
n=4, non-significant (n.s).
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Lack of neuroprotective effect of JN403 on the dopaminergic neurons in the mouse
model of WT- αSyn overexpression

In order to investigate whether the neuronal loss in the SNc remained unaffected, or
there are other biological regulations affected by JN403 in the mouse model of WTαSyn overexpression, we performed an unbiased, stereological quantification. We found
that in vehicle-treated rAAV-luc, the number of TH-ir neurons did not change [4526 ±
195.8 (non-injected) vs. 4440 ± 358.4 (injected side), p > 0.05; n=7], also in the group
of JN403-treated rAAV-luc, the microinjection did not affect the number of TH-ir
neurons significantly [4530 ± 302.6 (non-injected) vs. 4120 ± 358 (injected side), p >
0.05; n=6]. In contrast, in the vehicle-treated rAAV-WT-αSyn group the number of THir neurons significantly decreased [4950 ± 212.2 (non-injected) vs. 3930 ± 200.2
(injected side), p < 0.01; n=8]. The JN403-treated rAAV-WT-αSyn group also showed
significant decline of the number of TH-ir neuron [4563 ± 201.1 (non-injected) vs. 3710
± 247.2 (injected side), p < 0.05; n=8, Fig. 5A]. The number of TH-ir nigral neurons in
the injected side was expressed as a percentage compared to that of the non-injected
side in all groups. Two-way ANOVA analysis demonstrated that JN403 treatment did
not change the number of TH-ir neurons in both rAAV-WT-αSyn and luc injected
groups [F1,25 = 0.2556, (p > 0.05)]. A significant difference was only found between
rAAVs [F1,25 = 9.068, (** p < 0.01)], as a result, no interaction between the rAAV and
treatment factors was found to be significant (p > 0.05).
To understand the effect of αSyn and JN403 treatment on the density of
dopaminergic terminals, optical density measures of the three selected striatum sections:
+0.62 mm, +0.5 mm and +0.26 mm relative to bregma, were analyzed compared to the
intact control side after TH staining in each group. The two-way ANOVA result
revealed that the striatal density of dopaminergic terminals was significantly reduced in
the group of rAAV5-WT-αSyn compared to the luc injected groups [F1, 28 = 4.773, (*p <
0.05); n=7-8, Fig. 6A-B]. However, there was no JN403 treatment effect [F1,28 = 0.029,
(p > 0.05)]. Therefore, treatment with JN403 did not influence the mean optical density
of TH-ir fibers in the group of rAAV5-WT-αSyn, thus failed to result in a significant
difference, when compared to that of the group without JN403 treatment (vehicle).
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Fig. 5 Stereological analysis of TH-ir neurons in the SN showed no treatment effect of JN403.
(A) Representative photomicrographs of TH-ir nigral neurons in each group. Scale bar = 200
µm. (B) Bars in black show non-treated (vehicle) groups and bars in grey show JN403 treated
group in either rAAV-WT-αSyn or rAAV-luc injected animals. Percentage of TH-ir nigral
neurons in the injected compared to the non-injected side was analyzed; Two-way ANOVA;
n=6-8, p ** < 0.01 for rAAV factor; non-significant (n.s) for treatment factor.
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Fig. 6 Striatal TH-ir density analysis showed no treatment effect of JN403. (A) Representative
photomicrographs showing the TH-ir fiber in the striatum 10 weeks after either intranigral
rAAV-WT-αSyn or luc injection or JN403 treated or vehicle-treated. Scale bar =500 um. (B)
Optical density analysis of TH-ir striatal fibers compared to the non-injected side. Bars in black
show non-treated (vehicle) and bars in grey show JN403–treated groups in each rAAV-WT-αSyn
or rAAV-luc injected animals; Two-way ANOVA; n=7-8, *p < 0.05 for rAAV factor.
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DISCUSSION
In this study, we investigated the effect of the α7-nAChR agonist, JN403 in in-vitro
microglia cell culture exposed to human αSyn and in an in-vivo mouse model of PD
using intranigral rAAV5-mediated-WT-αSyn overexpression. Our results in microglia
cell cultures reveal that single incubation with αSyn fragment 61-140 induced an
increase of Nitric Oxide (NO), TNF-α and IL-6 release, and reduced cell viability.
JN403 pre- and co-treatment significantly reduced the release of NO and TNF-α level in
microglia cells. In contrast, JN403 treatment showed no effect on IL-6 cytokine release,
and cell viability did not increase in this αSyn exposed microglia cell cultures. In
addition, in- vivo experiments with targeted nigral overexpression of WT-αSyn via low
titer of rAAV in mice showed a mild loss of (about 20%) of TH immunoreactivity, while
rAAV-luc did not decrease the number of TH-ir nigral neurons. Chronic daily
subcutaneous application of JN403 – starting one week after stereotactic microinjection
- did not protect the loss of TH-ir dopaminergic neurons from WT-αSyn-mediated
toxicity in this mouse model of PD. These results were consistent with OD analysis
from the striatal dopaminergic terminals that JN403 did not revert the reduced TH-ir
striatal fibers in the rAAV-WT-αSyn group. In addition, overexpression of WT-αSyn or
luc did not induce prominent microgliosis in the SNc, as a result, Iba1-ir microglial
density analysis demonstrated no significant differences between all groups regardless
of the JN403 administration.
We are aware that it is difficult to relate the experimental design of the microglia
culture experiment to a particular stage of Parkinson’s disease in the clinic. One may
argue that the pre-incubation with JN403 – although only of one 1 day duration - of
microglia cultures rather reflected an early (prodromal) stage of PD (exposure of
microglia to alpha-synuclein following treatment of the tested compound). The in-vivo
experimental design rather reflects the stage of PD when the disease process i.e. alphasynuclein related pathology starts to affect the SNc (Braak stage 3) before the cardinal
PD motor signs manifest [2]. Expression of alpha-synuclein by the focally placed vector
started immediately and treatment with the JN403 administration began on the Day 8
following the neurosurgical procedure.
Until now, the evidence on the importance of acetylcholine-mediated reduction in
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neuroinflammation has accumulated; enhancing this pathway may be beneficial in the
pathogenesis of PD. Murine primary culture microglial cells express the α7-nAChR
subunit and microglial TNF-α release was modulated with acetylcholine and nicotine
pre-treatment when challenged by lipopolysaccharide (LPS) via activation of α7nAChR [32]. In fact, targeting the alpha-7 nicotine receptor with partial α7-nAChR
agonist, GTS21 showed anti-inflammatory and anti-oxidant effects in an in-vitro model
of neuroinflammation using LPS in primary astrocyte cultures [24]. Additionally, α7nAChR agonist also showed concentration-dependent inhibition of the synthesis and
release of proinflammatory mediators, such as IL-1β, TNF-α, IL-6, and HMGB1 from
leucocytes by other toxic insults, but generally did not affect anti-inflammatory
cytokines, for example, IL-10 [19, 25, 34]. These findings are well in line with our
current data in microglial modulation on TNF-α release by the α7-nAChR agonist,
JN403 treatment. To our best knowledge, this is the first in-vitro model evaluating this
‘cholinergic anti-inflammatory pathway’ using human αSyn incubation in microglia cell
culture model. Very recently, an animal research using transgenic mice overexpressing
human wild-type αSyn under Thy1-promoter (Thy1-aSyn mice) showed that a longterm subcutaneously applied nicotine treatment did not alter αSyn aggregation, nor
microglial activation [35]. The nicotine treatment in their study and JN403 in our study
used different experimental scheme and mouse models of aSyn. Nevertheless, we
propose similar results that both treatments targeting the cholinergic pathway failed to
show any neuroprotective effect in ameliorating αSyn pathology in spite of its relatively
long- treatment periods.
Our previous work showed a therapeutic effect of the compound PNU-282987 in
attenuating dopaminergic neuronal loss in the MPTP toxin-induced mouse model of
Parkinson’s disease [34]. Interestingly, a recent article demonstrated the therapeutic
effect of nicotine using α7-nAChR knockout (a7-KO) mice on MPTP toxin-induced
dopaminergic cell loss. As a result, a7-KO mice reversed a beneficial effect of nicotine
on the improvement of motor function and of dopaminergic neuronal loss and striatal
dopamine release compared to the wild-type littermates [22, 43]. This implies the
crucial role of the endogenous α7-nAChR mechanisms in this toxin-induced mouse
model of PD. In alignment with all these previous work reporting on the positive effect
of α7-nAChR agonist, this in-vivo effect of nicotine was only shown in MPTP-mediated
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toxin model. In our previous MPTP model for α7-nAChR agonist investigation, 36
percent of TH-ir nigral neurons was reduced in intoxicated, but saline-treated mice. On
the other hand, only 15 percent of TH-ir was reduced in nigral neurons of intoxicated,
but PNU-282987 treated mice, although the treatment period was only 6 days.
Interestingly, in this toxin-based model with PNU-282987, in-vivo microglia activity
was also ameliorated with the treatment on post Day 2 following MPTP intoxication. In
contrast, in our current model, the number of TH-ir was reduced about 20 percent after
10 weeks of WT-αSyn overexpression in the nigral neurons. In addition, both WT-αSyn
overexpression and the JN403 treatment did not alter microglia activation measured by
Iba1-ir signal intensity in the SNc region. These findings and the discrepancy of the
treatment effects of α7-nAChR agonists may represent the differences between the
toxin-induced model and rAAV mediated model of α-synucleinopathy in mice.
Our results do not exclude the possibilities of potency and pharmacokinetic
variances per α7-nAChR agonist in each study. Nevertheless, JN403 showed an antiinflammatory effect in αSyn induced microglia cells. We recently reported an in-vivo
scheme of rAAV5-CBA-mediated WT-αSyn overexpression model via the same titer
rAAV delivery in the SNc with Vinpocetine [16]. Thus the human αSyn overexpression
model used is – in principle – therapy responsive. Therefore, the reason for this efficacy
discrepancy is likely not derived from our experimental design itself but rather relates to
the lack of action of JN403 on the rAAV-mediated WT-αSyn overexpression in the SNc.
Previous in-vivo characterization study with JN403 in mice demonstrates the brain
concentration of JN403 is similar to the compound’s EC50 at the nAChR a7 -100 nM,
[10] at least 4 h after oral administration of 8.8 mg/kg [11]. In addition, a study with
non-human primates reported that the plasma concentration-time profile results of
AQW051, another α7-nAChR agonist indicated shorter half-life (~3.5 h with high dose,
15 mg/kg) in cynomolgus monkeys, compared to that of healthy human subjects (19-27
h for young, and 37-46 h for old volunteers) [6]. All these PK differences between
humans, monkeys, and mice may help us to understand the lack of effect of JN403 that
we observed in our mouse model although a relatively high dose (30 mg/kg) was used.
Further well-designed research is necessary to consider evaluating therapeutic
compound of the α7-nAChR agonist type in αSyn overexpressed or fibrils mediated invivo models, to characterize better the role of α7-nAChR agonists in human αSyn
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related models rather than acute toxin models of PD. Moreover, long-lasting nAChR
alpha7 activation may be required for clinical efficacy in future translational research of
PD.
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(English)

Alpha-7-nicotine-acetylcholine-receptor

(α7-nAChR)

agonists

modulate

the

cholinergic anti-inflammatory pathway to attenuate proinflammatory signals and reduce
dopaminergic neuronal cell loss in toxin-induced experimental murine models of
Parkinson’s disease (PD). However, no research has been performed to evaluate the
effect of α7-nAChR agonists in human α-synuclein (hαSyn) mediated models of PD. We,
therefore, investigated the effect of the compound JN403, an α7-nAChR specific agonist,
in αSyn treated in-vitro microglia culture and human αSyn overexpression in-vivo
mouse model of PD. In primary mouse microglia cells, αSyn fragment 61-140 treatment
increased the release of nitric oxide (NO), TNF-α and IL-6, and decreased cell viability.
100 nM of JN403 pre- and co-incubation significantly reduced the level of NO and
TNF-α release in the microglial cells. However, cell viability and IL-6 cytokine release
did not revert to control level. For in-vivo testing of JN403, unilateral intranigral
overexpression of WT-αSyn or of the control protein luciferase (luc) was induced in
C57/BL6N mice via stereotaxic delivery of recombinant adeno-associated virus (rAAV)
vectors. Targeted WT-αSyn overexpression reduced 20% of the number of tyrosine
hydroxylase (TH) immunoreactive (ir) nigral neurons after 10 weeks. Subcutaneous
daily treatment of 30 mg/kg JN403 over 9 weeks starting at postoperative week 1 did
not reverse the decline of the number of TH-ir nigral neurons (nor Iba1-ir density) in
WT-αSyn overexpression mouse model. The reduced density of TH-ir striatal terminals
in the WT-αSyn groups was also not recovered by the JN403 treatment. In summary,
JN403, an α7-nAChR specific agonist shows a beneficial effect on ameliorating
proinflammatory signals in αSyn exposed microglia cells. However, no significant
treatment effect is found in an intranigral WT-αSyn overexpression in-vivo mouse
model with JN403 therapy employed.

29

Part I-6. Summary

(Deutsch)

Alpha-7-nikotinische Acetylcholin-Rezeptor (α7-nAChR) -Agonisten modulieren
den cholinergen anti-inflammatorischen Signalweg, indem sie proinflammatorische
Signale abschwächen und den Verlust von dopaminergen Nervenzellen in Toxininduzierten Mausmodellen der Parkinson-Krankheit (PD) reduzieren. Allerdings fehlen
Studien, die die Wirkung von α7-nAChR-Agonisten in PD-Modellen mit humanem
Alpha-Synuklein (hαSyn) testen. Wir untersuchten daher die Wirkung des spezifischen
α7-nAChR-Agonisten JN403 in-vitro in hαSyn-behandelten Mikroglia-Zellkulturen
sowie in-vivo in Mausmodellen mit hαSyn-Überexpression. In den unbehandelten
murinen Mikrogliazellen erhöhte die Behandlung mit dem hαSyn-Fragment 61-140 die
Freisetzung von Stickstoffmonoxid (NO), TNF-α und IL-6 und verringerte die Viabilität
der Zellen. Die Vor- und Ko-Inkubation mit 100 nM JN403 dazu reduzierte die Menge
an NO- und TNF-α-Freisetzung in den Mikrogliazellen signifikant. Die Viabilität der
Zellen und die IL-6-Freisetzung kehrte jedoch nicht auf das Kontrollniveau zurück. Für
das in-vivo Experiment mit JN403 wurde in C57/BL6N-Mäusen eine unilaterale
intranigrale Überexpression von WT-αSyn bzw. des Kontrollproteins Luciferase (luc)
durch stereotaktische Verabreichung eines rekombinanten adeno-assoziierten Virus
(rAAV)-Vektors induziert. Die gezielte WT-αSyn-Überexpression reduzierte nach 10
Wochen 20% der Tyrosinhydroxylase (TH)-immunoreaktiven (ir) nigralen Neurone.
Eine tägliche subkutane Behandlung mit 30 mg/kg JN403 über 9 Wochen ab der ersten
postoperativen Woche konnte den Verlust der TH-ir nigralen Neurone nicht aufhalten
(noch die der Iba1-ir-Dichte). Die reduzierte Dichte von TH-ir striatalen Endigungen in
WTαSyn-Gruppen war auch nach JN403-Behandlung unverändert. Zusammenfassend
reduzierte der spezifische α7-nAChR-Agonist JN403 proinflammatorische Zytokine in
αSyn-exponierten Mikrogliazellen in-vitro, jedoch konnten wir unter der Behandlung
mit JN403 keinen signifikanten Effekt im in-vivo Mausmodell mit intranigraler
Überexpression von WT-αSyn finden.
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Alpha-synuclein transfer from noradrenergic locus coeruleus neurons
via the vagal motor nuclei to the mouse esophagus: a new prodromal model of
Parkinson’s disease?
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INTRODUCTION

The locus coeruleus (LC), comprising only a few thousand neurons in humans,
releases noradrenaline in many anatomically diverse brain regions. The LC neurons play
an essential role in a wide range of behavioral and physiological processes including
arousal, attention, mood, memory, appetite, and homeostasis [3, 4, 42, 45]. In recent
years, aside from these classical roles of the LC, much attention has been paid for the
roles in a variety of neurological diseases, such as Alzheimer’s disease (AD), Multiple
Sclerosis (MS) and Parkinson’s disease (PD) [12, 14, 24, 39, 53]. Noradrenaline has
been reported to modulate Aβ deposition via microglial functions in an APP-transgenic
mouse model of AD [19]. In respect to PD, several experimental studies using mice
showed that noradrenaline loss exacerbates MPTP toxin-mediated motor deficits, which
suggests that noradrenaline has a protective or compensative role for dopamine
functions [30, 39]. In addition, loss of neurons in the LC and the subcoeruleus complex
has been implied in prodromal, i.e. premotor symptoms in PD such as rapid eye
movement sleep (REM) behavior disorder (RBD). RBD, a sleep-dream-disorder, is the
most specific at-risk disorder for PD with a >85% risk to convert to PD, DLB, and MSA
and precedes up to several decades the onset of motor symptoms in PD [6, 26, 31].
A recent neuroimaging study demonstrates that a decreased LC neuromelanin signal
was found in PD patients with RBD, this was further correlated with impaired cognition
and orthostatic hypotension [43].
The LC, as well as the dorsal motor vagus nucleus (DMnX) neurons, are known as
vulnerable regions in the early stage of PD [8]. This has been taken as evidence that
aggregated pathological alpha-synuclein (αSyn) propagates from the enteric nervous
system (ENS) to the cholinergic neurons of the DMnX, then ascend to the locus
coeruleus (LC) and the substantia nigra (SN) in a caudo-rostral pattern [8, 17].
In contrast, several animal studies showed that αSyn can also propagate in the opposite
direction in a rostro-caudal pattern and within anatomically interconnected regions [29,
38], indicating the heterogeneous pattern of α-synucleinopathies. The DMnX, the
nucleus tractus solitarii (NTS), and the nucleus ambiguus (nAmb) belong to the vagovagal neurocircuit [48]. This circuit has been recognized as the control of the esophagus
and the stomach. It is noteworthy that TH-immunoreactive (ir) varicosities on DMnX
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and nAmb neurons may originate from the noradrenergic cell group A5 and the LC [44,
52], implying the potential role of the LC in motor innervation of the striated muscle of
mouse esophagus.
The importance of developing animal models which help to understand how αSyn
aggregates and transmits has been emphasized over years, yet only a limited number of
articles are available regarding the noradrenergic neurons in respect to PD. A recent
review emphasized that careful consideration must be taken when modeling early PD
phenotypes as the patients with an early diagnosis of PD are more driven by an active
αSyn pathology that hinders normal cellular functions rather than by overt degeneration
[25]. To our knowledge, here we present a novel mouse model resembling the early αsynucleinopathy starting from the LC, and αSyn transfer to the striated muscle and the
myenteric plexus neurons of the mouse esophagus via nAmb neurons after only 3 weeks
of WT-αSyn overexpression.
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METHODS

Viral vectors
In order to overexpress the human wild-type αSyn locally in the LC of mice, we
used the recombinant adeno associated viral vectors rAAV1/2-CMV/CBA-human-WTαSyn or luciferase-WPRE-BGH-pA (Luc) as a control. These viral vectors (titer:
5.1x1012 VG/ml) were purchased from GeneDetect®, Auckland, New Zealand.
Furthermore, in this study, to restrict the expression of WT-αSyn exclusively to the
noradrenergic neurons of the LC, we cloned two tyrosine hydroxylase (TH) promoter
controlled vectors with human-WT-αSyn AAV2 and the enhanced green fluorescent
protein (EGFP) as a control. All the molecular cloning procedures were conducted in
SURE2 bacterial cells to minimize the recombination events. Successful AAV2 clones
for WT-αSyn or EGFP were transfected with pDG5 plasmid containing AAV5 viral coat
proteins into HEK293T (Human Embryonic Kidney) cells. After 48 hours, HEK293T
cells were collected to lyse and purify the AAV2/5-TH-WT-αSyn or EGFP particles by
further cesium chloride (CsCl) ultracentrifugation, as previously performed [15].

Animals

A total number of 100 male C57/BL6N mice (Charles River, Sulzfeld, Germany),
10 weeks old at the beginning of the experiment, were used. The mice were housed in
standard cages with ad libitum access to food and water at 23ºC with a 12/12 hours
light/dark cycle. Animal experiments were performed according to German legislation
and mice were handled according to the EU Council Directive 86/609/EEC.
All experimental procedures were approved by the appropriate institutional
governmental agency (Regierungspräsidium Giessen, Germany). Approval of the
experiment was provided in the document V54-19 c 20 15h 01 MR 20/15 Nr. 116/2014.

Stereotaxic microinjection
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Mice were deeply anesthetized with a mixture of Ketavet® (100 mg/kg; Zoetis
Deutschland GmbH, Berlin, Germany) and 2% Rompun® (5 mg/kg; Bayer, Leverkusen,
Germany), diluted in 0.9% NaCl. Later mice were placed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA) for operation. For the first part of the study, unilateral
microinjection of either rAAV-Luc or rAAV-WT-αSyn was performed in the right
hemisphere of the LC. For the second part of the study, AAV2/5-TH-EGFP or WT-αSyn
was injected targeting the LC in the same way. A total amount of 1.25µl was injected
over 10 minutes (flow rate of 125 nl/min) by a micropump (Micro4TM, WPI, Sarasota,
USA). After the injection, the needle stayed in the brain for 10 more minutes before it
was slowly retracted. All injections were performed using a microsyringe, stainless steel
needle (35G, WPI, Sarasota, FL, USA). The coordinates of the injection were
anteroposterior: -5.4 mm, mediolateral: -0.9 mm, and dorsoventral: -3.75 mm, relative
to Bregma using a flat skull position [35].

Tissue preparation and 3,3-diaminobenzidine (DAB) staining

Tissue preparation and staining procedures were performed as described previously
[10]. Transcardial perfusion was performed with 0.1 M phosphate-buffered saline (PBS)

solution followed by 4% ice-cold paraformaldehyde (PFA) in 0.1 M phosphate-buffer
(PB, pH 7.4) using a supply pump at a rate of 10 ml/min. Brain and esophagus tissues
were carefully removed and post-fixed in 4% PFA and then transferred to 30% sucrose
solution for cryoprotection. Medulla tissues were cut in 30 μm thick coronal sections
and pontine tissues were cut in 20μm thick sections using a cryostat microtome (Leica
CM3050 S, Nussloch, Germany). Esophagus tissues were prepared as described
previously but cut 30μm thick [52]. Sections were then stored at 4 °C in cryoprotectsolution (1:1:3 volume ratio of ethylenglycol, glycerol, and 0.1 M PB) until further
processing. Free-floating sections containing the brainstem regions were prepared for
staining with 3,3-diaminobenzidine (DAB) and counterstained with cresyl-violet (Nissl
staining)

to

quantify

the

immunoreactivity

of

respective

neurotransmitters.

Sections were washed in 0.1 M PB and quenched with 3% H2O2 and 10% methanol for
15 min. After a second wash, sections were blocked in 5% normal donkey serum with
0.3% Triton X-100 in 0.1 M PB for 1 hour before incubating them overnight with the
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respective primary antibodies; rabbit anti-TH (1:1000, Merck Millipore, Darmstadt,
Germany); goat anti- ChAT (1:100, Chemicon, Darmstadt, Germany) at 4 °C in the
same blocking solution. On the second day, sections were washed in 0.1 M PB solution
and then incubated with the appropriate biotinylated secondary antibody for 1 hour
followed by incubation in avidin-biotin-peroxidase solution (ABC Elite, Vector
Laboratories, Peterborough, UK) for 1 hour before the color reaction was initiated with
5% DAB (Serva, Heidelberg, Germany) diluted in 0.1 M PB solution with 0.02% H2O2.
All DAB-stained sections were mounted on gelatin-coated glass slides, dried,
counterstained with cresyl-violet and finally mounted with Eukitt® (Corbit-Balsam,
Kiel-Hassee, Germany). Brightfield images were acquired using an AxioImager M2
microscope (Zeiss, Oberkochen, Germany).

Fluorescent staining

The pontine or medulla sections were initially washed in 0.1 M PB for 20 min, and
then pre-incubated in 5% normal donkey serum with 0.3% Triton X-100 in 0.1 M PB
for 60 minutes. Rabbit-anti-TH for the pontine and goat anti-ChAT for the medulla
tissues were incubated together with mouse anti-human α-synuclein (1:1000, Thermo
Scientific, Rockford, IL, USA) or goat anti-luciferase (1:250, Novus Biological,
Littleton, CO, USA) overnight at 4 °C, followed by fluorescence labelling with
respective secondary antibodies (1:500, Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA) for 2 hours at room temperature.
For micro-/astroglia analysis, sections were incubated with sheep-anti-TH (1:1000,
Merck Millipore, Darmstadt, Germany), rabbit-anti-ionized calcium-binding adaptor
protein-1, Iba1 (1:500, Wako, Osaka, Japan) and chicken-anti- glial fibrillary acidic
protein, GFAP (1:2000, Abcam, Cambridge, UK) overnight. On the next day, the
biotinylated anti-rabbit secondary antibody was used and finally labeled with
AlexaFluor647 Conjugated Streptavidin, along with anti-goat AlexaFluor488 and antichicken Cy3 respectively.
For the esophageal tissue staining longitudinal cryostat sections of the mouse
esophagus were prepared (30μm) and goat-anti-Vesicular Acetylcholine Transporter,
VAChT (1:1000, Merck Millipore, Darmstadt, Germany) and α-Bungarotoxin, α-BT41
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Alexa Fluor 555 conjugate (1:1000, Molecular Probes, Eugene, OR, USA) were used to
stain for motor nerve endings and acetylcholine (ACh) receptors. Vector M.O.M
Immunodetection kit (Vector Laboratories, Burlingame, CA, USA) was used with
longer incubation time to reduce the endogenous mouse IgG in order to stain esophagus
tissues with mouse anti-human α-synuclein. Additionally, rabbit anti-Protein Gene
Product 9.5, PGP9.5 (1:1000, Chemicon, Darmstadt, Germany) was used to co-stain the
myenteric plexus ganglia and all tissues were mounted using DAPI containing medium
(Roti®-Mount FluorCare DAPI, Roth, Karlsruhe, Germany).

Microscopy

All epifluorescence images were acquired using an AxioImager M2 microscope
(Zeiss) equipped with an ORCA-Flash4.0 LT Digital CMOS camera (Hamamatsu
C11440-42U). For confocal images, the Leica TCS SP8 microscope was used.
Epifluorescence and confocal images were processed with FIJI image software to
reduce background and enhance signal-to-noise. Image data for 3D reconstructions were
obtained with a Zeiss Spinning Disk Microscope (Axio Observer Z1) and postprocessed with ZEN 2012 image software (Zeiss).

Stereology

Stereo Investigator software (v11, MicroBrightField, Magdeburg, Germany) at 40x
magnification (AxioImager M2 microscope, Zeiss) was used for stereology. In order to
determine the extent of loss of LC cells, TH-ir neurons were counted as described [20].
ChAT-ir cells were counted for the DMnX and Namb, and fractionator probe was
established for each section per region. The criterion for counting an individual cell was
the presence of its nucleus either within the counting frame or touching the upper and/or
right frame lines (green), but not touching the lower and/or left frame lines (red).
The number of TH or ChAT-ir neurons per region was then determined by the Stereo
Investigator program.
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Quantification of neuroinflammation

In order to quantify the degree of neuroinflammation signals, we selected 5
representative LC sections per each mouse brain and measured the optical density (OD)
of both the injected and the non-injected side using FIJI [41]. First, epifluorescence
photographs were converted to 8-bit grey scales and each LC region was outlined with a
rectangular contour (1200px x 800px). OD was measured from both hemispheres as
well as a partial region from the background to subtract the mean background value for
every section. The corrected OD results from all 5 LC sections per hemisphere were
summed and the relative percentage of the density signal of the injected side compared
to the non-injected control side was calculated accordingly.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 (La Jolla, USA). Data
are expressed as the percent of corresponding control values. Each data point represents
mean ± S.E.M. *p < 0.05, **p < 0.01 and ****p < 0.0001 compared to control values.
Multiple comparisons were performed by two-way ANOVA followed by a posthoc
Tukey's multiple comparisons test. The null hypothesis was rejected at an α risk of 5%.
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RESULTS
Moderate loss of TH-ir LC cells after rAAV-WT-αSyn microinjection

Our first set of an experiment aimed at investigating neuronal changes after
microinjection of commercially available rAAV-WT-αSyn in the LC. We performed
stereotaxic microinjection with rAAV-WT-αSyn or Luc in the LC region and successful
transduction was confirmed at Day 3 post-rAAV injection as described previously [20]
(Fig.1 A-B). To quantify the neuronal loss after the WT-αSyn or Luc transduction, we
performed stereological counting of TH-ir neurons and compared the left side (no
injection) and the right side (rAAV injection) in the LC at postoperative weeks 1, 3, 6
and 9. The total number of TH-ir LC neurons in the injected side was expressed as the
percentage compared to that of the non-injected side and all groups were analyzed at
each time point we selected (Fig.1 C-D). Two-way ANOVA analysis demonstrated that
WT-αSyn overexpression induced a moderate, but significant loss of TH-ir LC neurons
compared to Luc group [F (1, 56) = 15.39, (*** p < 0.001)], in a time-dependent
manner [F (3, 56) = 5.822, (** p < 0.01)]. Additional Tukey's multiple comparisons test
revealed that in the rAAV-Luc group, the number of TH-ir neurons did not change over
9 weeks, whereas, in the rAAV-WT-αSyn group, cell number was significantly reduced
by ≈ 18% starting from 6 weeks when compared to 1week (** p < 0.01).
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Fig. 1 Moderate loss of TH-ir LC cells after rAAV-WT-αSyn microinjection. (A-B)
Overexpression of WT-αSyn or Luc in the mouse LC was performed via unilateral stereotactic
delivery of the recombinant adeno-associated viral vectors (rAAV) and transduction was
confirmed by immunohistochemistry (n=3). Co-localization of TH (green) with hαSyn or Luc
(red) indicates successful protein expression. (C) Unbiased stereology was performed with THir LC neurons of rAAV-WT-αSyn (red bars, right column) or rAAV-Luc (black bars, left column)
injected mice. Values (mean ± SEM) are expressed as a relative percentage of the neuronal
numbers on the injected side compared to the non-injected side (n=8 per time point and group).
Two-way ANOVA analysis followed by Tukey’s post-hoc test, (** p < 0.01). (D) The
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representative images of TH-ir LC neurons were taken at the level of Bregma -5.40 mm in each
group, Scale bars: 50 µm (A-B), 250 µm (D).
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Early onset of gliosis in the LC region post-WT-αSyn overexpression

To understand temporal aspects of gliosis post-WT-αSyn overexpression in the LC
region, we carried out a triple immunofluorescence staining for IbA1, GFAP, and TH,
and quantified the increase of fluorescence signals in WT-αSyn or Luc overexpressing
animals at postoperative weeks 1, 3, 6 and 9 (Fig.2 A). We measured the relative ratio of
a fold increase in the optical density (OD) in the injected side compared to the noninjected side of the LC. Each data set of IbA1 and GFAP was analyzed for the effects of
time and rAAV treatment using Two-way ANOVA. The statistical results from both data
sets showed a highly significant association for time and rAAV effects (IbA1: [F (3, 36)
= 11.69, (**** p < 0.0001); Fig.2 B] and GFAP: [F (3, 36) = 13.61, (**** p < 0.0001);
Fig.2 C] respectively. As we hypothesized that the activation of glial cells is associated
with a reduced number of TH-ir neurons, we further analyzed the onset of gliosis and
the activation intensity at each time point. Surprisingly, in the WT-αSyn group, both
micro- and astroglia-ir density dramatically increased up to 6-fold as early as 3-weeks
post overexpression, being significantly different from that of 1 week (**** p < 0.0001),
but not statistically different from that of 9 weeks. In addition, abundant reactive forms
of astrocytes and microglia were observed near the axon and dendritic sites of the LC
neurons. In contrast, only minimal gliosis was observed in the Luc group and Iba1 and
GFAP-ir density showed no significant differences over the 9-weeks period accordingly.
This may demonstrate that micro-and astroglia became reactive due to αSyn derived
from the LC neurons as early as 3 weeks post injection of viral vectors.
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Fig. 2 Early onset of gliosis in the LC region post-WT-αSyn overexpression. (A) Representative
images of the LC area stained for TH (green), IbA1 (magenta) and GFAP (red) showing a
marked increase of micro- and astroglia as early as 3 weeks post the WT-αSyn overexpression.
Quantification of IbA1 (B) and GFAP (C) signal intensity revealed a prominent increase of
micro- and astroglia in rAAV-WT-αSyn injected mice (red bars) compared to Luc injected mice
(black bars). Values (mean ± SEM) are expressed as the signal intensity ratio of the injected side
compared to the non-injected side. n = 6 animals per time point and group. Two-way ANOVA
analysis revealed a highly significant association for the rAAV factor and for a time factor in
both IbA1 and GFAP optical density (OD) analysis (**** p < 0.0001). Further, Tukey’s posthoc test results show that the early onset of micro-astrogliosis at 3 weeks was not significantly
different from the results of 9 weeks ( p > 0.05). Scale bars: 100 µm.
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Loss of ChAT-ir DMnX neurons post-WT-αSyn overexpression in the LC

A recent review emphasized that synaptic and neuronal transfer of αSyn between
vulnerable nerve cells is crucial in the pathogenesis of sporadic PD [7]. Therefore we
aimed at investigating other vulnerable neurons, namely the vagal motor nuclei, after
the unilateral αSyn overexpression in the LC. First, we quantified ChAT-ir neurons in
the DMnX including two regions; the intermediate (at the level of the area postrema, AP)
and the rostral (at the level of the 4th ventricle) parts. ChAT-ir DMnX neurons in both
hemispheres were quantified for each group post 3 and 9 weeks. Interestingly, WT-αSyn
overexpression in the LC significantly decreased the number of ChAT-ir neurons of the
DMnX in the ipsilateral part only after 3 weeks (Fig.3 A-B). Two-way ANOVA
demonstrates that WT-αSyn overexpression significantly influenced the number of
ChAT-ir neurons [F (1, 19) = 13.44, (**p < 0.01)]. Additionally, Tukey’s multiple
comparisons test revealed that the reduced number of ChAT ir DMnX in the ipsilateral
was statistically different compared to that of rAAV-Luc groups [(**p < 0.01); Fig.3 C].
Next, we checked how these neurons in the DMnX were changed after 9 weeks of WTαSyn overexpression in the LC (Fig.3 D-E). The attenuation of ChAT immunoreactivity
was sustained in the DMnX 9 weeks after WT-αSyn overexpression as well [F (1, 22) =
9.565, (**p < 0.01); Fig 3 F]. These findings imply that WT-αSyn unilaterally
overexpressed in the LC potentially decreased ChAT immunoreactivity of the DMnX
neurons. The number of TH-ir LC neurons did not decrease within 3 weeks of
overexpression, yet, ipsilateral sides of DMnX neurons showed a significant decline in
ChAT-ir cells at this time point although they were not directly transduced with αSyn.
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Fig. 3 Loss of ChAT-ir DMnX neurons post-WT-αSyn overexpression in the LC. Representative
images of the DMnX area, (A-B, D-E) for the intermediate level stained for ChAT post 3 and 9
weeks of the rAAV-WT-αSyn or Luc overexpression in the LC respectively. (C) Stereological
quantification of ChAT-ir DMnX neurons in both contra and ipsilateral side to the LC injection
were quantified, and the number in rAAV-WT-αSyn (red bars) was compared to control values
in the rAAV-Luc groups (n=5-6). Two-way ANOVA analysis revealed that the rAAV-WT-αSyn
significantly changed the number of ChAT ir neurons in both post 3 and 9 weeks compared to
rAAV-Luc groups (**p < 0.01). However, additional Tukey’s multiple comparisons test revealed
that only the ipsilateral side of ChAT-ir DMnX neurons in the rAAV-WT-αSyn after 3 weeks
showed statistical significance. Scale bars: 200 µm.
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Loss of ChAT-ir ambiguus neurons post-WT-αSyn overexpression in the LC

To determine if the other vagal motor nucleus, the nAmb, was also influenced by
WT-αSyn-transduced LC neurons or not, ChAT-ir compact and semi-compact formation
ambiguus neurons were selected and quantified (-7.1mm and -7.48mm relative to
bregma) [35]. The number of ChAT-ir ambiguus neurons in both hemispheres were
estimated via stereological counting and analyzed in the same way as described above
for the DMnX neurons. Two-way ANOVA analysis demonstrates that WT-αSyn
overexpression decreased the number of ChAT ir neurons in the nucleus ambiguus
compared to the control value in the Luc group at 3 weeks post injection in the LC [F (1,
20) = 7.886, (*p < 0.05); Fig.4 A-C], and as well at 9 weeks post-injection [F (1, 14) =
28.03, (***p < 0.000); Fig.4 D-F]. As the nAmb neurons in both hemispheres decreased
their immunoreactivity post 9 weeks, there was no statistically significant difference
between the contra and ipsilateral sides in the rAAV-WT-αSyn group (p > 0.05).
Based on these outcomes, we assumed a closely interconnected anatomical relationship
between the LC and the nAmb; however, we wanted to interpret with caution in our
current model as the 4th ventricle and adjacent nuclei, i.e. parabrachial nuclei, were also
transduced when rAAV- mediated WT-αSyn was delivered in the unilateral side of the
LC. Therefore, we designed a new set of experiments to confirm these findings.
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Fig. 4 Loss of ChAT-ir ambiguus neurons post-WT-αSyn overexpression in the LC.
Representative images of the compact formation of the nAmb (A-B and D-E), stained for ChAT
post 3 and 9 weeks of the rAAV-WT-αSyn or Luc overexpression in the LC respectively. (C)
Stereological quantification of ChAT-ir ambiguus neurons in both contra and ipsilateral side to
the LC injection was performed and the cell number in rAAV-WT-αSyn injected animals (red
bars) was compared to control values in the rAAV-Luc groups (black bars) post 3 and 9 weeks
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(n=5-7). Two-way ANOVA analysis showed that αSyn overexpression in the LC significantly
changed the number of ambiguus neurons both post 3 and 9 weeks (*p < 0.05 and ***p < 0.001
respectively). Tukey’s correction revealed that the number of ChAT-ir ambiguus neurons
decreased in both hemispheres post 9 weeks, *p < 0.05, **p <0.01. Scale bars: 500 µm (lower
magnification), 50 µm for (higher magnification).
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AAV2/5-TH-promoter-dependent WT-αSyn overexpression in the LC confirms
synaptic transport of αSyn to vagal motor nuclei

In order to further elucidate whether the loss of ChAT expression in the vagal
motor nuclei was solely caused by LC neurons-derived αSyn or not, we designed a
second set of experiments. We generated a recombinant AAV2/5-TH- viral vector
delivering either EGFP or WT-αSyn to achieve a strictly confined protein
overexpression in the LC (Fig.5 A). The unilateral side of the LC was targeted using
this neurotransmitter specific virus with the same stereotactic approach as performed in
the first set. A transfection rate of ≈ 98% was confirmed 3 weeks post-viral vector
delivery per group (n=3), and EGFP or WT-αSyn transduction was nearly only
detectable within the LC (Fig. 5 B).
We selected two different time points, 3 and 9 weeks, post rAAV2/5-TH-EGFP or
WT-αSyn injection into the LC to investigate any transsynaptic or transneuronal αSyn
signals in the vagal motor nuclei. We performed fluorescent staining against αSyn with
medulla tissues to verify if the reduced number of ChAT-ir neurons in the vagal motor
nuclei were due to αSyn transport or not. As a result, we observed that the NTS, the
DMnX, and the AP area showed αSyn-ir axon varicosities as early as 3 weeks postinjection (Fig.5 C). We further divided the DMnX into the rostral and the intermediate
parts and observed these structures in 3-dimensional image stacks to understand better
their structure and physical proximity. This approach revealed that DMnX neurons in
both hemispheres were surrounded by αSyn-ir axons at both 3 and 9 weeks post the
microinjection (Fig.5 D-E). In addition, we also found that the compact formations of
ambiguus neurons were engulfed by αSyn-ir varicosities as well as early as 3 weeks
post the injection (Fig.5 F). Remarkably, intraneuronal αSyn was detected in the
ambiguus neurons of both hemispheres 3 and 9 weeks post the injection, and these
structures were distinguished from αSyn-ir axons around the DMnX neurons (Fig.5 GH). Intracellular αSyn was present in virtually most of the compact formation of nAmb
as a result of the rAAV2/5-TH-WT-αSyn injection in the LC, and it was accompanied
with severely weakened ChAT-immunoreactivity as also observed previously in the
first set of experiments (n=10). The expression of αSyn in the vagal nuclei was negative
in all the medulla tissues in the rAAV2/5-TH-EGFP groups (data not shown).
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Fig. 5 AAV2/5-TH-WT-αSyn overexpression in the LC confirms synaptic transport from the LC
to the vagal motor nuclei. (A) Cartoons displaying the AAV2/5-TH-EGFP or WT-αSyn viral
genome. (B) Representative epifluorescent images of immunohistochemical staining following
3 weeks post AAV2/5-TH-EGFP or WT-αSyn microinjection in the LC of the right hemisphere.
The noradrenergic TH-ir neurons were marked in (red) in AAV2/5-TH-EGFP, and (green) in
AAV2/5-TH-WT-αSyn. The LC neurons ir against EGFP are labeled in (green), human αSyn are
labeled in (red), and colocalization is indicated by a yellow merge. (C) Overview of a medulla
brain section containing the DMnX, NTS, and AP immunolabeled for ChAT in (green) and αSyn
in (red) 3 weeks post the injection. (D-E) The representative 3D stack images of the rostral and
the intermediate DMnX clearly show close contact of αSyn-ir axons with cholinergic motor
neurons in both hemispheres following 3 and 9 weeks post the injection. (F) Overview of the
compact formation of the contra and the ipsilateral nAmb immunolabeled for ChAT in (green)
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and αSyn in (red) 3 weeks post the injection. (G-H) The representative images from the stack of
the nAmbs demonstrate intracellular αSyn in both contra and ipsilateral sides as early as 3
weeks post-injection, and this αSyn expression was sustained until 9 weeks. Scale bar 100 µm
(B and F), 200 µm (C), 50 µm (D, E, G, H).
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αSyn transport to the cervical, thoracic and abdominal parts of the mouse
esophagus.

From our two sets of experiments, we observed a significant decrease of ChAT-ir
neurons in the DMnX with prominent αSyn-ir varicosities, and even a more severe
decline of the ChAT-ir neuronal numbers in the nAmbs with intraneuronal αSyn after
LC microinjection. These outcomes raised the intriguing question of whether αSyn
overexpression in the LC might influence the gastrointestinal area that is controlled by
the vagal nuclei? In rodents, the esophageal muscle is only composed of striated fibers
and is therefore controlled by motoneurons, especially by the compact formation of the
nAmb [22, 23, 56]. We, therefore, prepared longitudinal sections of the cervical,
thoracic and the abdominal parts of the whole esophagus after the recombinant AAV2/5TH-EGFP or WT-αSyn microinjection in the LC to investigate αSyn transport and
relevant neurochemical changes in these regions.
We performed immunohistochemistry to detect αSyn, and co-immunolabelings with
VAChT or PGP 9.5 to further identify the vagal motor nerve endings or myenteric
ganglia within the mouse esophagus. Interestingly, we observed no αSyn-ir expression
in the rAAV2/5-TH-EGFP group (Fig.6 A) but found various types of αSyn-ir structures
depending on the muscle layers, and αSyn-ir enteric neurons were identified within the
cervical, thoracic and the abdominal (lower sphincter) of the esophagus after 3 and 9
weeks post the microinjection (Fig.6 B-D). We also examined the motor endplates in
each section of the esophagus to elucidate if the motor endplates are in close contact
with αSyn or not. As a result, we found αSyn-ir vagal motor endings in the thoracic
segments of the esophagus after 9 weeks of overexpression (Fig.6 E). The αSyn signal
was intense and it completely co-localized with vagal motor nerve endings.
These findings seemed to be highly associated with the intracellular αSyn in the nAmb
neurons that we observed earlier.
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Fig. 6 αSyn transport to the cervical and thoracic portions of the mouse esophagus. (A) αSyn-ir
negative intramural structure in the cervical portion of the esophagus from the rAAV2/5-THEGFP group after 9 weeks of the overexpression. (B, arrows) αSyn-ir enteric neurons marked in
(red) were observed in the PGP9.5-ir myenteric plexus layer in the thoracic portion of the
esophagus 3 weeks after injection of rAAV2/5-TH-WT-αSyn. (C, asterisk) αSyn-ir myenteric
ganglia in (red) were also found in the thoracic portion after 9 weeks. (D, arrows) PGP9.5-ir
myenteric neurons were co-localized with αSyn-ir varicosities in the thoracic portion after 3
weeks. The arrowheads also indicate that αSyn-ir muscle areas. (E, arrows) VAChT-ir vagal
motor nerve endings were also immunoreactive for αSyn, showing a clear co-localization in the
thoracic portion after 9 weeks (Esophagus image of 4 different mice were selected out of 10
mice, either for 3 or 9 weeks). Scale bars: 50 µm (A-C), 100 µm (D) and 25 µm (E).
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Abnormal VAChT-ir vagal motor efferent projections to the mouse esophagus

To further clarify if the αSyn expression in the motor endings of the striated muscle
would disturb the cholinergic vagal efferents in the esophagus or not, coimmunolabeling with VAChT and α-BT was performed in every section of the
esophageal tissue. These structures were reported to be always paired as oval shapes
over both the inner and outer striated muscle layers [52]. We investigated the
cholinergic efferents terminating on the motor endplates of the esophagus either 3 or 9
weeks post the microinjection in the LC. Unlike the majority of the VAChT- and α-BTir structures, a certain group of VAChT-ir nerve endings was scattered around but not
placed directly on the motor end plates. (Fig.7 A-E). Surprisingly, motor endplates
identified with α-BT were found to be adjacent to αSyn-ir structures and
immunostaining intensity of the VAChT-ir nerve endings was diminished (Fig. 7 F). In
contrast, we did not find the abnormal motor endings in the rAAV2/5-TH-EGFP group
(data not shown). This corroborates our hypothesis that αSyn induced dysregulation of
the cholinergic efferent projection system in the striated muscles of the esophagus as
well, possibly due to the intracellular αSyn in the ambiguus neurons followed by
severely suppressed ChAT expression in both hemispheres. Suggestive schematic
illustration of the proposed transport circuit via the anatomically connected regions in
our model is demonstrated herein (Fig. 8).
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Fig. 7 Abnormal efferent projections from the vagal motor nuclei in the mouse esophagus. (A,
arrow) scattered VAChT-ir vagal motor nerve endings marked in (green) were found at the
cervical portion of the esophagus without α-BT co-expression labeled in (red). (B-E, arrows)
Dispersed and dislocated vagal motor endings around the α-BT-ir motor endplates were found in
the thoracic or abdominal portions as early as 3 weeks post the αSyn overexpression in the LC.
These abnormal structures were differentiated from the neighboring normal motor endings and
the receptors (merged). (E, arrows) Display of the α-BT-ir motor endplates labeled in (red) and
vagal motor endings in (green). αSyn-ir cellular structures were labeled in (magenta), and these
signals were in close contact in the cervical portion after 9 weeks (Esophagus image of 5
different mice were selected out of 10 mice, either for 3 or 9 weeks). Scale bar: 50 µm for (A-E)
and 25 µm for (F).
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Fig. 8 Schematic illustration demonstrating the noradrenergic modulation of the vago-vagal
nuclei and the proposed circuit of αSyn transport to the mouse esophagus. Prof. W.L Neuhuber
kindly permitted to re-create the cartoon from his early work, W.L. Neuhuber et al. 1998.
Unilateral αSyn overexpression in the LC leads to the occurrence of αSyn-ir axonal varicosities
in the DMnX and to intraneuronal αSyn in the nAmb in both the contra and ipsilateral sides.
Thereafter, these ambiguus neurons transfer the αSyn protein through the vagal efferent system
to motor endings of the striated muscle. As these cholinergic axons reaching motor endplates
issue collaterals to the myenteric neuronal ganglia of the esophagus (Neuhuber and Wörl, 2016),
αSyn may further propagate to the ENS system via these anatomical connections.

ACh: acetylcholine; nAmb: nucleus ambiguus; DMnX: the dorsal motor nucleus of the vagus; IGLEs: intraganglionic
laminar endings; NO: nitric oxide; NTS: the nucleus of the solitary tract; VIP: vasoactive intestinal peptide.
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Discussion
In the present study, we performed two sets of experiments to understand to what
extent noradrenergic LC neurons are vulnerable to WT-αSyn overexpression, and how
transduced αSyn in the LC disturbs the vagal motor nuclei, DMnX, and nAmbs, which
are known to be vulnerable based on the PD-staging model. In the first part of the study,
noradrenergic LC neurons were directly transduced with WT-αSyn via injection of nonspecific CMV promoter-dependent viral vectors carrying the genetic information for
αSyn. In this model, overexpression of αSyn induced a less than 20% reduction of TH-ir
neurons within 9 weeks. Interestingly, prominent micro-astrogliosis was observed
already as early as 3 weeks after the onset of WT-αSyn overexpression, presumably due
to the release of αSyn from LC neurons in this region [20]. This may demonstrate that
micro-and astroglia became reactive due to αSyn derived from the LC neurons, and
implies that glial cells may take part in initiating further neuroinflammatory processes
before LC cells start to degenerate [27, 28]. In addition, the cholinergic neurons in the
DMnX and nAmbs showed a significant decrease of ChAT-ir neuronal numbers as early
as 3 weeks, implying a potential toxic effect of αSyn originating from the LC on the
vagal motor nuclei. The putative anatomical projection from the noradrenergic LC to the
DMnX and to the nAmbs was further confirmed in the second set of experiments using
a new TH promoter specific WT-αSyn overexpression model. We clearly show αSyn-ir
axonal structures around the DMnX and the nAmb, and this αSyn expression was not
limited to the ipsilateral side of the injected LC. Moreover, ambiguus neurons in both
the right and the left hemispheres even showed intracellular proteinaceous αSyn along
with a significantly reduced ChAT-ir intensity in this model.
A series of literature indicates that the main brainstem circuit that controls
swallowing involves the motor nuclei, NTS, DMnX, nAmb and the hypoglossal nucleus
which innervate the intrinsic and extrinsic muscles of the tongue, the pharynx, larynx,
and esophagus [9, 22, 48]. Especially the early tracing experiments demonstrate well
that the origin of extrinsic neurons in the cervical and the abdominal parts of the
esophagus is the compact formation of the ambiguus motor neurons [5, 18, 40].
Nevertheless, most experimental effort in the context of αSyn - or toxin-induced PD
models has been devoted to the stomach and lower gastrointestinal tracts, less attention
has been paid to the esophagus [16, 21, 34]. Therefore, we collected the esophagus
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tissues from our mouse models to investigate if robust αSyn-ir varicosities and
intracellular αSyn in the ambiguus neurons could also lead to the transport of αSyn to
the striated muscles of the esophagus. Notably, we observed αSyn inclusions and fine
varicosities in the lamina muscularis mucosae of the cervical, thoracic and abdominal
sections of the esophagus. Additional VAChAT and PGP 9.5 co-immunostaining results
revealed that αSyn is present in both vagal motor endings and myenteric ganglia as
early as 3 weeks post the microinjection in the LC. In contrast, αSyn expression was
negative in the rAAV2/5-TH-EGFP group.
Studies show that the nAmb sends collaterals to both motor endplates and enteric
ganglia in the esophagus [36], which implies that these motor endplates in the
esophagus could represent a “meeting point” of extrinsic vagal cholinergic and intrinsic
neurons [56]. Moreover, the enteric co-innervation with vagal motor neurons gates an
access to striated muscle to be modulated in parallel because the myenteric neurons are
open for both the DMnX and the nucleus ambiguus [18, 32, 33]. This anatomical
connection supports our observations that αSyn transport occurred via the closely
interconnected brain regions, from the LC to the ambiguus neurons, and again to the
vagal motor endings and receptors in the esophagus even within the short time periods.
Our results regarding the esophagus are in line with this anatomical connection, and
they may functionally imply that αSyn propagated from the LC may disturb not only the
cholinergic modulation but also the autonomous system in the upper gastrointestinal
tract.
The enteric nervous system has been considered to be the starting gateway of
spreading of αSyn-aggregates [8, 13]. The αSyn transport has been demonstrated with
various forms in multiple brain regions and showed that cell-to-cell transfer of αSyn is
not only possible when using αSyn fibrils but can also be observed in AAV models [37,
49, 51]. It was reported that the αSyn protein transport was more pronounced when
neurons were active and healthy without overt damage [50]. Our suggestive early PD
model in the LC clearly demonstrates that the WT human αSyn overexpression in the
noradrenergic neurons did not lead to a prominent neuronal loss after 9 weeks. In
contrast, we postulate that these still vital LC neurons initiated transfer of αSyn to
ambiguus neurons, and even to the vagal and enteric neurons of the esophagus only
after 3 weeks post the microinjection. The neurobiological link between the
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noradrenergic neurons in the LC and the ambiguus neurons was demonstrated in a study
using an optogenetic modulation technique [54]. The cardiac vagal neurons in the
nAmbs were identified with retrograde fluorescent tracer, which was applied to the
cardiac surface of parasympathetic ganglia area in transgenic mice that express channelrhodopsin-2 (ChR2) in TH neurons. By measuring electrophysiological parameters of
the cardiac vagal neurons (CVN) concomitantly when photostimulating LC neurons, the
researchers demonstrated that noradrenergic neurons inhibit the CVNs that generate
parasympathetic activity to the heart. In addition, another supportive evidence exists for
the close relationship between the LC and the nAmbs, especially in terms of dysphasia.
The results show that PTEN-induced putative kinase 1(Pink)1 -/- rats display early
oropharyngeal swallowing deficits measured by videofluoroscopy and increased αSyn
levels in the nAmb and a reduction of noradrenergic neurons in the LC were also
observed in the histological investigation [11].
Although we did not perform behavioral experiments with our model, it is tempting
to speculate that our model can be representative for prodromal or early PD as LC
neurons actively propagate αSyn to the peripheral and enteric nervous system level,
where clinical manifestations, such as dysphagia, delayed gastric emptying and reduced
gastric motility are known as premotor PD symptoms [1, 2, 47]. Furthermore, neuronal
projections from the LC to the DMnX was reported through a classical tracing study in
the rat [46], but, in contrast to the nigral projection to the DMnX, it has not been
revisited with neurological disease perspective so far. [47, 48, 51]. Therefore, herein we
demonstrate for the first time a unique model, in which noradrenergic LC neurons can
transfer αSyn to the vagal motor endings and myenteric enteric ganglia in the mouse
esophagus via the nAmb. A very recent review states that the LC may act as a ‘way
station’ of pathological αSyn transport from the periphery to the rest of the brain [55].
We also reported that overexpression of A53T- αSyn in the LC neurons induced
abundant αSyn-ir axons in the LC output regions, indicating rapid anterograde axonal
Transport of αSyn [20]. Herein we focused on the αSyn transport via the noradrenergic
projection to the vago-vagal nuclei and the cholinergic efferent projection to the
esophagus. Our results further suggest that the LC may act not only as a ‘way station’,
but also as a ‘roundabout’, which opens an exit back to the ENS providing another
negative feedback if the initial α-synucleinopathy started from there based on the
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staging theory [8].
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(English)

The locus coeruleus (LC) is a small nucleus among the catecholaminergic cell groups,
but it has extensively branched axons, and it innervates broad areas in the brain.
According to the widely accepted Parkinson’s disease (PD) staging model of Braak, the
LC is affected by alpha-synuclein (αSyn) pathology at the second stage, but the possible
neurochemical changes induced by axonal αSyn-transport from the LC have never been
investigated. Therefore, we overexpressed human wild-type αSyn (WT-αSyn) or the
control protein Luciferase (Luc) in the mouse LC via unilateral stereotaxic delivery of
recombinant adeno-associated viral vectors (rAAV) and subsequently investigated
pathological alterations in a time-dependent manner. Unbiased stereology demonstrated
that the number of LC neurons did not significantly decrease upon WT-αSyn
overexpression, yet rigorous microgliosis and astrogliosis occurred post 3 weeks postinjection. Intriguingly, the number of choline acetyltransferase (ChAT) immunoreactive
(ir) neurons in the dorsal motor nucleus of the vagus (DMnX) and in the nucleus
ambiguus (nAmb) significantly decreased in the αSyn group as early as 3 weeks. The
putative axonal connectivity between the LC and the cholinergic motor nuclei as well as
the loss of ChAT-ir were further elucidated by microinjection of Tyrosine Hydroxylase
(TH) promoter-specific viral vectors (rAAV2/5-TH-EGFP or WT-αSyn) in the LC. We
found robust αSyn-ir axonal varicosities around the DMnX neurons, and remarkably,
intraneuronal αSyn was present in the ambiguus neurons in both hemispheres 3 weeks
post-injection. As the compact formation of the nAmb controls the esophagus, we
investigated the presence of αSyn in the cervical, thoracic and abdominal parts of the
esophagus tissues of injected mice. As a result of aSyn overexpression in the LC, we
observed αSyn-ir cells and varicosities in the muscle layers, and notably, some of these
αSyn-ir neurons co-localized with myenteric plexus ganglia post 3 and 9 weeks.
Furthermore, we found that, unlike the majority of the Vesicular Acetylcholine
Transporter (VAChT) signals, some nerve endings were weak in signal and dispersed
from the motor receptors. Our data reveal that LC neurons induced the transsynaptic and
transneuronal spreading of αSyn in the vagal motor nuclei and suppressed cholinergic
efferents terminating on motor endplates in the esophagus. It appears that αSyn can
travel through anatomically connected brain regions as proposed in the early staging
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model of PD; implying α-synucleinopathy in noradrenergic neurons may potentially
disturb the cholinergic modulation of the upper gastrointestinal tract rostral-caudally.
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(Deutsch)

Der Locus Coeruleus (LC) ist ein kleiner Nukleus unter den katecholaminergen
Zellgruppen, aber er hat stark verzweigte Axone und innerviert dadurch große Bereiche
im Gehirn. Nach dem akzeptierten Staging-Modell der Parkinson-Krankheit (PD) von
Braak ist der LC ab der zweiten Staging-Phase von Alpha-Synuklein (αSyn)-Pathologie
betroffen. Die möglichen neurochemischen Veränderungen durch axonale αSynÜbertragung aus dem LC wurden allerdings bislang nie untersucht. Daher
überexprimierten wir humanes Wildtyp αSyn (WT-αSyn) bzw. das Kontrollprotein
Luciferase (Luc) im LC durch einseitige stereotaktische Gabe von rekombinanten
Adeno-assoziierten

Virus

(rAAV)

Vektoren

und

untersuchten

anschließend

pathologische Veränderungen in Abhängigkeit der Zeit. Eine unvoreingenommene
Stereologie zeigte, dass die Anzahl der LC-Neuronen nach WT-αSyn-Überexpression
nicht signifikant abnahm, jedoch traten 3 Wochen nach der Injektion ausgeprägte
Mikrogliose und Astrogliose auf. Interessanterweise nahm die Anzahl der
Cholinacetyltransferase

(ChAT)-immunoreaktiven

(ir)

Neurone

im

dorsalen

motorischen Nucleus des Nervus vagus (DMnX) und im Nucleus ambiguus (nAmb) in
der αSyn-Gruppe bereits nach 3 Wochen signifikant ab. Die mutmaßliche axonale
Konnektivität zwischen dem LC und den cholinergen motorischen Kernen sowie der
Verlust von ChAT-ir wurden durch Mikroinjektion von Tyrosin-Hydroxylase (TH) Promotor-spezifischen viralen Vektoren (rAAV2/5-TH-EGFP/WT-αSyn) in den LC
weiter aufgeklärt. Wir fanden robuste αSyn-ir-axonale Varikositäten um die DMnXNeurone und erstaunlicherweise auch intraneurales αSyn in Neuronen des nAmb in
beiden Hemisphären 3 Wochen nach der Injektion. Da die pars compacta des nAmb die
Speiseröhre innerviert, suchten wir nach αSyn in den zervikalen, thorakalen und
abdominalen Teilen des Ösophagusgewebes der WT-αSyn-injizierten Mäuse und der
Kontroll-Mäuse. Als Ergebnis der aSyn-Überexpression im LC beobachteten wir αSynir-Zellen und Varikositäten in den Muskelschichten. Bemerkenswerterweise waren
einige dieser αSyn-ir-Neuronen nach 3 und 9 Wochen mit Plexusganglien des Plexus
myentericus kolokalisiert. Darüber hinaus fanden wir, dass im Gegensatz zu den
meisten

Signalen

des

vesikulären

Acetylcholin-Transporter

(VAChT)

einige

Nervenendigungen schwach und von den motorischen Rezeptoren entfernt waren waren.
72

Part II-6. Summary

Unsere

Daten

zeigen,

dass

es

zu

transsynaptischem

und

transneuronalem

„Spreading“ von αSyn vom LC in die vagalen motorischen Kernen kommt, was zur
Suppression von cholinergen Efferenzen an den motorischen Endplatten in der
Speiseröhre führt. Es scheint, dass αSyn über anatomisch verbundene Hirnregionen
wandern kann, wie bereits im Braak Staging-Modell von PD postuliert, und dass eine αSynuklein-Pathologie in noradrenergen Neuronen möglicherweise die cholinerge
Modulation des rostral-kaudalden oberen Gastrointestinaltrakts stört.
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