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KEY WORDS Abstract  Parkinson’s disease (PD) is a neurodegeneration disease with a-synuclein accumulated in the
substantia nigra pars compacta (SNpc) and most of the dopaminergic neurons are lost in SNpc while pa-
tients are diagnosed with PD. Exploring the pathology at an early stage contributes to the development of
the disease-modifying strategy. Although the “gut—brain” hypothesis is proposed to explain the underly-

Raphe nuclei;
a-Synuclein;

Gastrointestinal tract; ; ) . ; e ) ) ] ’
ing mechanism, where the earlier lesioned site in the brain of gastric a-synuclein and how «-synuclein

Electrophysiology;

Locus coeruleus; further spreads are not fully understood. Here we report that caudal raphe nuclei (CRN) are the early

Substantia nigra pars lesion site of gastric a-synuclein propagating through the spinal cord, while locus coeruleus (LC) and
compacta; substantia nigra pars compacta (SNpc) were further affected over a time frame of 7 months. Pathological

Parkinson’s disease; a-synuclein propagation via CRN leads to neuron loss and disordered neuron activity, accompanied by

Spinal cord abnormal motor and non-motor behavior. Potential neuron circuits are observed among CRN, LC, and

SNpc, which contribute to the venerability of dopaminergic neurons in SNpc. These results show that
CRN is the key region for the gastric a-synuclein spread to the midbrain. Our study provides valuable
details for the “gut—brain” hypothesis and proposes a valuable PD model for future research on early
PD intervention.
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1. Introduction

Parkinson’s disease (PD) is a neurodegeneration disease marked
by the loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc)'. The accumulated a-synuclein is the patho-
logical marker of PD and a-synuclein propagation promotes the
disease progression”. Dopaminergic drugs are the most common
medication in clinical for motor symptoms. However, dopami-
nergic drugs have some adverse reactions and complications, and
yet cannot halt the spread of a-synuclein and disease progress”.
The underlying mechanism of early PD remains unclear, which
makes the development of disease-modifying drugs challenging.
Therefore, preventing «-synuclein from spreading at an early
stage and protecting the dopaminergic neurons before being
affected by pathological a-synuclein may be disease-modifying.
Research indicates that a-synuclein accumulates in several brain
regions before it is deposited and damages neurons in SNpc. In
stage 2 of the Braak stages, aggregated a-synucleins were found in
caudal raphe nuclei (CRN), LC and other regions of the brain
stem’. It is hypothesized that aggregated a-synuclein starts in the
gastrointestinal tract and then spreads to the brain®. Research
indicated that gastrointestinal a-synuclein propagated through the
vagus nerve and caused pathological changes in the brain stem,
locus coeruleus (LC), and SNpc77° . However, which region in the
brain stem was the earlier lesion site by gastric a-synuclein re-
mains unknown. And the correlation among CRN, LC, and SNpc
needs further investigation.

Raphe nuclei (RN) are located in the midline of the interme-
diate reticular zone and consist mostly of serotoninergic neu-
rons'’. Rostral RN is located in the midbrain and upper pons and
secretes most of the serotonin. While CRN is located in the lower
pons and medulla and consists of several nuclei, including raphe
magnus (RMg), raphe obscurus (ROb), and raphe pallidus
(RPa)'™'". Clinical studies showed that the serotonin transporter
in RN was damaged in PD patients at an early stage'>'’. The
lesions in CRN are also related to motor and non-motor symptoms
in PD. The serotoninergic neuron dysfunction is associated with
the severity of motor deficits'>. The higher binding of serotonin
transporter was observed in PD patients. The higher binding may
be due to the lower extracellular serotonin levels in CRN and
related to PD depression'*. The rapid-eye-movement (REM) sleep
disorder (RBD) is considered a non-motor symptom at the pro-
dromal stage of PD. CRN neuron dysfunction contributes to the
atonia of REM sleep'”. Clinical research demonstrated neuron loss
and pathological a-synuclein in CRN of RBD patients. And most
of those patients subsequently developed Lewy body disorder, like
PD'®. These results further highlight the importance of CRN pa-
thology at an early stage in PD progression.

In this study, we showed that CRN was the key region of
gastric a-synuclein propagating to the midbrain. The gastric
a-synuclein propagated upward to the CRN through the spinal
cord, further damaged LC and SNpc through the CRN neurons,
and triggered PD-like symptoms. The long projection of CRN
neurons propagated pathological a-synuclein to LC and SNpc.
Furthermore, CRN a-synuclein led to motor and non-motor dis-
orders, with progressive accumulation and phosphorylation of
a-synuclein. CRN a-synuclein also led to an increase of gastric
a-synuclein, further forming a vicious circle. Here, we highlight
the novel strategies for the potential disease-modifying strategy:
preventing a-synuclein from propagating and aggregating through
CRN may delay the further lesions on the dopaminergic neurons

in SNpc, and maintain the homeostasis of serotonergic neurons
and its long projection to SNpc may help to protect dopaminergic
neurons at an early stage.

2. Materials and methods

2.1.  Animals

A total of 70 wild-type male C57BL/6N (19—21 g) mice were
used in this study. All mice were purchased from Charles River
Co. of China (Beijing, China). Mice were housed under 12 h
light/dark cycle and had free access to food and water. After one
week of adaption, mice were used in the experiments. All
the animal experiments followed the guidelines of the Care and
Use of Laboratory animals (United States National Institutes
of Health) for the care and use of laboratory animals. The
experiments were approved by the Animal Care & Welfare
Committee of Institute of Materia Medica, CAMS&PUMC
(Beijing, China).

2.2.  Adeno-associated viral (AAV) vector injection

In this study, we used adeno-associated viral (AAV) vectors to
overexpress human «-synuclein. AAV9-CMV bGloin-MCS-
SNCA-3Flag-SV40 PolyA (SNCA), 5.3 x 10" vg/mL, was
used for stomach injection. AAV9-CMV bGlobin-MCS-SNCA-
EGFP-3FLAG-WPRE-hGH polyA (SNCA-EGFP), 1.87 x 10"
vg/mL, was used in intracranial stereotactic injection. AAV2/9-
TPH2-mCherry-WPRE-hGH pA (TPH2-mCherry), 2.00 x 10'?
vg/mL, was used for DR and CRN injection. The vectors were
constructed by Shanghai Genechemical Corporation (Shanghai,
China).

For SNCA injection in the muscle layer of the glandular
stomach, mice were anesthetized with isoflurane. Three equidis-
tant spots in the mucous muscle layer of the gastric gland were
chosen. Each site was injected with 1 pL. of SNCA or negative
control vectors in 3 min.

For SNCA-EGFP intracranial stereotactic injection, mice were
anesthetized with isoflurane. A total volume of 1 pL vectors was
stereotactically injected into the ROb using a microinjector in
5 min. The coordinates are AP —0.64 cm and DV —0.55 cm
relative to Bregma.

For TPH2-mCherry intracranial stereotactic injection, mice
were anesthetized with isoflurane. A total volume of 1 pL vectors
was stereotactically injected into the ROb or DR using a micro-
injector in 5 min. The coordinates are ROb: AP —0.64 cm,
DV —0.55 cm; DR: AP —0.44 cm, DV —0.3 cm relative to
Bregma.

2.3.  Tissue preparation

For tissue preparation, mice were anesthetized with isoflurane.
Then mice were perfused transcardially with 0.1 mol/L phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA).
Brain and gastrointestinal tract samples were post-fixed in 4%
PFA for 2 days and then dehydrated in 10%, 20%, and 30%
sucrose-paraformaldehyde solution for 2 days separately. For
immunostaining, brains were cut into 12 pm or 20 um coronal
sections using a freezing microtome (Leica CM3050 S, Nussloch,
Germany). Sections were fixed on adhesion microscope slides and
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stored at —20 °C. For total protein extraction, the tissues were
prepared as described previously'’. Tissues were homogenized
with RIPA lysis buffer containing protease inhibitors and phos-
phatase inhibitors. Then the lysates were centrifuged in 12,000x g
at 4 °C for 30 min, and the supernatant was collected. The total
protein was measured by a BCA kit (P1511, Applygen, Beijing,
China).

2.4.  Immunochemistry

For immunochemistry, sections were first heated in citrate buffer
(pH 6.0) for 10 min for antigen retrieval. After cooling, sections
were washed in 0.1 mol/L PBS 3 times, 5 min each, then per-
meabilized with 0.5% Triton X-100 for 15 min. After washing,
sections were blanched with 3% H,O, for 15 min to inactive
endogenous peroxidase. The sections were washed and blocked
with 8% bovine serum albumin (BSA) for 30 min, followed by
incubating with primary antibodies (Supporting Information
Table S1) at 4 °C overnight. On the next day, the sections were
first balanced to room temperate and washed in 0.1% Tween-20 in
0.1 mol/L PBS (PBS-T) for 3 times, 10 min each. Then, sections
were incubated with secondary antibodies at room temperature for
2 h. Primary and secondary antibodies used in this study were
listed in Table S1 and diluted by 5% BSA. After washing with
PBS-T, sections were developed color with a 3,3'-dia-
minobenzidine (DAB) kit (G1212. Servicebio, Beijing, China).
Some sections were then counterstained with hematoxylin. After
dehydrating with 60%, 70%, 80%, 90%, 100% ethanol, and
xylene, sections were sealed with neutral gum. Sections were
examined and photographed using Olympus BXS51 or Vectra 3
(PerkinElmer, USA).

For the proteinase K (PK) resistance a-synuclein immuno-
chemistry process, 0.2 mg/mL PK (ab64220, Abcam) was used
after antigen retrieval. Sections were incubated with PK at 37 °C
for 30 min, then proceeded with the normal immunochemistry
process.

2.5.  Immunofluorescence

For immunofluorescence staining, sections proceeded with heat-
mediated antigen retrieval and permeabilization. Sections were
washed in PBS 3 times between each step, each time 5 min.
Then, sections were blocked with 5% BSA and incubated with
primary antibodies (Table S1) at 4 °C overnight. On the second
day, sections were washed with PBS-T before incubating with
secondary antibodies (Table S1) at room temperature for 2 h.
After washing with PBS-T, sections were sealed using an anti-
quench sealer (0100-01, SouthernBiotech, Birmingham, USA).
Sections were examined and photographed using Leica TCS
SP8X.

2.6. Western blot

For Western blot, SDS-PAGE gel and 0.45 um polyvinylidene
difluoride (PVDF) (Millipore, Darmstadt, Germany) membrane
was used. After the transfer membrane, the membrane was
blocked with 5% BSA or skim milk for 2 h and incubated with a
specific primary antibody at 4 °C overnight. After 3 washes with
TBS-T, the membrane was incubated with a second antibody at
room temperature for 1 h. Then the membrane was washed with
TBS-T and photographed by Tanon 4600 (Tanon, Shanghai,
China). The image was analyzed by Image J.

2.7.  Behavioral tests

In this study, we performed several behavioral tests at 1, 2.5, and 7
months after a-synuclein overexpression in the stomach and 3, 9,
14, and 26 weeks after a-synuclein overexpression in the CRN.
The motor ability was evaluated by the grip strength test, pole test,
rotarod test, and balance beam test. And non-motor deficits were
assessed by open field test, elevated plus maze test, novel object
recognition test, Y maze test, tail suspension test, and forced swim
test’. All tests were conducted between 9:00—16:00 in the
lights—on cycle. All the results were analyzed using GraphPad
Prism 8.

2.7.1.  Grip strength test

We used a grip strength test machine (YLS-13A, Shandongyiyan,
China) to test the strength of the limbs of the mice. First, mice
were gently put on the metal grid in the device. Second, the tail
was gently pulled when the mice stably grasped the metal grid
until it released the grid. The peak grip strength (g) during the
process was automatically recorded. Each mouse was tested 3
times, with an interval of 30 min between each test, and the
average was used for statistical analysis.

2.7.2.  Pole test

The pole consisted of a 60 cm long, 1 cm diameter wooden rod
with a 1.5 cm diameter ball on the top. The pole was wrapped with
wool to prevent mice from slipping and fixed on a wooden base.
Mice were gently placed on the ball at the top with the head facing
down. And the total time taken to reach the bottom of the pole
with hind limbs was recorded. All mice were trained 3 times
before testing. Each mouse was tested 3 times, with an interval of
30 min between each test, and the average time was used for
statistical analysis. The maximum cutoff time to stop the test was
15 s, and if the mice fell, the time was recorded as 15 s as well.

2.7.3.  Rotarod test

ROTO-ROD Series 8 (IITC life science) was used in this test.
Mice were trained 3 times one day in advance. For the training
session, mice were gently placed on the rotarod cylinder with their
head facing outside. And the speed was slowly increased from 5 to
10 rpm in 5 min. The final speed was adjusted to 30 rpm for the
testing session, and each mouse was tested 3 times, with an in-
terval of 30 min between each test. The total latency time of mice
staying in the cylinder was recorded, and the average latency time
was used for statistical analysis.

2.7.4. Balance beam test

We used 0.5 cm wide, 1 cm high, and 80 cm long wooden pieces
as the balance beam. The balance beam was placed 40 cm high
from the ground. A dark box was placed on one side while the
light was placed on the other side to induce the mice to cross the
balance beam. All mice were trained 3 times before testing. All
mice were tested 3 times, with an interval of 30 min between each
test. Mice were placed on the light side, and the total time taken to
reach the dark box was recorded. The average time of 3 tests was
used for statistical analysis.

2.7.5.  Open field test

A 50 cm long, 50 cm wide, and 40 cm depth rectangular wooden
box was used in this test. The box is covered with white paint and
divided into 16 (4 x 4) identical squares. Four squares in the
center were defined as the center area. Mice were gently put into
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the center area of the box and allowed to explore for 5 min. The
activity of each mouse during the test was recorded by an auto-
matic tracking system (Smart 3.0). Each mouse was tested only
once. The box was cleaned with 10% ethanol to remove residues
and odors between each test. The total distance, entries into the
center area, and time spent in the center area were measured.

2.7.6.  Elevated plus maze test

The elevated plus-maze was a plus-shaped maze with two closed
and two open arms. Both arms are 65 cm long, and 5 cm in width,
and the closed arms have 15 cm walls. The maze was 40 cm in
height from the ground. When performing the elevated plus-maze
test, mice were placed on one side of the open arm and allowed to
explore the maze for 5 min. The entries to open arms and the total
time spent in open arms were recorded by a tracking system
(Smart 3.0). The maze was cleaned with 10% ethanol between
each test.

2.7.7.  Novel object recognition test

The novel object recognition test was performed in the open field
box. We used two 15 mL centrifuge tubes and a 25 cm?® cell
culture dish as objects and filled them with corncob. After one day
of adaption to the box, mice were introduced to two identical
objects and allowed to explore for 5 min. On the third day, one of
the 15 mL centrifuge tubes was replaced with the 25 cm? cell
culture dish. The time spent exploring each object was recorded
by a tracking system (Smart 3.0). The novel object recognition
index was calculated as Eq. (1):

Novel object recognition index = The time spent on the novel
object/The total time spent on both objects (1)

2.7.8. Y maze test

A'Y maze made of plastic was used in this test. Mice were placed
at the end of one arm and allowed to explore all the 3 arms freely
for 8 min. The total arm entries and sequence of arm entries were
recorded manually. Alternative behavior was defined as entering
the three arms in succession. And the alternative index was
calculated as Eq. (2):

Alternative index (%) = Alternative behavior/(Total arm
entries—2) x 100 2

2.7.9.  Tail suspension test

For the tail suspension test, we suspended mice in a black box
with a white background using adhesive tape attached approxi-
mately 1 cm from the tip of the tail. The trial lasted for 6 min. The
immobility of mice was defined as frozen in hind limbs, and
immobility time in the last 4 min was recorded manually. The
adhesive tape was removed gently after the test.

2.7.10.  Forced swimming test

We used a transparent plastic cylinder with 18 cm of water for the
forced swimming test. The water temperature was 25 £+ 1 °C. The
mice were placed in the water for 6 min, and the immobility time
in the last 4 min was recorded. The immobility in mice was
defined as the mice not struggling to escape, floating on the sur-
face, or performing only a little swim to ensure they do not sink.
The cylinder was cleaned and water was changed between each

test. The mice were carefully dried and maintained the body
temperature after the test.

2.8.  Invivo electrophysiological test

To detect neuronal activity, we used electrodes made of nickel-
chromium to record electrical signals. The electrodes were
implanted in LC and SNpc and secured with dental cement. The
test was performed three to four days after recovery. The co-
ordinates are LC: AP —0.54 cm, ML 4-0.0875 cm, DV —0.37 cm;
SNpc: AP —0.364 cm, ML +0.12 cm, DV —0.41 cm relative to
Bregma. Broadband (0.3 Hz—7.5 kHz) neural signals were
recorded using a multichannel data acquisition system (Apollo 2,
Bio-Signal Technologies, Nanjing, China). Spikes were extracted
with high-pass (300 Hz) filters. Spike sorting was conducted by
Offline Sorter (Plexon: Dallas, TX, USA). All data were analyzed
using NeuroExplorer (Nex Technologies: Boston, MA, USA).
Based on the properties of dopaminergic neurons, the maximum
interval to start a burst was 80 ms, and 160 ms to end a burst was
used in burst analysis. The minimum burst duration was
2.5 ms'®'"?. And LC cells were similarly analyzed®.

2.9.  Statistical analysis

The statistical analysis for immunostaining (2—4 sections per
mouse per time point) was performed by Image J. First, the image
was transformed to 8-bit or RGB-stack and then threshold to
remark the positive area. Second, the percentage of the positive
area or integrated density was measured. For Western blot anal-
ysis, first, the image was transformed to 8-bit. Then, the back-
ground was subtracted. The interested lane was selected and the
integrated density was measured. All results were analyzed by
GraphPad Prism 8, using two-tailed Student’s #-test or two-way
ANOVA analysis. P <0.05 was considered significant.

3. Results

3.1.  «a-Synuclein overexpression in the stomach led to neuron
loss in CRN, LC, and SNpc

To study the role of the stomach in the “gut—brain axis” theory,
SNCA vectors were injected into the muscle layer of the glandular
stomach to express full-length human a-synuclein (SNCA-stom-
ach) (Supporting Information Fig. S1A and S1B). The mock
vectors were used as the control group (Ctrl-stomach). The enteric
nervous system contains diverse neurons’’ and dopaminergic
neurons are widely distributed in the gastrointestinal tract.
Research showed that the dopaminergic neurons are closely
related to gastric pathology in PD. Clinical PD patients showed
damaged dopaminergic neurons and decreased dopamine levels in
the gastrointestinal tract’> >*. So, we focused on the dopaminergic
neurons in the stomach, and double immunofluorescence staining
against tyrosine hydroxylase (TH) and a-synuclein showed that a-
synuclein was expressed in the dopaminergic neurons after 1
month post-injection (Fig. S1C).

To confirm the early lesion site in the brain induced by gastric
a-synuclein, we assessed several sites associated with Braak
stages. First, the dorsal motor nucleus of the vagus (DMV) and
solitary nucleus tract (NTS) in Braak stage 1 were examined. No
obvious a-synuclein signal and neuronal damage were detected
(Supporting Information Fig. S2A—S2C). Then, the CRN, LC, and
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Figure 1  «-Synuclein overexpression in the stomach led to neuron loss in CRN, LC, and SNpc. (A, B) Gastric a-synuclein spread to the CRN

and LC at 7 months post-injection. No obvious signal was detected in SNpc. Scale bar: 50 pnm. (C—H) The representative images and quanti-
fication of TPH/TH-positive neurons in CRN (C, F), LC (D, G), and SNpc (E, H) at 1, 2.5, and 7 months post-injection. Scale bar: 100 um. (I) The
representative images of a-synuclein-positive staining of the longitudinal section of the spinal cord at 1 month post-injection. Scale bar: 1 pm.
(J) The representative images of a-synuclein-positive staining of transection of the spinal cord at 7 months post-injection. Scale bar: 50 or 100 pm.
Values are presented as mean = SEM, n = 3, and Ctrl-stomach at 1 month was set as 100%. Two-way ANOVA followed by Tukey’s post hoc test,
#P < 0.05, #*%P < 0.001 versus Ctrl-stomach group; *P < 0.05, P < 0.001 versus SNCA-stomach group. Abbreviations: caudal raphe nuclei

(CRN), locus coeruleus (LC), substantia nigra pars compacta (SNpc).
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SNpc regions were examined. The a-synuclein tagged with EGFP
was observed in CRN and LC, while no signal was found in the
SNpc at 7 months post-injection (Fig. 1A and B). Endogens
a-synuclein was detected because pathological a-synuclein may
induce prion-like propagation of endogenous a-synuclein pathol-
ogy”>’. Significantly increased a-synuclein was observed in CRN,
LC, and SNpc regions at 7 months post-injection in the SNCA-
stomach model (Fig. S2D—S2F). Also, increased microglia were
found in the SNpc (Fig. S2G). Interestingly, the serotoninergic
neurons in CRN of SNCA-stomach mice were damaged signifi-
cantly at 1 month post-injection, with 29.53 £ 3.98% cell loss
compared to the Ctrl-stomach mice (Fig. 1C and F), while no
neuron loss was observed in LC and SNpc at this time. The
noradrenergic neuron loss in LC was found with 13.92 £ 2.24%
cell loss at 2.5 months and 19.13 + 3.57% at 7 months (Fig. 1D
and G). Also, dopaminergic neurons in SNpc decreased signifi-
cantly, with 15.42 4 1.48% at 2.5 months and 17.06 £ 1.75% at 7
months post-injection (Fig. 1E—H). These results indicate that
gastric a-synuclein induced neuron loss in CRN, LC, and SNpc
and CRN was the earlier lesion site.

Since no obvious damage was observed in the DMV and NTS,
which are closely related to the vagus nerve pathway>’. The spinal
cord, which is also an important route of «-synuclein propagation,
was detected in the SNCA-stomach model”’. It is interesting that
much more evident stains of a-synuclein were displayed in the
spinal cord of the SNCA-stomach mice (Fig. 1I and J). These
results illustrate that the gastric a-synuclein might propagate
through the spinal cord to the brain.

3.2.  «a-Synuclein overexpression in the stomach induced PD-like
behavior

The grip strength test, rotarod test, pole test, and balance beam test
were used to assess the motor deficits induced by gastric a-syn-
uclein. Forelimb and hindlimb grip strength of SNCA-stomach
mice was significantly decreased at 7 months post-injection
(Fig. 2A). Similar results were observed in the rotarod test
(Fig. 2B). Also, the total time taken in the pole test and balance
beam test was increased at 7 months post-injection in SNCA-
stomach mice (Fig. 2C and D). Taken together, gastric a-synu-
clein led to motor disorders in SNCA-stomach mice. Moreover,
SNCA-stomach mice developed depressive-like symptoms. The
immobility time of SNCA-stomach mice was increased signifi-
cantly in the tail suspension test and forced swimming test at 7
months (Fig. 2E and F). No significant depression-like behavior
and memory loss were found (Supporting Information Fig. S3).

3.3.  Gastric a-synuclein led to abnormal neuron firing activity
in SNpc and LC

We used in vivo electrophysiology to detect the firing activity of
dopaminergic neurons in SNpc and noradrenergic neurons in LC
at 7 months post-injection since significant motor deficits occurred
at 7 months. We examined neuronal electrophysiology under
anesthesia and active states, respectively. The power spectral
density (PSD) was used to assess the local field potential (LFP).
Firing rate, mean burst duration, mean interspike interval (ISI) in
burst, and percentage of spikes in burst were analyzed to assess
the firing activity.

During the pole test, the LFP of SNpc and LC neurons in the
SNCA-stomach mice was increased under 40 Hz compared to

Ctrl-stomach mice. No significant firing activity changes were
observed in SNpc neurons. The percentage of spikes in the burst
of LC neurons was increased, indicating increasing burst firing
activity (Supporting Information Fig. A4A and S4B). Under
anesthesia, increased LFP under 40 Hz in SNpc and LC regions
of the SNCA-stomach mice was observed (Fig. S4C and S4D).
The firing rate of SNpc neurons was significantly increased,
while the mean burst duration and percentage of spikes in burst
showed an increasing tendency (Fig. S4C). On the other hand,
the firing rate, mean burst duration, mean ISI in burst, and per-
centage of spikes in burst of LC neurons showed a tendency to
decrease (Fig. S4D).

3.4.  a-Synuclein in the CRN neurons projected to LC and SNpc

CRN was the early lesion site in our SNCA-stomach model and
the serotonergic neurons in CRN projected to SNpc, LC, and DR
(Fig. 3A—C). To study the role of CRN in PD pathology, full-
length human «-synuclein tagged by EGFP (SNCA-EGFP) was
overexpressed in CRN. The EGFP was used as the negative
control (Fig. 3D). To investigate time-dependent effects, mice
were consecutively sacrificed at 3, 9, 14, and 26 weeks. Double
immunofluorescence staining against tryptophan hydroxylase
(TPH) and «-synuclein indicated that o-synuclein was overex-
pressed in serotonergic neurons of CRN (Fig. 3E). More impor-
tantly, CRN a-synuclein projected to LC and SNpc through an
anterograde axonal manner. It is worth noticing that the axonal
spread of a-synuclein was increased over time, especially in SNpc
(Fig. 3F).

3.5.  CRN a-synuclein led to progressive neurodegenerative
changes

To investigate the pathology induced by CRN a-synuclein,
neurons in CRN, LC, and SNpc were assessed with unbiased
stereological quantification. The TPH-positive neurons in CRN
of SNCA-EGFP-CRN mice decreased progressively, with
29.97 £+ 3.15% neuron loss at 3 weeks, 49.45 + 1.22% at 9
weeks, 50.74 + 3.67% at 14 weeks, and 58.44 + 1.04% at 26
weeks post-injection (Fig. 4A and D). It is worth noticing that
progressive axonotmesis and cell body shrinkage were observed
in SNCA-EGFP-CRN mice at 9, 14, and 26 weeks (Fig. 4G).
Similar neurodegeneration was found in LC with 22.44 £ 1.84%
neuron loss at 9 weeks, 39.68 + 5.61% at 14 weeks, and
43.13 £ 2.84% at 26 weeks (Fig. 4B and E). Also, in SNpc,
significant neuron loss was observed with 24.24 + 3.79% at 9
weeks, 41.83 + 2.50% at 14 weeks, and 51.33 + 3.02% at 26
weeks (Fig. 4C and F). Furthermore, the TH-positive fibers in the
striatum of SNCA-EGFP-CRN mice decreased at 9, 14, and 26
weeks post-injection compared to those of EGFP-CRN mice
(Fig. 4H and I). Overall, our data reveal that overexpressed
a-synuclein in CRN induced progressive neurodegeneration not
only in the CRN in sifu but also in LC and SNpc via axonal
terminals.

3.6.  CRN a-synuclein led to phosphorylated and aggregated
a-synuclein accumulation

PD pathogenesis is characterized by the accumulation of
aggregates and phosphorylated a-synuclein®®. Accumulation
of «-synuclein aggregates was observed in CRN of
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SNCA-EGFP-CRN mice at 3 weeks post-injection and increased
with time. The aggregates first displayed homogeneous staining,
then became a refined structure with a dense core and peripheral
fibrillar surroundings at 14 and 26 weeks post-injection (Fig. 5A
and E), indicating mature aggregates were formed®’. At 26
weeks post-injection, the total a-synuclein in the brainstem and
midbrain was significantly increased in SNCA-EGFP-CRN
mice, with no obvious signal detected in the striatum and the
EGFP-CRN group (Supporting Information Fig. S5A and S5B).

Then, we assessed the level of phosphorylated a-synuclein
(p-a-synuclein). We found that p-a-synuclein progressively
accumulated in the CRN of SNCA-EGFP-CRN mice and
projected to LC and SNpc along axons (Fig. 5B—D, F). The
p-a-synuclein level in the brainstem was higher than that in the
midbrain, no obvious signals were found in the striatum and the
EGFP-CRN mice (Fig. S5C and S5D). It’s worth mentioning that
p-a-synuclein exhibited a dense core surrounded by radiating
filaments at 14 weeks (Fig. 5B). Interestingly, the p-a-synuclein
contained axons in LC were mainly displayed as consecutive
dots, while in the SNpc, there were more labeled fibers. Lewy
neurites were formed in LC and SNpc at 14 weeks in SNCA-
EGFP-CRN mice, especially in SNpc (Fig. 5C and D). More-
over, there was an increase in gastric a-synuclein in SNCA-
EGFP-CRN mice (Fig. SS5E and S5F). These results reveal that
CRN a-synuclein also affected the a-synuclein homeostasis in
the gastrointestinal tract.

3.7.  CRN a-synuclein led to PK-resistance a-synuclein and
Lewy body formation

The formation of the Lewy body was the key to inducing neuro-
degeneration®. Sections were pretreated with proteinase K (PK)
to assess the level of insoluble protein. PK-resistance a-synuclein
was observed at 3 weeks post-injection in CRN of SNCA-EGFP-
CRN mice, and mature structures were found at 14 weeks
(Fig. 5G). The insoluble «-synuclein formation was consistent
with the development of a-synuclein aggregates and p-a-synu-
clein. Interestingly, insoluble a-synuclein fibers formed at 3 weeks
in SNpc, but not in LC at this time point. More importantly, Lewy
neurite was found at 14 weeks in SNpc (Fig. 5H and I). However,
insoluble a-synuclein positive inclusions were observed in the cell
body in LC at 26 weeks, indicating the formation of Lewy bodies
in LC neurons (Fig. 5H). No PK-resistance a-synuclein was found
in EGFP-CRN mice. Together, these results demonstrated that
Lewy body pathology was formed at 9 weeks in CRN, LC, and
SNpc, and matured at 14 weeks, and SNpc was more vulnerable to
a-synuclein pathology.

Double immunofluorescence staining against «-synuclein
and ubiquitin was used to further confirm the Lewy body
pathology®'. Co-localization of a-synuclein and ubiquitin
was found in CRN at 3 weeks of SNCA-EGFP-CRN mice
(Fig. 5J). On the other hand, the p62-positive cell was rare
at 3 weeks and increased in the SNCA-EGFP-CRN mice.
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caudal raphe nuclei (CRN), locus coeruleus (LC), substantia nigra pars compacta (SNpc), dorsal raphe nuclei (DR).

Co-localization of a-synuclein and p62 was observed at 14 and were formed at 3 weeks, and p62-positive inclusions were
26 weeks (Fig. 5K), indicating that Lewy bodies were formed. formed later. These results were consistent with the immuno-
Taken together, our data reveal that ubiquitin-positive inclusions histochemistry staining.
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3.8.  CRN a-synuclein led to neuroinflammation

Neuroinflammation is closely associated with the neuro-
degeneration process®>>. To investigate the neuroinflammation
induced by CRN a-synuclein, we detected the amount and state
of microglia and astrocytes in CRN, LC, and SNpc, where the
neuron loss was significant. Microglia increased in the CRN,
LC, and SNpc at 14 and 26 weeks post-injection of SNCA-
EGFP-CRN mice compared to EGFP-CRN mice, with
increased process complexity and enlarged cell bodies
(Supporting Information Fig. S6A, S6B, S6E), indicating
microglia activation. Similarly, the increased astrocytes with
enlarged cell bodies, process thickening, and elongation were
also found in the same brain regions of SNCA-EGFP-CRN mice
at 14 and 26 weeks (Fig. S6C, S6D, S6F), indicating astrogliosis
and activation. Increased TNF-a was observed as well in the
SNCA-EGFP-CRN mice (Fig. S6G and S6H). Interestingly, the
SNCA-EGFP-CRN mice showed activated astrocyte captured
the a-synuclein with the elongated process in CRN (Supporting
Information Fig. S7). Taken together, these results show that
CRN a-synuclein promoted neuroinflammation in CRN, LC, and
SNpc.

3.9.  CRN a-synuclein led to progressive motor deficits and
depressive-like symptoms

To assess the motor function of the CRN model, pole test,
rotarod test, grip strength test, and balance beam test were used.
The SNCA-EGFP-CRN mice showed a significant decrease in
the grip strength and latency time in the rotarod test compared to
EGFP-CRN mice at 9, 14, and 26 weeks post-injection (Fig. 6A
and B). The time in the pole test was increased in all the time
points in the SNCA-EGFP-CRN mice (Fig. 6C, Supporting In-
formation Video S1). The time spent in the balance beam test
increased significantly at 9, 14, and 26 weeks as well (Fig. 6D,
Supporting Information Video S2). More importantly, the
SNCA-EGFP-CRN mice showed more significant differences
compared to the EGFP-CRN group at 14 and 26 weeks
(Fig. 6B—D), indicating progressive motor dysfunction. Taken
together, the SNCA-EGFP-CRN mice exhibited progressive
strength loss and motor deficits.

The forced swimming test and tail suspension test were used
for depressive-like symptoms. SNCA-EGFP-CRN mice showed
increased immobility time in the tail suspension test at 14 and 26
weeks post-injection. A similar tendency was observed in the
forced swimming test (Fig. 6E and F). These results demonstrate
that CRN a-synuclein led to depression-like disorder.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2024.01.015

We also used the open field test and elevated plus test to
assess anxiety-like behaviors, and the Y-maze test and novel
object recognition test to investigate memory deficits. During the
open field test, the center entries significantly decreased in the
SNCA-EGFP-CRN mice compared to EGFP-CRN mice at 26
weeks post-injection (Fig. 6G and H). However, no statistical
difference was found in the elevated plus-maze test (Fig. 61 and
J). These results suggest that the anxiety-like symptoms induced
by overexpressed a-synuclein were mild. Furthermore, there was
no difference in the Y maze test and novel object recognition
test (Fig. 6K—N), suggesting no memory loss until 26 weeks
post-injection.

3.10. CRN a-synuclein led to disordered firing activities of LC
and SNpc neurons

To investigate the neuronal firing activity changes induced by
CRN a-synuclein, the neuron firing activity in LC and SNpc was
detected under movement and anesthesia (Supporting Information
Tables S2 and S3). Power spectral density (PSD) was used to
assess the local field potential (LFP). Firing activity was assessed
by firing rate and firing pattern [mean burst duration, interspike
interval (ISI), and percentage of spikes in burst].

During movement, the dopaminergic neurons in SNpc of
SNCA-EGFP-CRN mice showed decreased LFP at 4 weeks,
especially under 40 Hz, and a decreased tendency in the firing
rate and mean burst duration (Supporting Information Fig. S8A).
At 9 weeks, an increase in LFP and a significant decrease in the
firing rate and percentage of spikes in burst were found
(Fig. 7A). At 14 weeks, the LFP increased while no significant
changes were found in the firing rate and patterns in SNpc
neurons (Fig. S8B). At 26 weeks, increased LFP and decreased
ISI were detected in dopaminergic neurons of SNCA-EGFP-
CRN mice (Fig. 7B). Similarly, during movement, the LC neu-
rons showed no significant changes in the firing activity at 4
weeks of SNCA-EGFP-CRN mice (Fig. S8C). At 9 weeks,
significantly increased LFP and firing rate of LC neurons were
found (Fig. 7C). At 14 weeks, increased LFP, firing rate and
mean burst duration were detected in the SNCA-EGFP-CRN
mice (Fig. S8D). At 26 weeks, on the contrary, the firing rate,
mean burst duration and percentage of spikes in burst decreased
significantly (Fig. 7D).

Under anesthesia, the activities of SNpc neurons in SNCA-
EGFP-CRN mice showed decreased LFP and no significant
changes compared to EGFP-CRN mice at 4 weeks (Supporting
Information Fig. S9A). At 9 and 14 weeks, the LFP was
increased under 40 Hz (Fig. 8A, Fig. S9B). However, at 26
weeks, SNCA-EGFP-CRN mice showed a significant increase in
the firing rate, mean burst duration, and mean ISI in burst of
SNpc neurons under anesthesia compared to EGFP-CRN mice
(Fig. 8B). On the other hand, the LC neurons in the SNCA-
EGFP-CRN mice showed decreased mean burst duration, ISI
and percentage of spikes in the burst at 4 weeks (Fig. S9C). At 9
and 14 weeks, the increased firing rate, mean burst duration and
percentage of spikes were found (Fig. 8C, Fig. S9D). However,
at 26 weeks post-injection, only a decrease tendency of firing
rate, mean burst duration and percentage of spikes in burst was
observed in LC neurons of SNCA-EGFP-CRN mice (Fig. 8D).

3.11.  Dorsal RN did not further spread o-synuclein to LC and
SNpc

The dorsal raphe nucleus (DR) consists of most serotonergic
neurons and is located in the rostral RN in the midbrain. The CRN
a-synuclein was also projected to DR in SNCA-EGFP-CRN mice
(Supporting Information Fig. SIOA). And the p-a-synuclein and
insoluble forms were increased in DR (Fig. S10B and S10C).
However, the TPH-positive cells in DR were not damaged until 26
weeks (Fig. S10D and S10E). The serotonergic neurons in DR
were not projected into CRN, LC, SNpc, and striatum (Fig.
S10F—S10H). These results indicate that serotoninergic neurons
in DR were not susceptible to a-synuclein compared to neurons in
CRN, LC, and SNpc. Although a-synuclein spread along the
axons to the DR region, serotonergic neurons in DR may not
continue to propagate «-synuclein further to the LC and SNpc.
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4. Discussions

The major findings of this study provide evidence that CRN acts
as the hub linking the gastrointestinal tract and midbrain. CRN is
the early lesion site of gastric a-synuclein and CRN «-synuclein
could further induce Lewy body pathology and PD-like behavior
(Fig. 9). Single photon emission computed tomography (SPECT)
studies have shown that the raphe serotonin transporter availability
in the brainstem of PD patients is reduced at early stage'>'?, and
combing with this work, we report that CRN damage is an early
event in PD progression. Our study provides valuable details to the
“gut—brain” hypothesis and links it with Braak stages, and CRN
might be a hallmark to predict the progression of PD.

Based on our research, we suggest that the SNCA-stomach
model might be a valuable model for PD intervention at an early
stage, which is earlier than that of other conventional models
targeted at the midbrain. Due to the lack of underlying mecha-
nisms in the prodromal and early PD stages, the useful model that
can mimic the chronically developed pathology at the early stage
is limited. The SNCA-stomach model shows neuron loss at 2.5
months while no significant motor symptoms are developed. This
may be due to the compensatory mechanisms and obscure cor-
relation between motor dysfunction and neuron loss at early
stage’*>. Significant but less severe motor deficits are developed
in the SNCA-stomach model at 7 months, along with increased
neuronal firing activity. And the disturbed firing activity further
contributes to the motor deficits®®. This behavioral dysfunction is
consistent with the subtle motor dysfunction in PD patients at the
early stage”’. Investigations for the long-term development of the
SNCA-stomach model at a late stage are ongoing.

In the SNCA-stomach model, we report gastric a-synuclein
may propagate through the spinal cord and damage CRN neurons.
The CRN a-synuclein further projects to LC and SNpc and leads
to progressive neuron loss. The difference in the neuron loss be-
tween SNCA-stomach and CRN models may be due to the amount
of pathological a-synuclein®®. The level of pathological a-synu-
clein in LC and SNpc of the SNCA-stomach model is lower than
that in the SNCA-EGFP-CRN model due to the long-propagation.
The SNCA-EGFP-CRN model may consequently display more
direct lesions than the SNCA-stomach model. The a-synuclein
accumulation in the spinal cord of the SNCA-EGFP-CRN model
may be due to connections between the myenteric nerve plexus
and the spinal cord”'. Postmortem study of PD patients shows that
pathological «-synuclein accumulated in the spinal cord and
spread retrogradely through the preganglionic sympathetic
nerves”’. And a-synuclein overexpressed in the sciatic nerve
spread along the ventral motor neurons in the spinal cord™.
Interestingly, CRN «a-synuclein propagates downward along the
serotoninergic neuron axons in the spinal cord at the late time
point in the SNCA-EGFP-CRN model (unpublished data). Other
studies also showed increased serotonergic neurons in the spinal
cord after injury*>*'. Spinal cord damage further induces gastro-
intestinal dysfunction®”. These results emphasize the potential role
of the spinal cord in the bidirectional regulation.

Besides the spinal cord, the gastrointestinal «-synuclein may
propagate to the brain through the vagus nerve, enteric cells, and

general circulation”**** (Supporting Information Fig. S11).

Research demonstrates that the vagus nerve is an important
pathway for gastrointestinal a-synuclein propagating to the brain.
And vagotomy helps to block the upward propagation of patho-
logical gastrointestinal a-synuclein’. However, vagotomy in pa-
tients does not reduce the risk of developing PD*’. The various
neurons in the enteric nervous system and complex neuron con-
nections may participate in the propagation of a-synuclein as
well*®. Moreover, recent research shows enteric Lewy body-
induced PD pathology without vagus nerve lesions and proposes
general circulation as the propagation pathway™’. The difference
in propagation manner shown in research may be due to the
anatomical neural connections and characteristics of pathological
seeds’’. The general gut—brain axis involves the afferent path-
ways to the brain via spinal and vagal, and efferent signals to the
gastrointestinal tract through sympathetic and parasympathetic
neurons*®. The gut of mice receives vagal afferents intervention,
and the stomach receives input regulation from the spinal cord and
CRN*°'. In addition, it is reported that the asparagine endo-
peptidase (AEP) mediates the fibrillization and retrograde propa-
gation of a-synuclein from the gut to the brain, triggering
dopaminergic neuronal loss and motor dysfunction®. The
Leucine-rich repeat kinase 2 (LRRK2) G2019S mutation also
facilitates the aggregation of endogenous a-synuclein in dopa-
minergic neurons’”. Further investigation may focus on the
complex pathways™ and factors that participated in the propaga-
tion of gastrointestinal a-synuclein.

In this study, we highlight the essential early role of seroto-
nergic neurons in CRN in PD pathology. CRN serotonin may be a
potential biomarker for the early diagnosis of PD. Significantly
lower serotonin transporter availability in the raphe nuclei is found
in patients with early PD. Also, the brainstem serotonin system
participates in sleep disturbances, which is an early event in
PD’>°, The loss of the serotonin transporter increases the severity
of motor symptoms'*>”. Furthermore, the low serotonin positively
correlated with high iron’®, which may further exacerbate oxida-
tive stress and susceptibility in SNpc dopaminergic neurons.
Therefore, drugs maintaining the homeostasis of CRN seroto-
nergic neurons may help to preserve dopaminergic neurons in
SNpc. We also observe the increased a-synuclein in the stomach
induced by CRN «-synuclein overexpression, further forming a
vicious cycle. This result may be due to the descending regulation
of the CRN to the stomach through the vagus verve and spinal
Cord4(],50.

In addition to CRN, DR is also part of RN and secretes most of
the serotonin''. Research suggests that DR is related to the
development of tremors and depression in PD patients®”. However,
overexpressing a-synuclein in DR fails to induce behavioral
impairment®'. Our results show that DR receives the a-synuclein
positive axonal projections from CRN, but may not further
propagate «-synuclein to other regions. Taken together, these
findings suggest that although DR is the major nucleus secreting
serotonin, lesions in the CRN exhibit a more direct PD
pathogenicity.

In our study, multiple staining results for a-synuclein patho-
logical markers confirm the progressive Lewy body pathology

weeks. Scale bar: 50 um. (H) Representative images of TH-positive fibers in the striatum at 3, 9, 14, and 26 weeks. Scale bar: 200 pm. (I) The
quantification of TH-positive fibers in the striatum. Values are presented as mean + SEM, EGFP-CRN at 3 weeks was set as 100%, n = 3. Two-
way ANOVA followed by multiple comparison, *P < 0.05, #P < 0.01, ##P < 0.001 versus SNCA-EGFP-CRN group; **P < 0.01, ***P < 0.001
versus EGFP-CRN group. Abbreviations: caudal raphe nuclei (CRN), locus coeruleus (LC), substantia nigra pars compacta (SNpc).
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Figure 6 CRN a-synuclein induced motor and non-motor symptoms over 26 weeks. (A—D) Behavioral tests for motor deficits in SNCA-
EGFP-CRN model. Grip strength test (A). Rotarod test (B). Pole test (C). Balance beam test (D). (E—N) Behavioral tests for non-motor defi-
cits in SNCA-EGFP-CRN model. Tail suspension test (E). Forced swimming test, although the SNCA-EGFP-CRN group showed a tendency to
increase immobility time, there were no significant differences compared to the EGFP-CRN group (F). Open field test (G, H). Elevated plus maze
test (I, J). Y-maze test (K, L). Novel object recognition test (M, N). Values are presented as mean + SEM. n = 14—16. Two-way ANOVA
followed by Tukey’s or Sidak’s post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001 versus EGFP-CRN group.

caused by CRN «-synuclein. More importantly, the time of for- Lewy body pathology and significant dyskinesia are observed.
mation and maturity of the Lewy body is consistent with the And mature Lewy bodies are formed in CRN at 14 weeks, while
development of motor symptoms and depression. At 9 weeks, both depressive behavior is present at the same time point. Taken

Figure 5  Overexpressing a-synuclein in CRN led to progressive Lewy body pathology. (A) The immunochemistry staining of «-synuclein
aggregates (stained by antibody 5G4) in CRN at 3, 9, 14, and 26 weeks post-injection. Scale bar: 10 um. (B—D) Representative images of
p-a-synuclein in CRN (B), LC (C), and SNpc (D) at 3, 9, 14, and 26 weeks post-injection. Scale bar: 10 pm. (E) Quantification of a-synuclein
aggregates in CRN at 3, 9, 14, and 26 weeks post-injection. (F) Quantification of p-a-synuclein in CRN, LC and SNpc at 3, 9, 14, and 26 weeks
post-injection. (G—I) Accumulation of insoluble a-synuclein in CRN (G), LC (H), and SNpc (I) at 3, 9, 14, and 26 weeks post-injection. Scale bar:
5 pum. (J) Double immunostaining against ubiquitin and a-synuclein in CRN at 3, 9, 14, and 26 weeks post-injection. Scale bar: 10 pum.
(K) Double immunostaining against p62 and a-synuclein in CRN at 3, 9, 14, and 26 weeks post-injection. Scale bar: 10 pm. Values are presented
as mean £ SEM, n = 3. Two-way ANOVA followed by Tukey’s post hoc test, *P < 0.05, ***P < 0.001 versus EGFP-CRN group; #P < 0.05,
#p < 0.01, ¥ P < 0.001 versus SNCA-EGFP-CRN group. Abbreviations: caudal raphe nuclei (CRN), locus coeruleus (LC), substantia nigra pars
compacta (SNpc).
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The abnormal local field potential and neuron firing activity in SNpc and LC in motion induced by CRN «-synuclein overexpression.

(A, B) The statistics of power spectral density (PSD), firing rate, and firing pattern in SNpc neurons at 9 weeks (A) and 26 weeks (B) post-
injection during mice climbing down the pole. (C, D) The statistics of PSD, firing rate, and firing pattern in LC neurons at 9 weeks (C) and
26 weeks (D) during pole test. Values are presented as mean = SEM. n = 3—4. Statistical significance was determined using two-tailed Student’s
t-test, *P < 0.05, **P < 0.01. Abbreviations: interspike interval (ISI), locus coeruleus (LC), substantia nigra pars compacta (SNpc).

together, our results show a precise time point of the formation
and propagation of Lewy pathology and link it with the behavioral
symptoms. Reducing pathological «-synuclein neuron-to-neuron
transfer might slow the disease progression

62765 The CRN

a-synuclein projection patterns are also different. Swollen and
distorted insoluble a-synuclein positive axons are observed in
SNpc at 3 weeks, which is earlier than those in LC. Increased
a-synuclein interferes with the normal synaptic function and
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inter-organelle contacts”. Varicosity and

promote the degeneration of dopaminergic neurons

Similar electrophysiology changes are observed in the CRN
model (6 months) and the stomach model (7 months), further
suggesting that CRN is the hub between the stomach and

the midbrain. However, the spikes of LC

the pole test in the SNCA-stomach model at 7 months, while the

axonal transport defects
67,68

neurons increase during

activity decreases in the SNCA-EGFP-CRN model at 26 weeks.
This may be because the gastric a-synuclein may also travel to the
brain in multiple ways and influence LC neuron activity**"". The
firing dysfunction of SNpc and LC neurons relates to neuron loss
and motor and non-motor symptoms. In this work, we show
increased LFP and changed neuron firing activities of SNpc and
LC neurons. The increasing LFP indicates exaggerated oscillatory
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Graphic summary of gastric and CRN a-synuclein pathology. (A) The graphic summary of overexpressed a-synuclein in the stomach

propagation to CRN and LC. Gastric a-synuclein leads to neuron loss and motor and non-motor deficits over a time frame of 7 months. Scale bar:
10 pm. (B) The graphic summary of overexpressed a-synuclein in CRN propagation to LC and SNpc. The overexpressed a-synuclein in CRN
leads to progressive Lewy body pathology, neuron loss, neuron firing dysfunction, and motor and non-motor deficits. The representative images
are captured from the typical results of immunochemistry staining in Fig. 5. Scale bar: 1 pm “+” represents neuron loss under 20%. “+-+"
represents neuron loss between 20% and 30%. “+++4" represents neuron loss between 30% and 50%. “1” represents increased neuron firing rate
and activity. “|” represents decreased neuron firing rate and activity. Abbreviations: caudal raphe nuclei (CRN), locus coeruleus (LC), substantia

nigra pars compacta (SNpc).
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synchrony and is correlated with the severity of rigidity and
tremor’""’?. The changed firing patterns in dopaminergic neurons
are not uniformed in different models and pathological
stages”>” . The decreased firing activity of dopaminergic neurons
may be due to the mitochondrial and membrane potential
dysfunction and therefore decreases the dopamine concentration,
which further leads to motor impairment®®. The increased firing
rate and burst firing activity in dopaminergic neurons are
accompanied by an intracellular calcium increase, which further
leads to oxidative stress and neuron loss”. The abnormal firing
activity in LC neurons also exacerbates the dopaminergic neuron
pathology and participates in motor deficits, depression-like
behavior, and REM sleep disturbance’® "’. The changes in LC
firing rate relate to Ca>*-activated K channels dysfunction, which
are involved in antioxidant and maintenance of mitochondrial
function® ®2.  The detailed mechanism needs further
investigation.

The firing activity dysfunction in SNpc and LC further in-
dicates a potential neuronal circuit. The SNpc neuron firing
rate decreases at early time points and does not increase until the
LC neuron firing rate is significantly decreased in the SNCA-
EGFP-CRN model, this may be due to the overactivation of LC
neurons that inhibits the activity of SNpc neurons®”. The
noradrenergic neurons in LC directly project to SNpc and
noradrenaline secreted by LC neurons regulates the dopami-
nergic neurons firing activity through activated D2 re-
ceptors®>®*. The LC neuron pathology promotes the
degeneration of dopaminergic neurons’**> "%’ It is interesting
that LC also receives direct regulation by serotonin®**’,
Stimulation of serotoninergic neurons in RN reduces neuronal
activity in LC and sustained serotonin promotes noradrenaline
release’”?'. On the other hand, SNpc neuronal activity changes
significantly when the majority of CRN neurons are lost in the
SNCA-EGFP-CRN model, this may be due to the depletion of
serotonin’>. Low echo in CRN detected by transcranial sonog-
raphy connects with high echo in SNpc in idiopathic REM sleep
behavior disorder”. Inhibiting the serotonin transporter pro-
motes dopaminergic neuron loss’*. Maintaining the homeostasis
of CRN and LC neurons may help to reduce the venerability of
dopaminergic neurons.

5. Conclusions

Our study constructed a valuable model for PD intervention at an
early stage and provides detailed evidence that connects the Braak
stages and the “gut—brain” axis hypothesis. We report that gastric
a-synuclein pathology further propagates to LC and SNpc through
serotoninergic neurons in CRN. The Lewy body pathology is
transported along axons to projected brain regions, further
inducing abnormal neuronal firing activity, and motor and non-
motor symptoms. The formation of abnormal a-synuclein and
Lewy bodies in our model is progressive and distinct. Further-
more, we provide evidence for potential neuron circuits between
CRN, LC, and SNpc.
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