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ORIGINAL ARTICLE

Oral Exposure to Paraquat Triggers Earlier Expression of
Phosphorylated a-Synuclein in the Enteric Nervous System
of A53T Mutant Human a-Synuclein Transgenic Mice

Nicolas Naudet, MSc, Emilie Antier, BS, Damien Gaillard, BS, Eric Morignat, MSc,
Latifa Lakhdar, PhD, Thierry Baron, DVM, PhD, HDR, and Anna Bencsik, PhD, HDR

Abstract

The misfolded a-synuclein protein, phosphorylated at serine 129
(pSer129 o-syn), is the hallmark of Parkinson disease (PD). Detected
also in the enteric nervous system (ENS), it supports the recent the-
ory that PD could start in the gut, rather than the brain. In a previous
study, using a transgenic mouse model of human synucleinopathies
expressing the A53T mutant «-synuclein (TgM83), in which a neu-
rodegenerative process associated with a-synuclein occurs spontane-
ously in the brain, we have shown earlier onset of pSer129 o-syn in
the ENS. Here, we used this model to study the impact of paraquat
(PQ) a neurotoxic herbicide incriminated in PD in agricultural work-
ers) on the enteric pSer129 o-syn expression in young mice. Orally
delivered in the drinking water at 10 mg/kg/day for 6-8 weeks, the
impact of PQ was measured in a time-dependent manner on weight,
locomotor abilities, pSer129 o-syn, and glial fibrillary acidic protein
(GFAP) expression levels in the ENS. Remarkably, pSer129 «-syn
was detected in ENS earlier under PQ oral exposure and enteric
GFAP expression was also increased. These findings bring addi-
tional support to the theory that neurotoxic agents such as PQ initiate
idiopathic PD after oral delivery.

Key Words: o-Synuclein, A53T, Chronic oral exposure, Enteric
nervous system, Paraquat, Parkinson disease.

INTRODUCTION

Parkinson disease (PD) is the second most frequent neu-
rodegenerative disease in the world after Alzheimer disease.
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In Europe, PD crude prevalence rate ranges between 65.6 per
100000 and 12500 per 100000 (1). PD belongs to the so
called alpha-synuclein (o-syn) aggregation diseases, also
named synucleinopathies, including at least 3 diseases: PD,
dementia with Lewy bodies and multiple system atrophy (2).
These diseases are characterized by a neurodegeneration asso-
ciated with accumulation of a pathological form of o-syn and
propagated in cerebral structures, such as Lewy neurites and
bodies, neuronal inclusions for PD or dementia with Lewy
bodies, and glial cytoplasmic inclusions for multiple system
atrophy (3, 4). Lewy bodies are composed mostly of a-syn and
ubiquitin (5-7). Phosphorylation at serine 129 (pSer129 o-
syn) and oligomerization of o-syn are recognized as key
events in PD pathogenesis (8, 9). The distribution of Lewy
inclusions in the brain has been associated with PD staging
(10-12). The temporal progression of the disease revealed by
these studies suggests that the pathology could initiate other
than in the brain, such as the digestive tract and olfactory bulb,
possibly as a result of oral or inhalation exposure to xenobiotic
agents carrying neurotoxicity. This hypothesis, called Braak’s
theory, was reinforced by several descriptions of pathological
o-syn deposits in various peripheral nervous tissues, particu-
larly in the enteric nervous system (ENS) of advanced as well
as of preclinical PD cases (13, 14). Among the suspected
xenobiotics, agricultural chemicals were identified by several
epidemiological studies (15—17). Tanner et al reported a list of
pesticides that present a higher correlation with the appearance
of PD (18). Among them, pesticides inhibiting the mitochon-
drial Complex I and increasing oxidative stress appear to be
more prone to induce sporadic PD upon exposure. Amid sus-
pected products, rotenone, maneb and paraquat (PQ) have
been studied experimentally and confirmed their neurotoxic
effect in accordance with typical PD features (19, 20). PQ has
a structure similar to that of MPP™ (deriving from 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridin [MPTP]), a well-known
toxic molecule that can cause permanent Parkinsonian syn-
drome in humans. Also known as 1, 1’-dimethyl-4, 4’-bipyridi-
nium, PQ is a quaternary ammonium nonselective herbicide
progressively banned from the market in several countries but
is still widely used in many countries all over the world. PQ
was shown to be linked with early PD onset and its neurotoxi-
city has been assessed by several studies (16, 21).
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When it comes to linking PD initiation with oral expo-
sure to pesticides there is a paucity of published documenta-
tion. One study has shown the link between mice oral expo-
sure to pesticide (i.e. rotenone) with pathological staging of
PD, supporting Braak’s hypothesis of the peripheral initiation
of the disease (22). Very few studies are using oral exposure to
study the impact of pesticides on PD and, to the best of our
knowledge, there have been no studies investigating the im-
pact of oral exposure to pesticides on the o-syn pathology
within the ENS, with the exception of the work published by
Pan-Montojo et al (22). However, studies using other routes of
administration of pesticides (e.g. intravenous or intraperito-
neal routes) represent the majority of the available research. In
2007, Prasad’s team showed that PQ can accumulate in the
mouse brain after oral administration in a dose-dependent
manner. Systemic injection at the dose of 10 mg/kg showed
that PQ persists in the ventral midbrain of mice for a pro-
longed time compared with other organs, with a half-life of
~1 month, indicating that PQ crosses the blood—brain barrier
and persists within the brain (23, 24).

With the above considerations, we set up the first study
to investigate the potential neurotoxic effects of PQ, adminis-
trated orally, on the ENS in mutant TgHuAS3T transgenic
mice overexpressing human o-syn, with the A53T mutation
along with murine a-syn (TgM83 lineage) (25). In this mouse
model, the pathological a-syn (pSer129 a-syn) appears spon-
taneously in the brain and ENS several months before the
symptoms appear (26). The pSerl29 o-syn is detectable
clearly from the age of 6 months in the brain, and as early as
4 months in the ENS (26); therefore, we used young mice
(2 months-old) exposed chronically for a period of 2 months.
Using immunohistochemical (IHC) techniques, we analyzed
the expression of the pSer129 a-syn in ENS of PQ-exposed
mice compared with controls.

MATERIALS AND METHODS

Animals and Experimental Design

We used a transgenic mouse model of human synuclein-
opathy, TgM83 (HuAS3T a-syn transgenic mice), that overex-
presses AS3T mutant human o-syn under a prion promoter
(B6; C3H-Tg(SNCA)83Vle/J) (25). Groups of 23 (exposed)
and 11 (control) transgenic mice were composed of young
(2 months-old, 19-23 g) homozygous TgM83 male and female
mice (produced in Anses Lyon approved animal facilities,
PFEA). A wild type control group of 12 young, female C57B1/
6 mice (8 weeks-old, #18-22 g body weight) expressing only
murine o-syn (Janvier, Le Genest-Saint-Isle, France) was used
for PQ exposure (n=06) and control tap water exposure
(n=06). Mice were maintained in the PFEA with a controlled
temperature and hygrometry, 12-hour day/night cycle and
were fed ad libitum. All the experimental procedures were
conducted in compliance with procedures agreed by ANSES/
ENVA/UPEC ethic committee (N°14-004).

PQ (methyl viologen dichloride hydrate, ref. 856177,
Sigma—Aldrich, St. Louis, MO) was administered to TgM83
mice by drinking water (50 pg/mL), ad libitum, for 6, 7, or
8 weeks (n = 7-8/time point; Fig. 1A) and to C57B1/6 mice by

drinking water (50 pg/mL), ad libitum, for 6 weeks (n=6;
Fig. 1B); approximate daily PQ intake is roughly equivalent to
10 mg/kg bw/day taking account an average daily water intake
estimated to be ~1.5mL/10g body weight/day; http://web.
jhu.edu/animalcare/procedures/mouse.html). Because PQ is
stable in water for more than 14 days at 54 °C (http://www.fao.
org/fileadmin/templates/agphome/documents/Pests_Pesti
cides/JMPR/Evaluation04/paraquat.pdf) and sensitive to UV
actions, a fresh PQ solution was prepared every 14 days and
kept at 4 °C in glass bottle covered with aluminum sheet. The
solution was used as drinking water that was changed twice a
week. Weights were monitored weekly. After initial training,
basal locomotor performances for each mouse were recorded
prior to pesticide exposure by performing 2 rotarod tests
weekly: endurance (3 x 5minutes at 20 RPM) and accelera-
tion (2 minutes at 4—40RPM). The mean latency to fall was
recorded and analyzed. At each end-point, mice were killed by
200 pL of pentobarbital (54.7 mg/mL) i.p. injection. Intestines
were collected from the distal stomach to the distal colon,
opened and rinsed in a bath of 0.1 M PBS, and then rolled in
spiral shape directly within an inclusion cassette with the
upper section at the center, using a method adapted from Moo-
lenbeek et al (27) (Supplementary Data Fig. S1A). Once post-
fixed for at least 48 hours in a buffered 10% formalin solution,
samples were embedded in paraffin following a routine proto-
col. Five-micrometer sections of guts were collected on adhe-
sive slides (Surgipath X-tra adhesive, Leica, Wetzlar,
Germany).

IHC Detection of pSer129 a-Synuclein and GFAP
in ENS

Identification of the pSer129 a-syn (1/500 ab 51253,
AbCam, Cambridge, UK) as a marker of a-synucleinopathy,
and the detection of glial fibrillary acidic protein (GFAP) (1/
500, ab7260, AbCam, Cambridge, UK) as a marker of a reac-
tive gliosis in the ENS was accomplished by IHC. Impor-
tantly, if several antiphosphorylated o-synuclein antibodies
successfully detect phosphorylated form in the CNS of mouse
([P-syn/81 A] [ab184674], [EP1536Y], and [ab 51253]), only
one allows its detection in the ENS (ab 51253) (Supplemen
tary Data Fig. S2). The IHC procedure applied was similar to
that described previously (26). Briefly, successive slides of
gut sections were used to reveal each of the markers. Biotiny-
lated secondary antibodies used at 1/200 (antiRabbit ref.
4010-05 and antimouse ref. 1010-05, Cliniscience, Nanterre,
France), combined with avidin biotin complex (Vectastain
ABC HRP Kit, Vector Laboratories, Burlingame, CA) and 3,
3'-diaminobenzidine peroxidase intensified with nickel (DAB
Peroxidase (HRP) Substrate Kit, Vector Laboratories),
revealed the specific staining that appeared as dark brown
deposits (Supplementary Data Fig. SIC-E). Finally, the histo-
logical organization of each tissue sample was visualized us-
ing aqueous hematoxylin staining.

To characterize the type of enteric neurons that sustain
pSer129 a-synuclein expression, a double-labeling experiment
was conducted, as described previously (28), using either rab-
bit polyclonal anti tyrosine hydroxylase (TH) antibodies (1:
200, Abcam) or mouse monoclonal anticholine acetyltransfer-
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FIGURE 1. (A) Experimental design of the chronic paraquat (PQ) oral exposure experiments in TgM83 in order to study the
impact on pSer129 a-synuclein expression in the ENS. PQ was delivered in the drinking water (50 pg/mL, ad libitum) for 6, 7,
and 8 weeks (n=23) compared with control mice (n=11) exposed to only tap water as drinking water. The endpoints were
selected with the knowledge of absence pSer129 o-synuclein expression in the ENS expected in young mice of control groups.
This is illustrated in the left panel by a microphotograph of an intestine section, compared with obvious expression in each
animal from the age of 4 months. The right panel shows the pSer129 a-synuclein expression detected by IHC in the ENS, which
appeared as dark brown deposits in neurons of the muscular plexus). (B) Experimental design of the chronic PQ oral exposure
experiments in the control wild type group (C57BI/6). PQ was delivered in the drinking water (50 pg/mL, ad libitum) for 6 weeks
(n=6) compared with control mice (n = 6) exposed to only tap water as drinking water.

ase (ChAT) antibodies (1: 200, Chemicon, Temecula, CA).
Gut samples were first labeled with pSer129 a-synuclein anti-
bodies following the same protocol as above. Then, after
DAB-NiCl, staining, the slides were thoroughly rinsed in
0.1 M PBS prior to a 30-minute incubation in a blocking re-
agent (Roche-Boehringer, Meylan, France) solution at RT.
Subsequently, tissue samples were incubated with antiTH or
antiChAT antibodies overnight at RT. Again, the avidin—bio-
tin complex system was used to detect antibody binding sites,
but peroxidase activity was detected using AEC (3 amino-9
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ethyl-carbazol) that produces red precipitates. Finally, the his-
tological organization of each tissue sample was visualized us-
ing aqueous hematoxylin staining.

Quantitative Study of pSer129 «-Synuclein and
GFAP Expression in ENS

Observations and image captures (10x objective) were
performed on an Olympus BX51 microscope (Olympus, To-
kyo, Japan) coupled to an image analysis station (Explora
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Nova, La Rochelle, France). The sample preparation (Swiss
roll method) allowed complete access of the entire gut from
the duodenum to the end of the colon using only 1 slide. To
cover a representative area of ENS, 10 (GFAP) to 15 (pSer129
o-syn) images were randomly collected in the largest part
available, the jejunum (Supplementary Data Fig. S1B). A clas-
sical scoring system of phosphorylated o-syn and GFAP
markers in each mouse and among the 10-15 images per
mouse was refined to a semiquantitative approach. The
surrounding background for each image to be analyzed was
subtracted systematically and automatically. Densities of
phosphorylated a-syn and GFAP in the ENS of the jejunum
were assessed using Morpho Strider software (Explora Nova,
La Rochelle, France) by measuring the staining inside the re-
gion of interest (ROI), the ENS for the gut (Supplementary
Data Fig. S1F-I). The density of staining was calculated by
the formula:

Surface stained by antibody of interest
Surface of the ROI

Density of staining = x 100
Results are expressed as means of density of pSer129
a-syn or GFAP staining within the nervous plexus.

Statistical Analyses

Survival estimates were computed using the Kaplan
Meier method and survival distributions were compared be-
tween groups using the log rank test. Comparison of the
weight between exposed and control mice was done the same
way. The Welch #-test was used to compare the latency be-
tween control and PQ groups every week for acceleration and
endurance. Statistical analyses for quantification of density of
staining of pSer129 a-syn and GFAP were done comparing
exposed to control groups using the one way ANOVA test, af-
ter having verified the homoscedasticity with the Levene test.
Statistical analyses were made with R software (R: A
Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0, URL http://www.R-project.org).

RESULTS

Chronic Oral Exposure to PQ up to 8 Weeks Had
No Significant Effect on Mouse Weight,
Survival, and Locomotor Performances

PQ oral exposure was from 6 to 8 weeks on 3.5-4-
month-old TgM83 mice. At this age, transgenic mice do not
yet show PD-like pathology (paralysis) that appears rather
from 8 months of age; however, as shown in our previous
study, pSer129 a-syn starts to be detectable at the age of
4 months in the ENS and 6 months in the brain (26). Weight
and survival of young TgM83 mice indicated no significant
differences between PQ-exposed mice and controls (Supple
mentary Data Fig. S3A, B). The 2 locomotor tests (endurance
and acceleration) performed weekly on mice using rotarod ap-
paratus showed no significant impairment of mice locomotor
skills along PQ oral exposure (Supplementary Data Fig. S3C,
D). In the wild type control group, PQ oral exposure per-
formed during 6 weeks on C57B16 mice did not trigger weight

or survival differences with the nonexposed group. There was
no significant alteration either in the locomotor performances
measured by the rotarod tests (data not shown).

Oral Exposure to PQ Does Not Induce pSer129
a-Synuclein Expression in the ENS of C57Bl/6
Mice

The phosphorylated S129 a-syn was not observable in
any of the C57BL6 mice exposed to PQ for 6 weeks (Fig.
2A). However, the response of the glial compartment of the
ENS investigated through the level of GFAP expression
appeared significantly (p <0.0001) increased (Fig. 2B)
compared with the controls. This suggests the presence of a
reactive gliosis in the ENS compartment of PQ-exposed
mice.

Oral Exposure to PQ Leads to Earlier pSer129 a-
Synuclein Expression in the ENS of TgM83 Mice

The expression of pSer129 a-syn revealed by IHC was
quantified in several portions of the jejunum both visually and
numerically. In control groups (n=4) exposed to normal
drinking water, pSer129 o-syn appeared to be faintly detect-
able (~4/15 images faintly stained per positive mouse) in the
ENS of some mice (3/11 animals), and within a few neurons
of the ENS, mostly in the myenteric plexus. At 8 weeks, the
expression of pSer129 a-syn appeared more clearly in 2 out of
4 mice as revealed by the higher density detected using quanti-
tative analysis (Fig. 3A). This could be interpreted as the first
signs of local accumulation expected to appear more clearly in
older mice (26). Strikingly, in the PQ-treated group, pSer129
o-syn was clearly detectable in 19/23 mice, and as early as
from 6 weeks of exposure in 7/8 mice (Fig. 3A, B). Quantita-
tive analyses showed that pSer129 o-syn immunolabeling was
significantly higher (p < 0.001) in PQ-exposed mice and these
differences in the levels of expression appeared similar after 7
and 8 weeks of exposure.

Oral Exposure to PQ Leads to GFAP Expression
in the ENS of TgM83 Mice

To complete this observation, the response of the glial
compartment of the ENS was studied through the level of
GFAP expression. The control group revealed no obvious
GFAP staining in the jejunum sections whatever the time point
considered. After 6 weeks of exposure, in the PQ-exposed
group, GFAP level of expression was significantly (p < 0.001)
increased compared with control group, and was similarly in-
creased after 7 weeks of exposure; after 8 weeks of PQ expo-
sure, GFAP expression was the highest (2.5x compared with
the level reached after 6 weeks of exposure) suggesting a pro-
gressive reactive gliosis (Fig. 4A, B).

Phosphorylated «-Synuclein Is Mainly Expressed
by ENS Neurons

The GFAP and pSer129 a-synuclein immunostainings
on successive gut sections (Fig. 5G, H) clearly showed that
neuronal cells rather than glial cells express abnormal a-syn.
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FIGURE 2. pSer129 o-syn IHC analyses in the ENS of wild type control group, C57BI/6 mice exposed to paraquat (PQ) by
drinking water or not (control). (A) Absence of pSer129 a-syn in the ENS of wild type mice, whereas a significant increase of
GFAP (dark brown staining, arrow) is clearly seen in exposed animals. (B) Numeric quantification of GFAP density of staining in
PQ-exposed and control mice. Data were analyzed by unpaired t-test ****p < 0.0001. SP, submucosal plexus; MP, myenteric

plexus; CM, circular muscle; LM, longitudinal muscle. Scale bar: 100 pm.

catecholaminergic neurons most likely hosted the pSer129
a-synuclein. Indeed, in terminal stage TgM83 mice, double la-
beling using a specific antiChAT antibody revealed that cho-
linergic neurons of the myenteric plexus were accumulating

However, a computer-assisted superposition of the labeling
obtained on 2 successive slides suggested that some glial
cells may accumulate a pathological form of a-syn (Fig. 5
inset G, H). In the PQ-exposed mice, cholinergic and
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FIGURE 3. (A) Immunohistochemical detection of pSer129 a-syn (dark brown deposits) in the ENS of TgM83 mice exposed to
PQ by drinking water up to 8 weeks at 10 mg/kg/day. (B) Time-dependent evolution of density of staining of pSer129 o-syn
expressed in the ENS. PQ orally delivered was associated with a significant pSer129 o-syn increase as early as 6 weeks after the
beginning of exposure. One way ANOVA test was used to analyze this data set; ***p < 0.001. E, Exposed; C, Control. Scale bars:
Images 100 pm—insets 270 pm.
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FIGURE 4. (A) Immunohistochemical detection of GFAP (dark brown deposits) in the ENS of TgM83 mice exposed to PQ by
drinking water up to 8 weeks at 10 mg/kg/day. (B) Time-dependent evolution of density of staining of GFAP expressed in the
ENS. PQ orally delivered was associated with a significant increase of GFAP expression in TgM83 mice ENS was observed (up to
5-fold after 8 weeks of exposure). One way ANOVA test was used to analyze this data set; ***p < 0.001. E, Exposed; C, Control.
Scale bars: Images 100 pm—insets 270 pm.

1052



J Neuropathol Exp Neurol ® Volume 76, Number 12, December 2017

PQ Leads to Early pSer129 «-Syn Onset in the ENS

G

GFAP

FIGURE 5. Cholinergic and catecholaminergic neurons of the enteric nervous system express phosphorylated a-synuclein.
(A) Double immunolabeling shows that pSer129 a-synuclein (diffuse staining black-stained areas) colocalized with ChAT-
immunoreactive neurons (red-stained areas) in the myenteric plexus. (B) Similarly, spheroid-(Lewy-bodies) like inclusions of
pSer129 a-synuclein also colocalized with ChAT-immunoreactive neurons. (€) At higher magnification, large inclusions of
pSer129 a-synuclein are detected within the soma of cholinergic neurons, but less so in their processes. (SP, submucosal plexus;
MP, myenteric plexus; CM, circular muscle; LM, longitudinal muscle). (D-F) Double labeling shows that pSer129 a-synuclein
expression (black-stained areas) in the submucosal plexus can be associated with TH-immunoreactive cells (red-staining) as
illustrated in the myenteric plexus (E, F). Phosphorylated a-Syn (G) and GFAP (H) immunostainings driven on successive gut
sections clearly show that neuronal cells rather than glial cells express abnormal a-syn. However, some enteric glial cells may be
able to host phosphorylated o-Syn as shown by the computer assisted superposition of these images (inset).

pSer129 a-synuclein within their cell bodies, and apparently
less so in their neuronal processes (Fig. SA—C). Not all aggre-
gates of pSer129 a-synuclein colocalized with ChAT-labeled
cell bodies. Although myenteric neurons are not frequently
reported to be positively labeled with TH antibody, the possi-
bility that catecholaminergic neurons may also accumulate
pSer129 a-synuclein in the ENS was examined. The TH stain-
ing was less intense compared with ChAT staining in terms of
number of labeled cells; some myenteric as well as submuco-
sal neurons were immunoreactive for TH (Fig. 5SD-F), and in
the myenteric plexus, double labeling revealed that TH-
positive cell bodies hosted pSer129 a-synuclein aggregates
(Fig. 5E, F).

Eight-Week Oral Exposure to PQ Does Not Lead
to Earlier pSer129 a-Synuclein Expression in the
Brain of TgM83 Mice

To investigate the possible impact of PQ on brain ex-
pression of phosphorylated o-Syn, the brainstem and other
brain regions were carefully analyzed. Compared with a posi-
tive control brain, no induction of phosphorylated o-Syn was
seen, either in the dorsal nucleus of vagus nerve or elsewhere
in the brain (Fig. 6), whatever the conditions studied, suggest-
ing no effect of PQ administration on central expression of
pathological o-Syn after 6 weeks of consecutive exposure
through drinking water.
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FIGURE 6. Absence of pSer129 a-syn in the brainstem of TgHUA53T mice after 6-8 weeks of oral exposure to PQ. A brain of 1.5-
year-old TgHUA53T mouse was used as positive control. At the final stage of the disease, many neurons were accumulating

pSer129 a-syn in the brainstem. Scale bar: 25 pum.

DISCUSSION
PQ dichloride, a widely used herbicide all over the
world, is one of the pesticides that has been recognized as a
possible factor in the pathogenesis of PD (18). Still, its neuro-
toxicity, far from being completely understood, has been
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mainly studied experimentally in central nervous system cells
and not in peripheral nervous system cells, despite the possi-
bility of interaction of PQ with the peripheral nervous system,
notably in the case of oral exposure. The present original
in vivo experiment using chronic PQ exposure by oral route
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was designed in order to explore the latest hypothesis on early
onset of PD in peripheral nervous compartments (29-31). PQ
can reproduce some of the features of PD in animals, specifi-
cally a loss of dopaminergic neurons and an increase of o-syn
aggregation in the brain (32, 33). Also, PQ is known to induce
PD-like symptomatology in mice (34) but nothing has been
reported on the effects of PQ in the ENS. In addition, the oral
route is the less investigated, and as already underlined by Pra-
sad et al in earlier studies, the manner of exposure appears to
be critical (23). For the oral route, intragastric administration
of PQ at 10 mg/kg/day in wild type mice was reported to be ef-
ficient but also triggered some deaths among mice (23, 35). In
our experiment, we used the same daily dose, but PQ was de-
livered chronically using drinking water in order to mimic in a
more realistic way what could happen if someone is orally ex-
posed to that kind of environmental xenobiotic. Thus, the pre-
sent study explored in a relevant way the question of how PQ
administrated through drinking water may trigger early ad-
verse effects on the ENS.

Our results show that up to 6 weeks of chronic exposure
at 10 mg/kg/day through drinking water, PQ is well tolerated
by the C57Bl16 mice, as indicated by absence of loss of weight
and of mortality. Rotarod tests show no motor deficiencies
suggesting no impact of dietary exposure to PQ on the brain.
In the ENS present in the digestive tract, we report the absence
of phosphorylated a-syn expression in the wild type mice ex-
posed to PQ after 6 weeks; however, this observation cannot
be considered as a proof of absence of neurotoxicity of PQ on
the ENS of wild type mice since PQ exposure leads to reactive
gliosis, displayed by the significant overexpression of GFAP.
Still the duration of exposure appears not long enough to in-
duce any pSer129 a-syn expression. This first observation in
wild type mice could not be related to previous studies as there
is no other study focusing on the effect of PQ in the ENS. In
contrast, the results are different in the transgenic mice: at
8 weeks of chronic exposure at 10 mg/kg/day through drinking
water, PQ is well tolerated by the transgenic mice, as indicated
by absence of loss of weight and of mortality. Rotarod tests
show no motor deficiencies, suggesting there is no effect of di-
etary exposure to PQ on the brain. In the meantime, the THC
analyses of the intestines revealed remarkable effects on
pSer129 a-syn and GFAP expression. Indeed, pSer129 o-syn
appeared to be detectable faintly in the ENS of control group
and in few animals only. This shows the beginning of the
spontaneous accumulation of the phosphorylated protein, ob-
served in this model more clearly from 4 months of age (26).
In contrast, in the PQ-exposed group, pSerl29 a-syn was
clearly detected in >80% of the mice, with strong expression
levels, revealing a major impact seen after only 6 weeks of
exposure and signifying an acceleration of the pathological
process associated to this mouse model. Most probably cholin-
ergic neurons harbor these pSerl29 o-syn aggregates in
accordance to the double labeling observed in the ENS of
transgenic mice showing advanced disease. However, the
Lewy bodies or inclusion bodies observed in old symptomatic
TgM83 mice were not observed in the younger animals ex-
posed to PQ. It does not mean that Lewy bodies could not be
induced by PQ exposure at higher dose or longer time of
exposure.

In contrast to these observations in the ENS, the brains
of these mice were all devoid of any phosphorylated a-Syn.
This indicates that the neurotoxic effect of PQ is expressed
earlier in the ENS compared with the CNS and suggests that
the dose of PQ and/or duration of the study were not sufficient
to trigger an induction of pSer129 a-syn in the CNS compart-
ment too. The difference between ENS and CNS could be
explained by the fact that enteric neurons are more directly ex-
posed to the ingested PQ. The intensity of the staining ob-
served at this first experimental time point available suggests
that expression of pSer129 o-syn may have possibly started
even before. This first observation in TgM83 mice could not
be related to previous studies as, to the best of our knowledge,
there is no other study focusing on the effect of PQ in the
ENS. An article published by Pan-Montojo et al studied the ef-
fect of rotenone orally administered to C57BI/6 mice for 8 or
16 weeks in the ENS (22). Among other results, they showed
that rotenone oral exposure by IG route leads to release and ac-
cumulation of pSer129 o-syn in the ENS. Therefore, using a
different pesticides related to PD, our study adds experimental
arguments in favor of PD initiation within this compartment
and demonstrates a reason to focus on the ENS along with
other toxin exposure. Altogether, our data suggest that the
transgenic model could be more sensitive to PQ compared
with wild type mice, but at this dose and quite short duration
of exposure it is not sufficient to trigger pathological o-syn ex-
pression in the brain.

To complete this observation, we also introduced the
study of the enteric glial cells. The contrast between control
and exposed guts was even more obvious for the glial marker
GFAP. The overexpression of GFAP, revealing a reactive
gliosis when the phosphorylated o-syn is detectable, suggests
a possible cooperation between enteric glial cells and neurons
accumulating pathological o-syn. However, the likelihood
that some glial cells may directly accumulate a pathological
form of o-syn cannot be excluded, as suggested in some cases.
This possibility is known and described in the brain, notably
in specific forms of human alpha-synucleinopathies, such as
multiple system atrophy, characterized by glial cytoplasmic
inclusions. Reactive gliosis has been reported in the intestines
of patients with inflammatory bowel disease (36, 37). Further
data collected in cultured enteric glial cells support the link be-
tween enteric glial cells and inflammation; notably, these
in vitro experiments report that pro-inflammatory cytokines
such as tumor necrosis alpha increase the expression levels of
GFAP (38) and that once reactive, enteric glia can secrete
interleukin-6 (39). However, because there is not as much
knowledge on the involvement of glial cells in the ENS com-
pared with CNS, it is difficult to better interpret the link be-
tween the overexpression of GFAP and pathological a-syn ex-
pression observed in our model. An enteric glial reaction was
suggested to occur in PD patients as shown by an upregulation
of GFAP mRNA in colon biopsies (40) and was confirmed by
increased GFAP protein levels in both mucosal and submuco-
sal enteric glial cells (41). Indeed, even within the brain, the
complexity of the role of astroglial cells in the initiation and
progression of PD is far from being understood (42). This
could, however, indicate that, to a greater extent, the inflam-
matory pathway may be activated with the pathological a-syn
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presence, supporting the hypothesis that inflammation is in-
volved in o-syn misfolding process. Interestingly, a recent
study reported that inflammation may be even more severe in
AS53T mutant context (43); further studies will be necessary,
starting with a more precise following of the kinetic response
of both markers pSer129 a-syn and GFAP in the ENS under a
xenobiotic stressor. Additionally, a deeper characterization of
the pathological form of a-syn, using markers of other forms
of a-syn, should be done, and in these longer studies, appear-
ance of inclusion bodies should be combined with analysis of
other markers such as ubiquitin and p62.

It is also known that PQ is weakly metabolized by the
brain compared with other organs, as shown by local PQ accu-
mulation in different brain areas (23). Therefore, it would be
important to assess whether any PQ accumulation would also
be possible in the ENS. Indeed, this could probably play an
important role in the local response to such a chronic xenobi-
otic exposure. Thus, an immediate goal of the next study
might be the precise quantification of PQ in the ENS com-
pared with the brain. This would allow for exploration of the
link between local PQ quantity and pathological a-synuclein
accumulation and also to precisely determine the daily doses
that could be associated with a deleterious effect on o-synu-
clein expression in the ENS. In the meantime, our study sug-
gests that new studies need to be performed after longer expo-
sures, resulting in higher cumulated doses to identify possible
effects on pSer129 a-synuclein appearance within the brain,
studies that should help to better delineate the hypothetical
role of the ENS in the initiation of PD after chronic xenobiotic
exposure.

Conclusions

Our study demonstrates that orally delivered, PQ is able
to induce a neurotoxic response in the ENS of A53T mutant
human a-synuclein transgenic mice, as shown by earlier and
clear expression of pathological o-syn in this compartment
combined to reactive gliosis induction, signifying an accelera-
tion of the pathological process associated to this mouse
model. This could be explained by the fact that enteric neurons
are more directly exposed to the environmental xenobiotics
ingested. Our study parallels Braak’s theory in highlighting
the ENS as a possible initiation site for a-synucleinopathy-re-
lated pathologies such as PD.

Finally, we show that the TgM83 transgenic mouse line
may be a sensitive model addressing environmental stressors
such as PQ, and is relevant for the study of how oral ingestion
of such neurotoxic agents may initiate the accumulation of
phosphorylated o-synuclein, the hallmark of PD, in the ENS.
By showing an acceleration/exacerbation of the pathology
within the ENS, where o-syn is the molecular target, this
model should be a valuable tool for studying early events trig-
gered by the other pesticides suspected to be linked to PD.
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