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Contexte du travail de these

Les symptdmes de la maladie de Parkinson (MP) sont classiquement représentés par la
triade motrice : tremblement, raideur et lenteur. Si le handicap résulte en partie de ces
symptémes, les signes non moteurs de la MP influencent fortement son cours évolutif et son
pronostic. Le retentissement sur la qualité de vie des symptdmes non moteurs est majeur au
cours de la MP. Parmi eux, lincontinence urinaire, la constipation et les douleurs
neurogénes sont des symptémes dysautonomiques qui, seuls ou associés, altérent de
maniere significative le vécu de la MP. Les études histopathologiques, autopsiques ou in
vivo, montrent que le systeme nerveux autonome (SNA) serait affecté tant dans son
contingent central (centres autonomes du tronc cérébral et de la moelle épiniére), que
périphérique, jusqu’aux organes cibles. Des inclusions d’alpha-synucléine phosphorylée ou
une perte neuronale y sont observées et 'atteinte histologique précéderait méme la triade

symptomatique motrice.



Introduction

|- Caractérisation clinigue et fonctionnelle de la MP

Affectant environ 150 000 personnes en France, la MP est la deuxiéme maladie
neurodégénérative en fréquence (1). Sa prévalence augmente avec 'avancée en age, ainsi
alors qu’elle est autour de 1 %o dans la 6°™ décennie, elle atteint plus de 1% chez les
personnes de 70 a 79 ans (2). La MP est caractérisée par une hétérogénéité significative
dans sa variabilité clinique (3,4), mais aussi dans ses mécanismes physiopathologiques
complexes faisant intervenir des facteurs génétiques (formes monogéniques notamment) et

environnementaux (toxicité vs protection) (3,5).

1. Latriade motrice

Nommée paralysis agitans (shaking palsy) par Sir James Parkinson en 1817 (6), la MP est
classiquement décrite sous le prisme de latteinte motrice, caractérisée par la triade :
akinésie, hypertonie plastique et tremblement de repos, résultant de la perte des neurones
dopaminergiques de la substance noire (7,8). On peut distinguer les formes akinéto-rigides
de celles ou le tremblement prédomine (3). Contrairement au tremblement qui se modifie
peu au cours du temps (9), l'akinésie et I'hypertonie s’aggravent avec I'évolution de la
maladie, de maniere plus rapide dans les 5 premiéres années (10,11). L’atteinte motrice
axiale se manifeste par une posture et des réponses posturales anormales, une altération de
la variabilité et de la vitesse de marche, des phénoménes de freezing, une amimie, une
hypophonie et une dysarthrie (11,12). Les signes axiaux peuvent étre présents en début de
maladie, discrets et peu invalidants, ils sont alors sensibles au traitement dopaminergique ;
puis ils progressent avec la durée d’évolution de la maladie, en lien avec des Iésions extra-

nigrales, et indiquent un pronostic défavorable (9).
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2. La MP au-dela du mouvement : les troubles neuropsychiatriques

Décrits des le XIXéme siecle (6), les symptdmes non moteurs font partie intégrante de la MP,
et en grévent également la qualité de vie et le pronostic (13,14). Si certains signes peuvent
précéder la triade du syndrome extra-pyramidal, les signes non moteurs apparaissent le plus
souvent au cours de I'évolution de la maladie.

Les troubles neuropsychiatriques sont fréquents, parmi eux l'altération cognitive concerne 20
a 57% des parkinsoniens dans les 3 a 5 ans suivant le diagnostic et peut atteindre jusqu’a
80% des patients ayant une MP évoluée (15,16). Elle se traduit par des perturbations
pouvant toucher les fonctions exécutives, visuo-spatiales, attentionnelles, la mémoire ou
encore le langage. Les profils d’altération cognitive peuvent étre trés variables d’'un patient a
lautre, impliguant & divers degrés des voies cholinergiques, dopaminergigues ou
noradrénergiques (15), ces données sont illustrées par la Figure 1. Un age avancé et une

atteinte motrice axiale sont des facteurs de risque de démence parkinsonienne (16,17).

En bleu : la dysfonction dopaminergique
fronto-striatale serait a [lorigine du
syndrome dyséxécutif dans le trouble
cognitif Iéger de la MP.

En vert : la dysfonction noradrénergique

sous-tend probablement les déficits

M Acetylcholine
Il Dopamine
[ Norepinephrine

attentionnels.

En rouge : des déficits cholinergiques
frontaux pourraient entrainer des
troubles visuospatiaux et mnésiques, et

auraient un role clé dans la progression

M ot gatrment: /2~ , . .
in Parkinson'sdisease de la démence parkinsonienne.

Figure 1 : Voies neuronales impliquées dans la physiopathologie des troubles cognitifs dans

la MP, du trouble cognitif léger a la démence parkinsonienne (tiré de 15).
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Des hallucinations sont présentes chez 16 a 42% des patients, sous forme d’hallucinations
visuelles et d’illusions principalement, les hallucinations olfactives, auditives et tactiles étant
plus rares (18,19). Leur survenue est associée a la raréfaction de [linnervation
dopaminergique rétinienne, a des dysfonctionnements des aires visuelles primaires et
associatives ou encore a des troubles cognitifs (18).

Alors qu’une dépression est estimée chez 10 & 15% des patients au stade initial de MP,
suggérant son aspect prodromal, environ 35 % des parkinsoniens souffrent de symptémes
dépressifs cliniques a la phase d’état (16,20). Le sexe féminin, les troubles cognitifs et la
gravité de la maladie sont des facteurs de risque de dépression au cours de la MP. Ses
mécanismes  physiopathologiques impliquent des facteurs psychologiques et
neurobiologiques (20). L’apathie, I'anxiété et les troubles du contréle des impulsions peuvent
également survenir au cours de la MP et complexifier son vécu et sa prise en charge (16).
Les troubles du sommeil concernent 60 a 98% des patients parkinsoniens (21). Les patients
souffrent, de maniére isolée ou associée, d'insomnie d’endormissement ou de maintien, d’'un
sommeil fragmenté, d’'un syndrome des jambes sans repos, de somnolence diurne
excessive ou d’un trouble du comportement en sommeil paradoxal (21,22). Une mauvaise
qualité de sommeil est rapportée dans 20 a 80% des cas, favorisée par les fluctuations
motrices, les douleurs, I'état psychique, la nycturie ou les médicaments (22). La somnolence
diurne excessive concerne 16 a 50% des patients, prenant rarement la forme d’attaques de
sommeil (21,23). Si, comme dans la population générale, la somnolence peut étre
secondaire a un syndrome d’apnées du sommeil ou une dépression, elle pourrait résulter
d'une altération des systémes d’éveil centraux liée a la MP et serait majorée par les
traitements dopaminergiques (8,22-24). Elle s’aggrave avec la sévérité de la maladie et sa
durée d’évolution (25).

Le trouble du comportement en sommeil paradoxal (TCSP) correspond a I'extériorisation des
réves sous forme de comportements complexes et souvent violents en sommeil paradoxal,

se traduisant en polysomnographie par une abolition imparfaite du tonus musculaire axial ou
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des membres, normalement observé dans ce stade (26,27). Décrit pour la premiére fois chez
’'homme en 1986, le TCSP avait précédemment été observé chez le chat dés 1965, lorsque
Michel Jouvet et son équipe étaient parvenu a supprimer I'atonie musculaire physiologique
du sommeil paradoxal en coagulant la partie médio-ventrale des noyaux du locus cceruleus
alpha ou la voie descendante qui en est issue, donnant naissance a des comportements
oniriques (26,28). Les mécanismes du TCSP chez I’homme supposent une perte de I'atonie
musculaire, par désinhibition des motoneurones spinaux, du fait d’'une lésion ou d’'une
dégénérescence de noyaux pontiques ou bulbaires (notamment locus subcceruleus,
équivalent du locus cceruleus alpha, chez 'lhomme), probablement associée a une activation
de générateurs locomoteurs (sous l'influence du diencéphale ou du télencéphale) (Figure 2,

27).

Lateral VLPO
hypothalamus ventrolateral
optique,

Telencephalon
diencephalon

Tegmentum
mesencephali

Sufficient locomotor drive

magnocellulaire

Tegmenium Lo K
réticulaire, PC

pontis

EMG tone in REM

Locomaotor
generators pédonculopontin,

Medulla
oblongata i
S, NSO st N (équivalent du

Spinal
cord

@ substance grise

]

ventro-latérale)

Muscle

Lesions in sublaterodorsal nucleus LC locus coeruleus
N LDTN noyau latéro-
= dorsal du tegmentum,

REM sleep behavior disorder LPT Tegmentum pontin
latéral, MCRF formation

coeruleus, PPN noyau

noyau du raphé, SLD
noyau sublaterodorsalis

subcoeruleus), VIPAG

acqueducale (partie

Figure 2 : Modéle physiopathologique du TCSP chez 'lhomme (tiré de 27)

S’il est fréequemment observé dans la MP, en moyenne dans 42% des cas (29), le TCSP
peut exister en I'absence de toute pathologie neurodégénérative apparente, nommeé alors
TCSP idiopathique. Cependant, des signes infracliniques habituellement détectés dans la

MP ou dans des pathologies apparentées (démence a corps de Lewy et atrophie
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multisystématisée) sont mis en évidence dans le TCSP idiopathique. On observe chez ces
patients de discretes anomalies motrices (30,31), des déficits olfactifs plus fréquents, des
altérations de la vision des couleurs (31), un dysfonctionnement mnésique, exécutif et de
construction visuo-spatiale (32,33) et une diminution de linnervation dopaminergique
striatale (34,35). Jusqu’a 81 % des sujets avec TCSP idiopathique évoluent vers un
syndrome parkinsonien ou démentiel dans un délai moyen de 14 ans (36). Le TCSP
constitue ainsi un symptome prémoteur cardinal de MP. Au cours de la MP, le TCSP

constitue un des signes de gravité de la maladie, comme nous le détaillerons plus loin (4).

3. La MP au-dela de I’encéphale : la dysautonomie

Les manifestations cliniques liées a I'atteinte du systéme nerveux autonome (SNA) peuvent
étre précoces au cours de la MP et peuvent méme précéder I'apparition de la triade motrice.
Ainsi, un ralentissement du transit intestinal (<1 selle quotidienne) serait un signe précurseur
ou un facteur de vulnérabilité, puisqu’associé a un risque relatif de 2,7 de développer une
MP dans une population d’age supérieur a 51 ans (37). Une dénervation cardiaque a été
mise en évidence 4 ans avant I'apparition des signes moteurs chez un patient (38). Chez les
patients présentant un TCSP idiopathique, symptébme prémoteur de MP, il a été observé une
prévalence plus importante de dysautonomie cardiovasculaire et urinaire (31,39,40).
L’atteinte du SNA, notamment urinaire et digestif, est le signe non moteur le plus
fréquemment rapporté par les patients et est retrouvée dés les cing premiéres années
d’évolution (41). Cette dysautonomie peut étre diffuse et toucher les systemes pupillaires,
glandulaires (lacrymal, salivaire, sudoripare), cardiovasculaires, digestifs, génito-urinaires ou
cutanés (42,43).

Parmi d’autres symptdémes neuro-ophtalmologiques, la dysfonction pupillaire est a I'origine
d’une vision trouble et d’'une photophobie chez les patients parkinsoniens. La pupillométrie
montre des latences de contraction pupillaire augmentées et un diamétre au repos supérieur

aux sujets contrble (44,45). Une sécheresse oculaire existe chez 88% des patients
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parkinsoniens (contre 21% chez des sujets contrble) et des anomalies au test de Schirmer
sont retrouvées plus fréquemment chez les patients parkinsoniens (46). Une hypersialorrhée
ou une tendance au bavage sont notées respectivement chez 70% et 54 % des patients et
peuvent entrainer une géne sociale. Des tests fonctionnels suggérent que la production de
salive serait réduite et que I'hypersialorrhée résulterait d’'une diminution de la déglutition (47—
49).

La dysautonomie cardiovasculaire se manifeste principalement par une hypotension
orthostatique, concernant 20 a 40% des patients parkinsoniens et pouvant entrainer de
nombreuses chutes (50,51). L’hypotension post-prandiale, une labilité tensionnelle, une
hypertension et possiblement une intolérance a l'effort pourraient également étre des
conséquences de l'atteinte du SNA cardiovasculaire (52).

Si la musculature oropharyngée et le sphincter anal externe sont contrbélés par le systéme

nerveux somatigue, la majeure partie du tube digestif est innervée par le SNA (53, figure 3).

Réduction de la
_ production de salive,
~— mais diminution de la
déglutition entrainant

un bavage
—————_ Pharynx
dysphagie
oropharyngée (risque
d'inhalation)
Oesophage
transit ralenti,
spasmes \ — Estomac

segmentaires,
contractions
spontaneées,
apéristaltisme
reflux gastro-
oesophagien

gastroparésie
entrainant nausée,
ballonnement, satiété
précoce et perte de
poids

_Rectum
Intestin gréle ~| dysfonction anorectale

dilatation o -

(difficultés de
défécation)
Cdlon
dysmotilité,

constipation,
mégacdlon, volvulus,
perforation

Figure 3 : Manifestations cliniques de la dysautonomie digestive (adapté de 53)
15



La déglutition fait intervenir différentes efférences somatiques et viscérales. Son altération
chez 30 a 82% des patients peut étre une expression clinique de la dysautonomie, elle peut
se compliquer d'une inhalation (53,54). L’atteinte digestive haute peut également se
manifester par une perturbation de la motricité cesophagienne (55) ou une gastroparésie
entrainant des nausées, un ballonnement abdominal postprandial ou une satiété précoce
(53,54).

La constipation, parfois rebelle, définie par une fréquence des selles inférieure a 3 par
semaine, atteint 20 a 52% des patients (53,54,56). Elle semble liée a un ralentissement du
transit colique et peut, dans les cas les plus sévéres, entrainer une pseudo-obstruction
intestinale et ses complications (53). Sur des données d’interrogatoire, la sévérité de la
constipation semble corrélée avec la gravité de la maladie (stades de Hoehn et Yahr) et avec
un age plus avancé au diagnostic (57,58). La dysfonction anorectale dans la MP se
caractérise par des efforts excessifs avec douleurs et sensation d’évacuation incompléte,
atteignant jusqu'a 67% des patients (54), elle pourrait étre liée a une dyssynergie
abdominopelvienne (59).

Les troubles urinaires dans la MP peuvent trouver leur origine dans l'altération du SNA ou
des voies de régulation centrale, ils concernent 27 a 64% des patients (14,57,60).
L’impériosité mictionnelle est rencontrée chez 34 a 54 % des parkinsoniens, l'incontinence
urinaire est tardive, concernant un quart d’entre eux, et semble associée a l'incontinence
fécale. Plus de 60% des patients parkinsoniens rapportent une nycturie, une dysurie est
observés chez 44 a 70% des hommes (14,57). Vingt a 79 % des patients parkinsoniens
rapportent des troubles sexuels, notamment sous forme de troubles de I'érection (pour les
hommes) ou de I'orgasme (14,57).

Une dysrégulation de la sudation est rapportée par deux tiers des patients, I'hyperhidrose
étant plus fréquente qu’une hypohidrose, notamment lors des périodes off de traitement (61).
Des anomalies de la réponse cutanée sympathique sont observées chez les patients ayant

une plainte d’hyperhidrose, suggérant une hypersudation de la face et du tronc contrastant
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avec une hypohidrose des extrémités (62). Des douleurs sont rapportées dans 30 a 83% des
cas selon les études, les seuils de douleurs et de sensibilité au chaud et au froid semblent
abaissés, leur variation sous l'effet du traitement dopaminergique reste controversée (63).
Les douleurs neurogenes, non expliquées par les fluctuations motrices, pourraient avoir une
origine a la fois centrale (locus cceruleus, striatum, cortex préfrontal et cingulaire) et

périphérique, liées a I'atteinte du SNA cutané (63,64).
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lI- Physiologie du SNA
1. Organisation générale du SNA
En opposition avec le systéme nerveux somatique qui permet a 'organisme d’interagir avec
son environnement, le SNA régit les activités automatiques du corps humain,
indépendamment du contréle volontaire. Il régule ainsi les fonctions vitales, en innervant les
glandes endocrines et exocrines, la musculature lisse et le myocarde. On distingue une
division parasympathique, principalement mise en jeu dans les situations basales de « repos
et digestion » et une division orthosympathique sollicitée dans les situations d’alerte : « fuir
ou combattre » (65,66). La Figure 4 résume les structures anatomiques du SNA.
Les voies nerveuses du SNA sont constituées d’'un premier neurone émergeant du systéme
nerveux central (SNC), neurone pré-ganglionnaire, et dont I'axone fait synapse avec un
deuxiéme neurone, post-ganglionnaire, au sein d’'un ganglion viscéral. L’axone du neurone
post-ganglionnaire fait synapse avec I'organe effecteur.
Les corps cellulaires des neurones pré-ganglionnaires du SNA parasympathique sont
localisés dans le tronc cérébral, associés aux noyaux des nerfs craniens (lll noyau
d’Edinger-Westphal, VII noyaux salivaire supérieur et lacrymal, IX noyau salivaire inférieur et
X noyau dorsal du vague) et dans la moelle spinale sacrée (substance grise intermédio-
latérale de S2 & S4). Le nerf vague assure l'innervation de I'essentiel des organes : cceur,
bronches, cesophage, estomac, intestin gréle, partie proximale du colon, foie, vésicule
biliaire, pancréas, partie supérieure des uretéres (67). Les ganglions viscéraux, sites de la
synapse, se situent a proximité des organes cibles, fréquemment a leur surface ou dans leur
paroi. L’acétylcholine est le neuromédiateur des deux synapses de la division
parasympathique, se fixant sur des récepteurs nicotiniques et muscariniques au sein du
ganglion et sur des récepteurs muscariniques dans l'organe cible.
Les centres orthosympathiques sont localisés dans la colonne intermédio-latérale de la

moelle spinale (de T1 a L3), les axones émergent par la racine ventrale de la moelle puis
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empruntent le rameau communicant blanc jusqu’aux ganglions de la chaine paravertébrale du
méme segment, ou se situe le plus souvent la synapse avec le neurone post-ganglionnaire.
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Figure 4 : Organisation anatomique du SNA (tiré de 68)
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Certains relais ont lieu a I'extérieur de la chaine paravertébrale (ganglions mésentériques
supérieur et inférieur, cceliaque) et la glande médullo-surrénale recoit une innervation des
neurones pré-ganglionnaires. Le neurone pré-ganglionnaire libére de I'acétylcholine se fixant
principalement sur des récepteurs nicotiniques, les neurones post-ganglionnaires libérent
majoritairement de la noradrénaline et dans certaines synapses l'acétylcholine (dans les

glandes sudoripares notamment), des neuropeptides et de 'ATP (65).

2. Le systeme nerveux entérique et la barriere épithéliale intestinale

Le systeme nerveux entérique (SNE) peut étre considéré comme une troisieme division du
SNA, appartenant a son contingent périphérique. Les divisions orthosympathiques et
parasympathiques y communiquent au sein du vaste réseau de neurones qui s’étend depuis
le tiers inférieur de I'cesophage jusqu’au rectum. Les 400 a 600 millions de neurones du
SNE, organisés en 2 plexus nerveux, assurent I'innervation du tractus digestif (69).

La paroi du tube digestif s’organise en 5 tuniques successives, comprenant depuis la lumiére
vers I'extérieur : la muqueuse, la musculaire muqueuse, la sous-muqueuse, la musculeuse

et la séreuse (Figure 5).
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La mugueuse se compose d’une monocouche de cellules épithéliales et d’un tissu conjonctif
(lamina propria) comprenant des follicules lymphoides et riche en vaisseaux sanguins, ayant
une fonction dans I'absorption des nutriments. La musculaire-muqueuse est formée d’une
mince couche de tissu musculaire lisse. La sous-muqgueuse est constituée de tissu conjonctif
et contient le plexus sous-muqueux (ou plexus nerveux de Meissner) ainsi que des
vaisseaux sanguins et lymphatiques destinés a la muqueuse. La musculeuse est disposée
en 2 couches de cellules musculaires lisses : circulaire interne et longitudinale externe ;
entre ces deux couches se situe le plexus myentérique ou nerveux d’Auerbach. La tunique
externe est le plus souvent une séreuse (tissu conjonctif tapissé sur son versant externe par

un épithélium simple).

La barriere épithéliale intestinale (BEI) est constituée de I'épithélium intestinal, de la lamina

propria et de la musculaire muqueuse. Son rOle est de favoriser le passage de I'eau, des
électrolytes et des nutriments tout en protégeant I'organisme des agressions extérieures
(70). Les cellules épithéliales intestinales permettent cette perméabilité sélective par 2
passages : la voie transcellulaire et la voie paracellulaire. La voie transcellulaire est
impliquée dans l'absorption et le transport des nutriments comme les sucres, les acides
aminés, les vitamines, les acides gras, les minéraux et les peptides. La membrane cellulaire
étant imperméable, ce passage se fait via I'utilisation de transporteurs et de canaux localisés
sur les membranes apicales et basolatérales des cellules épithéliales intestinales. La voie
paracellulaire est associée au transport des molécules dans I'espace intercellulaire, entre les
cellules épithéliales adjacentes, organisé par trois complexes jonctionnels (les jonctions
serrées, les jonctions adhérentes et le desmosome). Le complexe jonctionnel apical,
composé des jonctions serrées et des jonctions adhérentes, régule principalement la
perméabilité paracellulaire (70,71). L’'organisation de I'espace intercellulaire est détaillée

dans la figure 6.
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Figure 6 : Complexes jonctionnels régulant 'espace intercellulaire (tiré de 70)

Les chambres d’Ussing permettent d’étudier la perméabilité ex vivo en mesurant la quantité
de fluorescence passant d’'une chambre a l'autre, a travers la muqueuse. L'utilisation de
molécules de différentes tailles couplées a une molécule fluorescente permet de mesurer
sélectivement les différents types de perméabilité (acide sulfonique pour la perméabilité

paracellulaire et peroxydase de raifort pour la perméabilité transcellulaire) (72).

Les plexus du SNE sont constitués de ganglions nerveux, comprenant des neurones et

cellules gliales entériques (considérés comme des équivalents digestifs des astrocytes du
SNC), interconnectés entre eux par des prolongements axonaux et dendritiques (69,70). On
distingue une vingtaine de sous-types de neurones entériques, répartis en trois catégories
fonctionnelles : les neurones sensitifs intrinseques (ou neurones afférents primaires
intrinséques), les interneurones et les neurones moteurs (73). Les neurones sensitifs

intrinséques participent a la détection des modifications chimiques intra-luminales et des
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distorsions mécaniques de [I'épithélium et du tissu musculaire externe. Leurs
neuromédiateurs sont des peptides tels que la substance P et le CGRP (calcitonine gene-
related peptide). Les afférences des neurones sensitifs intrinséques sont intégrées par les
interneurones, ascendants et descendants, et les neurones moteurs (excitateurs, inhibiteurs,
sécrétomoteurs, sécrétomoteurs-vasodilatateurs et ceux innervant les cellules endocrines).
Une guarantaine de neurotransmetteurs a été identifiée dans le SNE, les neurones moteurs
excitateurs libérent principalement I'acétylcholine (ainsi que la tachykinine et I'enképhaline)
et les neurones inhibiteurs liberent majoritairement le NO (monoxyde d’azote) et le VIP
(vasoactive intestinal peptide) (69,74). Le SNE comprend également 14 & 20% de neurones
cathécolaminergiques, majoritairement dopaminergiques, répartis selon un gradient oral-
aboral, ils ne représentent que 1 a 6% des neurones innervant le cdlon (75,76).

Le plexus sous-muqueux assure l'innervation de I'épithélium intestinal, participant ainsi au
rble de barriere du tube digestif (77). Les axones innervant la muqueuse libérent
majoritairement le VIP, mais aussi I'acétylcholine, la substance P et le neuropeptide Y (70).
Les neurones du SNE sont en interactions étroites et réciproques avec la glie entérigue et
I'épithélium. L’association fonctionnelle des cellules épithéliales intestinales, des neurones
entériques et des cellules gliales entériques peut étre considérée comme une unité neuro-
glio-épithéliale entérique, évoquant I'organisation de la barriere hémato-encéphalique (70).
La perméabilité de la BEI est modifiée selon l'activation des neurones du plexus sous-
muqueux, que ce soit par une stimulation électrique, sur des modéles in vitro ou in vivo
(77,78), ou par des neuromédiateurs chimiques habituellement présents dans le SNE (70).
Les neurones du plexus sous-muqueux ont également des effets sur la prolifération et la
différenciation des cellules de la muqueuse intestinale, et sur les processus de réparation, en
produisant notamment le VIP, l'acétylcholine, la substance P, la sérotonine ou des
endocannabinoides (70). De maniére réciproque, des modifications expérimentales de la glie
influent sur I'épithélium intestinal et les neurones entériques (79) et les cellules épithéliales

peuvent sécréter des facteurs activant les neurones du SNE (70,80).

23



Le plexus sous-muqueux présente l'intérét de pouvoir étre prélevé et analysé en utilisant des
biopsies digestives obtenues en routine lors d'une endoscopie digestive (81,82). Notre
équipe a mis au point une techniqgue de microdissection de biopsie digestive qui permet
d’isoler le plexus sous-muqueux et de I'analyser, entre autres, par immunohistochimie ou par
Western Blot (83, Figure 7). Cette approche permet une analyse morphologique et
guantitative des neurones du plexus sous muqueux (83—-85), ainsi que la détection

d’inclusions d’alpha-synucléine chez les patients parkinsoniens (voir chapitre IlI).

Figure 7 : Etude du plexus sous-muqueux in vivo (A : prélévement d’une biopsie colique au
cours d’'une endoscopie, B a E: microdissection de la biopsie permettant de séparer la
muqueuse de la sous-muqueuse, F : ganglions et prolongements axonaux et dendritiques du

plexus sous-muqueux marqués par la PGP 9.5 en immunohistochimie).
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Le contréle de la motricité digestive est assuré par le plexus myentérique : péristaltisme,
segmentation, complexes moteurs migrants et rétropulsion (lors de vomissements). Si la
motricité cesophagienne est principalement assurée par le systéme nerveux somatique via
des générateurs centraux (central pattern generator dans le bulbe), le SNE est déterminant
dans la motricité intestinale et colique. De ce fait, 'absence de plexus myentérique dans la

maladie de Hirschsprung a des conséquences cliniques majeures (69).

3. Régulation du SNA

Les systémes parasympathiques et orthosympathiques sont continuellement activés a basse
fréquence. Selon les situations, la sollicitation de I'un ou de l'autre de ces systémes modifie
I'équilibre de base, augmentant ou diminuant 'activité des structures cibles (66). Les effets
de chacune des divisions sur les organes cibles sont résumés dans le Tableau 1.

Le SNA est régulé via les afférences viscéro-sensitives provenant des organes cibles,
stimulées par des modifications mécanigues ou chimiques, véhiculées par des fibres peu ou
non myélinisées (Ad et C), principalement au sein des afférences parasympathiques (nerf
vague notamment). Les fibres afférentes orthosympathiques, de type C, véhiculent
principalement les informations nociceptives des organes cibles. Les afférences viscéro-
sensibles sont intégrées au niveau des ganglions périphériques, de la moelle spinale, du
tronc cérébral (noyau du tractus solitaire dans le bulbe notamment pour les afférences
parasympathiques) puis dans des structures supérieures comme I'hypothalamus, les corps
mamillaires, le thalamus ou le cortex. Dans le cadre des réflexes autonomes, l'intégration
des afférences d’'un organe au sein des ganglions viscéraux peut déclencher la modulation
de linnervation efférente de ce méme organe ou d'une autre organe viscéral (65). La
modulation de ['activité autonome par le biais de voies réflexes périphériques est
particulierement développée au sein du systeme nerveux entérique, avec des réflexes

entéro-entériques (86). Ainsi lorsqu’il est expérimentalement isolé du SNC, le SNE peut
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contréler le fonctionnement du tube digestif, en particulier la motricité de lintestin gréle et du

cblon (67,69).

Tableau 1 : Effets de l'activation des divisions orthosympathiques et parasympathiques sur

les organes cibles (65,66)

Stimulation
orthosympathique

Organe cible

Stimulation
parasympathique

mydriase Pupille (iris) myosis
Glandes lacrymales sécrétion
vasoconstriction, vasodilatation et
réduction de sécrétion Glandes salivaires sécrétion
Cceur
augmentation Contractilité du myocarde diminution
accélération Nceud sinusal ralentissement

relachement

Muscles bronchiolaires

contraction

Vaisseaux périphériques

vasoconstriction

peau

vasoconstriction

visceres

vasodilatation

vasodilatation

muscles squelettiques

Tractus gastro-intestinal

néoglucogeneése,
glycogénolyse

Glandes hépatiques

inhibition de la sécrétion

Glandes gastrigues

sécrétion

relachement

Vésicule biliaire

contraction

relachement

Paroi du tube digestif

contraction

contraction Sphincters relachement
libération de rénine Rein
Vessie
relachement Détrusor contraction
contraction Sphincters relachement
Peau
sécrétion Glandes sudorales
contraction Muscles piloérecteurs

L’hypothalamus assure I'essentiel du contrle central descendant du SNA, intégrant les

afférences provenant de diverses structures telles que le cortex entorhinal, le cortex

insulaire, 'hippocampe, les ganglions de la base ou le cervelet (67). Il émet des efférences

vers les centres bulbaires et spinaux du SNA. Parallelement il active la libération

26



d’hormones, via le systeme endocrinien, agissant directement ou indirectement sur des

cibles périphériques (65,67).

27



llI-Neuropathologie de la MP
1. Voie nigro-striée
La signature histopathologique de la maladie de Parkinson est la perte des neurones
dopaminergiques de la pars compacta de la substance noire (SNpc), localisée dans le
mésencéphale, prédominant dans ses régions caudales et ventrolatérales (8,87). Ces
neurones dopaminergiques projettent leurs afférences sur le striatum : putamen et noyau
caudé. La dégénérescence des neurones dopaminergique est progressive, ainsi les
premiers signes moteurs deviennent apparents lorsque, selon les études, 30 & 60% des
neurones ont dégénéré (88,89). La perte neuronale dans la SNpc est associée a la formation
de corps de Lewy intra-cytoplasmiques et de neurites de Lewy dystrophiques. Les corps de
Lewy sont des inclusions neuronales sphériques éosinophiles, mesurant 8 a 30 um de
diameétre, constitués de multiples protéines, parmi lesquelles [l'alpha-synucléine est
majoritaire, principalement sous forme phosphorylée et agrégée (90,8,91).
L’alpha-synucléine est abondamment exprimée dans le cerveau, mais aussi dans des tissus
périphériques et des cellules circulantes comme les globules rouges (92). Ses fonctions sont
connues de maniére incompléte. Elle serait active dans les terminaisons pré-synaptiques et
régulerait la transmission synaptique. Son role serait important dans la dynamique des
vésicules synaptiques, leur mobilisation et leur endocytose (93).
Des études génétiques ont montré l'implication causale de l'alpha-synucléine dans la
pathogenése de la MP, les mutations ponctuelles de cette protéine entrainant des formes
autosomiques dominantes de MP (92,93). L’alpha-synucléine est une petite protéine de 140
acides aminés, elle peut étre divisée en 3 domaines majeurs : le domaine N-terminal (1-60)
structuré en hélice a, le domaine central (61-95) impliqué dans l'agrégation de I'alpha-
synucléine et le domaine C-terminal (96-140) qui donne sa flexibilité au polypeptide. Elle
peut subir de nombreuses modifications post-traductionnelles qui modifient son

fonctionnement physiologique ou pathologique (92). La phosphorylation principalement sur
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son résidu sérine 129 (Ser-129) est observée dans les corps et neurites de Lewy (94). Le
stress oxydatif majore cette phosphorylation Ser-129 et la formation d’inclusions (95);
inversement la diminution de la phosphorylation Ser-129 entraine une réduction de
'agrégation de l'alpha-synucléine (96). Les monomeéres d’alpha-synucléine peuvent subir
une multimérisation, qui pourrait avoir un réle physiologique (sous forme de tétrameres (97)),
mais conduisant également a un repliement anormal (misfolding) avec la formation de
protofibrilles, qui s’associent pour former des fibrilles amyloides matures, s’accroissant

progressivement avec I'agrégation de nouveaux monomeéres (92, Figure 8).
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Figure 8 : Fonction physiologique et toxicité de I'alpha-synucléine, en lien avec sa structure

(tiré de 92)

Le role toxique de I'alpha-synucléine et des corps de Lewy sur les neurones reste imprécis.
La toxicité pourrait s’exercer sur les membranes, les mitochondries, le cytosquelette et les

voies de clairance protéique, via une altération des organites intracellulaires (protéasome,
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lysosome, microtubules ou encore réticulum endoplasmique) (92,98). Par ailleurs, alors qu’il
existe une corrélation clinico-pathologique entre la mort neuronale dans la SNpc et les
symptdmes moteurs, la densité de neurones porteurs de corps de Lewy reste
remarquablement constante (3,6% en moyenne) quels que soient la durée d’évolution et les
symptdmes (99). Les formes oligomériques d’alpha-synucléine seraient toxiques (98,100) et
le rble protecteur ou toxique des corps de Lewy reste discuté (99,101). L'agrégation de
l'alpha-synucléine pourrait débuter dans la partie distale de l'axone au niveau des
terminaisons synaptiques, entrainant sa dégénérescence, puis remonter vers le soma ou se
forment préférentiellement les corps de Lewy (89).

L’alpha-synucléine semble avoir des propriétés de diffusion, in vitro sous forme de fibrilles ou
de fraction insoluble (102,103) ou in vivo comme I'a montré sa capacité a se propager d’un
neurone a l'autre, sur le mode des protéines prions, atteignant notamment des neurones

dopaminergiques foetaux greffés chez des patients parkinsoniens (104,105).

2. Diffusion encéphalique

Au-dela de la substance noire, des accumulations d’alpha-synucléine associées a une perte
neuronale ont été constatées dans certains noyaux du tronc cérébral : les noyaux
sérotoninergiques du raphé, le noyau dorsal du vague dans le bulbe, le complexe cceruleus-
subcceruleus et le noyau pédonculo-pontin dans le pont, le noyau d’Edinger-Westphal dans
le mésencéphale (87,106). A I'étage sus-tentoriel, elles ont également été observées dans le
bulbe olfactif, le noyau basal de Meynert, 'amygdale temporale, les noyaux limbiques du
thalamus, I'hypothalamus et I'épiphyse postérieure. La synucléinopathie de type Lewy (corps
et neurites de Lewy) peut étre présente dans une région limitée de I'hippocampe et le gyrus
parahippocampique, le cortex entorhinal et transentorhinal, le cortex insulaire, le gyrus
cingulaire, et les cortex frontaux et pariétaux (87).

L’atteinte diffuse des structures encéphaliques serait a l'origine de I'expression clinique

complexe de la MP (107). La densité de corps de Lewy observés dans le cortex entorhinal et
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le gyrus cingulaire antérieur prédirait I'altération cognitive dans la MP (108). Le déficit cognitif
léger et le syndrome dyséxécutif fronto-striatal seraient liés a une extension de la
synucléinopathie de type Lewy aux voies dopaminergiques fronto-striatales mais également
aux noyaux cholinergiques, a leurs voies ascendantes et au locus cceruleus adrénergique
(15,16). La démence parkinsonienne serait le reflet d'une extension du processus
pathologique au lobe temporal et au cortex pariéto-occipital (15). Enfin, dans la démence
parkinsonienne, les hallucinations visuelles apparaissent fortement liées a une

synucléinopathie touchant 'amygdale (109).

3. Diffusion au SNA

La présence de corps et neurites de Lewy a l'extérieur du systéme nerveux central est
connue depuis les années 1930, en particulier au niveau des voies et organes cibles du SNA
(42,110,111). L’atteinte des centres autonomes concerne des structures encéphaliques
(noyaux parasympathiques du tronc cérébral : noyau d’Edinger-Westphal et noyau dorsal du
vague) mais aussi extra-encéphaliques telles que les centres orthosympathiques de la
colonne intermédiolatérale de la moelle spinale et les neurones parasympathiques de la
moelle spinale sacrée (112,113). Des accumulations d’alpha-synucléine et une perte
neuronale sont également mises en évidence a tous les niveaux du réseau autonome : dans
les voies pré-ganglionnaires, les ganglions autonomes, les voies post-ganglionnaires et les

organes cibles, comme Tillustre la Figure 9.

Des analyses autopsiques ont mis en évidence des corps et neurites de Lewy dans les
glandes sous-maxillaires, le ganglion cervical supérieur et les troncs sympathiques et le nerf
vague (au niveau de la bifurcation carotidienne) de patients parkinsoniens (114). In vivo, des
biopsies des glandes salivaires accessoires ont également montré la présence d'alpha-

synucléine agrégée dans les espaces périacineux ou est localisée l'innervation autonome
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dans une étude pilote (3 patients) (115), mais ces résultats n’ont pas été confirmés dans une

population plus importante, avec un manque de spécificité (116).

Glandes e
g

lacrymales i

Figure 9 : Représentation schématique de l'atteinte du SNA (les ronds bleus correspondent

aux corps et neurites de Lewy, les étoiles oranges a la perte neuronale).

La scintigraphie myocardique au '®I-MIBG (metaiodobenzylguanidine), explorant
l'innervation cardiaque sympathique post-ganglionnaire, a mis en évidence une dénervation
autonome cardiaque plus importante dans la MP par rapport aux syndromes parkinsoniens
atypiques, elle apparaissait quasi-constante lorsque les patients avaient une dysautonomie
cliniqgue (117,118). La dénervation autonomique atteint les ganglions sympathiques, les voies
pré et post-ganglionnaires, jusqu’aux tissu nerveux cardiaque et au myocarde (119). Des
études anatomo-pathologiques suggérent que la synucléinopathie pourrait atteindre

initialement les axones distaux des fibres cathécolaminergiques cardiaques, entrainant leur
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dégénérescence, puis suivre une progression centripéte jusqu’aux corps cellulaires dans les
ganglions paravertébraux orthosympathiques (120,121). L’expression clinique de la
dysautonomie cardiaque est principalement une hypotension orthostatique. Goldstein et al.
évoquent une atteinte triple dans la physiopathologie de I‘hypotension orthostatique : post-
ganglionnaire  sympathique cardiaque, pré-ganglionnaire = parasympathiques et
orthosympathiques, altérant le baroréflexe (50,52). La dénervation cardiaque s’aggrave avec
la durée d’évolution (52).

De la méme maniere, les structures autonomes contrélant le tube digestif sont atteintes de
maniére diffuse dans la MP (113,122). Des inclusions d’alpha-synucléine sont rapportées au
sein du SNE, dans la muqueuse, les plexus sous-muqueux et myentérique, suivant un
gradient rostro-caudal (85,123-125). La dysautonomie digestive haute est caractérisée par
une dysphagie et une gastroparésie. La déglutition fait intervenir des structures somatiques
et autonomes. Méme si les structures autonomes pourraient participer a la physiopathologie
de la dysphagie, elle semble surtout liée a sa composante somatique motrice dans la MP et
pourrait s’expliquer par l'altération des programmes moteurs (central pattern generator) liées
a l'atteinte du noyau pédonculopontin (122,126,127). La gastroparésie pourrait étre liée a
une atteinte du noyau moteur dorsal du vague mais également du SNE (122,128). La
constipation serait liée a un ralentissement du temps de transit colique, possiblement par
altération des circuits intrinséques du SNE (53,122). La question de la mort neuronale dans
le SNE colique en lien avec la synucléinopathie reste débattue, les résultats des études
pouvant étre contradictoires (76,123,129,130). Le nombre de neurones apparaissait réduit
de 15% dans les ganglions du plexus sous-muqueux porteurs de neurites de Lewy sur des
biopsies coliques in vivo (83). Une diminution des neurones dopaminergiques du plexus
myentérique avait été observée chez 9 patients parkinsoniens sur 11, en comparaison avec
des sujets contrbles (129) ; mais une étude autopsique plus récente n’a pas confirmé ces
résultats (130). Dans le plexus sous-muqueux, il n'a pas été observé de perte neuronale

dopaminergique, et plus largement catécholaminergique (76). Par ailleurs, une étude
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autopsique ancienne chez 3 sujets avait montré que les neurones porteurs de corps de Lewy
du SNE étaient VIPergiques et non dopaminergiques (131), des données non confirmées par
la suite (130). La physiopathologie de la constipation dans la MP reste imprécise, en raison
des corrélations anatomocliniques avec l'atteinte du SNE contradictoires, une atteinte de
l'innervation préganglionnaire pourrait également étre impliquée (76,113). L’atteinte du SNE
colique pourrait étre trés précoce dans la MP, des la phase prémotrice, comme cela a été
montré dans le TCSP idiopathique (132).

Plusieurs analyses autopsiques ont montré l'atteinte des structures autonomes centrales a
visée urinaire dans la MP, notamment dans les neurones orthosympathiques de la colonne
intermédiolatérale de la moelle spinale et les centres parasympathiques sacrés (113,133).
Une synucléinopathie de type Lewy a également été observée dans les plexus autonomes
vésicoprostatiques (134).

Une dénervation autonome périphérique est fréquemment mise en évidence chez les
patients parkinsoniens sur des biopsies cutanées, avec une réduction des fibres nerveuses
intra-épidermiques chez 44% d’entre eux (en comparaison avec les normes d’'une population
contrdle) et une diminution de I'innervation des glandes sudoripares chez 76% des patients
contre 42% des témoins (135). La dénervation n’étant pas corrélée aux scores cliniques, les
Iésions histologiques pourraient précéder l'apparition de symptdomes dysautonomiques
cutanés (64). Cependant, la sévérité des symptbmes sensitifs était associée a une
dénervation plus marquée, suggérant un lien entre les douleurs neurogénes diffuses dans la
MP et I'atteinte autonome périphérique (64). Plusieurs études autopsiques et in vivo sur des
biopsies cutanées ont montré la présence de pathologie de Lewy dans les réseaux
autonomes cutanés, en particulier dans les nerfs pilomoteurs et sudomoteurs, associée a
une dysfonction autonome adrénergique et cholinergique cutanée, s’aggravant avec la

sévérité de la MP (136).
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Les corrélations anatomo-cliniques entre la charge lésionnelle en corps et neurites de Lewy
et la dysautonomie restent imprécises, car les symptdmes seraient mieux expliqués par la

perte neuronale que par la synucléinopathie (99).

4. Dynamique de I'atteinte histopathologique

La multiplicité des localisations Iésionnelles de la MP pose la question de leur organisation
temporelle et des mécanismes la sous-tendant. L’équipe d’'Heiko Braak a proposé en 2003
une gradation chronologique de la MP, nommeée classification de Braak (Figure 10). Le
processus pathologique débuterait dans les organes périphériques, progressant le long des
voies nerveuses jusqu’au noyau moteur dorsal (nerfs vague et glosso-pharyngien) et aux
noyaux olfactifs antérieurs (stade 1). Puis la synucléinopathie progresserait de maniére
ascendante via le complexe cceruleus-subcceruleus dans le pont (stade 2), atteignant
ensuite le mésencéphale, le noyau tubéromammillaire de I'hypothalamus et les noyaux
magnocellulaires de la base du cerveau (stade 3), le néocortex temporal interne (stade 4),
les néocortex associatifs pariétaux polymodaux (stade 5) et les cortex prémoteurs, primaires
ou associatifs unimodaux (stade 6) (137).

Elle permettrait d’expliquer I'existence des symptdomes prémoteurs de la MP, tels que le
TCSP idiopathique, la constipation et I'hyposmie (138) (Figure 11). Cette progression
pourrait provenir de la transmission par voie nerveuse et synaptique d’'un agent pathogéne
de nature indéterminée (139,140). Cette hypothése de progression de la MP demeure
controversée (141), notamment car elle s’applique peu aux cas génétiques par mutation de
l'alpha-synucléine et des exceptions sont observées a cette gradation temporelle
(91,142,143). La dynamique de progression pourrait s’expliquer par une vulnérabilité plus

importante de certaines structures a I'agrégation pathologique de I'alpha-synucléine (91).
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dm : noyau moteur dorsal (X/IX)

co : complexe coeruleus-subcoeruleus
sn : SNpc

mc : mesocortex anteromedial temporal
hc - néocortex associatifs pariétaux
polymodaux

fc : cortex prémoteurs, primaires ou
associatifs unimodaux

Figure 10 : Représentation schématique de la classification de Braak (137)

Clinical phase Prodromal Parkinsonism Parkinsonism + cognitive impairment
f—Aﬁ
Braak stage 1 2 4 5 6
—— Autonomic
—— Smell
— RBD
80% —— Motor

—— Cognitive
—— Neuropsychiatric

50%

Degree of abnormality

20%

Time

v

Figure 11 : Hypothese sur la place des troubles non moteurs (dysautonomie, troubles de

'odorat, TCSP, cognition, troubles neuropsychiatriques) dans I'évolution de la MP, corrélée a

la classification de Braak (144).
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IV-Gravité de la maladie

La MP entrainerait une surmortalité d’'un facteur 1,6 a 3. La mortalité ajustée de la MP serait
supérieure a celle d’autres pathologies telles que la cardiopathie ischémique, I'accident
vasculaire cérébral ou la bronchopneumopathie chronique obstructive (145,146).

L’évolution clinique de la MP a été considérablement modifiée par I'avénement des
traitements médicamenteux et la stimulation cérébrale profonde. Les phases avancées de la
MP étaient définies auparavant par des critéres essentiellement moteurs : la restriction de
mobilité, telle que lillustre I'échelle de Hoehn et Yahr, et les complications motrices de la
dopathérapie. L’'augmentation de I'espérance de vie et les modifications du phénotype de la
maladie sous traitement font entrevoir une contribution croissante des symptémes non
moteurs au pronostic a long terme (147). Le handicap a un stade avancé de la MP peut étre
défini par la dépendance a un tiers pour les activités de la vie quotidienne. Il est
principalement associé aux symptdomes moteurs dopa-résistants, comme la dysarthrie et les
troubles posturaux, et aux symptdomes non moteurs tels que la démence, les hallucinations

ou la dysautonomie (147) (Figure 12).

— Independence in ADL

— Levodopa-induced motor complications
— Disability from PD |
— Motor symptoms /]
—NMS /]
— Disability milestones /

Schwab and England scale score =50% /

_____________________________________________________________________________ VT SN
- /'/ /

Disease severity

Visual
n ’ hallucinations Institutionalization

Premotor Onset of motor Time Death
phase symptoms

Figure 12 : Représentation schématique de la progression de la MP au cours du temps
(étapes décisives : hallucinations visuelles, chutes, démence, institutionnalisation) (tiré de

147).
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Certaines étapes de la MP apparaissent décisives dans son pronostic, ainsi les
hallucinations visuelles, les chutes, la démence et linstitutionnalisation sont proposées
comme des événements marquant négativement le cours évolutif de la maladie dans ses
cing derniéres années (147-149).

Parmi les facteurs pronostiques de la MP, l'age influence le taux de dépendance,
probablement par son effet sur les troubles posturaux et la démence, qui sont plus séveéeres
chez des sujets plus agés, a durée d’évolution eéquivalente (150,17,151-153). Cet effet de
'age est également observé sur le plan de la charge lésionnelle de type synucléinopathie

(149).

Afin d’étudier la diffusion de la MP au SNA dans notre travail, nous proposons de retenir trois
criteres de gravité : les signes moteurs axiaux, les troubles cognitifs et le trouble du
comportement en sommeil paradoxal.

1-Les sighes moteurs axiaux
Parmi les signes moteurs axiaux, les troubles posturaux apparaissent en moyenne aprés 10
a 15 ans d'évolution de la maladie, chez 20 a 80 % des patients (154). A 20 ans d’évolution,
87% des patients présentent des chutes, entrainant des fractures chez 35% d’entre eux
(146). La survenue des troubles de la posture, de I'équilibre et de la marche constitue un
tournant évolutif dans la maladie et un facteur pronostic péjoratif important (147,149,154). lls
sont associés a une vitesse d’aggravation plus rapide des symptémes, en particulier les
troubles cognitifs (17,155). Le score moteur axial augmente de maniére indépendante le taux
de dépendance (152) et les troubles de la marche sont un facteur de risque de mortalité

(156).

2- Les troubles cognitifs
Entre 20 et 57% des patients parkinsoniens présentent des troubles cognitifs Iégers dans les
3 a 5 ans suivant le diagnostic de MP (157). Ces troubles cognitifs Iégers prédisent le risque
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de développer une démence (158), observée chez 10% des patients dans les 3 & 5
premiéres années et dans 83% des cas a 20 ans d’évolution (146,157). Un faible score au
mini-mental state examination (MMSE) est corrélé de maniére indépendante au taux de
dépendance (152) et l'altération cognitive est un facteur de risque de mortalité dans la MP

(145).

3- Letrouble du comportement en sommeil paradoxal
L’existence d’un trouble comportemental en sommeil paradoxal au cours d’'une maladie de
Parkinson est également associée a une plus grande sévérité de la maladie (4). Les troubles
cognitifs et la démence sont plus fréquents (159-163), il est observé plus d’hallucinations
(164-166) et les patients présentent plus de chutes, de fluctuations motrices et un score
moteur plus élevé (167). Une étude a montré I'association du TCSP avec une hypotension
orthostatique ou une dysfonction urinaire, suggérant un lien entre le TCSP et l'atteinte du
systeme nerveux autonome (31). Le TCSP serait également un des déterminants négatifs de
la qualité de vie (168). Non seulement lié a une pathologie plus sévere, marquée par des
hallucinations et des troubles cognitifs augmentant la mortalité, le TCSP pourrait également

étre un facteur de risque indépendant de mortalité (169,170).
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Hypothéses et objectifs de travalil

De nombreux travaux histopathologiques ont montré I'atteinte du SNE au cours de la MP,
dans les plexus sous-muqueux et myentérique, suivant un gradient rostro-caudal. Le plexus
sous-muqueux colique innerve principalement la muqueuse colique, renforgant son role de
BEI. Les données concernant la permeéabilité au cours de la MP sont contradictoires, et
l'implication de la BEI dans la pathogenése de la MP est indéterminée. Nous avons étudié la
BEI tant dans son aspect morphologique (aspect des cryptes) que fonctionnel (perméabilité
para et transcellulaire) chez des patients parkinsoniens en comparaison avec des sujets
contréle. Nous avons également regardé la corrélation de la perméabilité de la BEI avec la
charge Iésionnelle en alpha-synucléine phosphorylée et agrégée (Article 1).

Fréguemment rapporté au cours de la MP, le TCSP est un signe non moteur pouvant avoir
des conséquences cliniques notables, mais il est également un marqueur de sévérité de la
maladie et témoigne d’'une diffusion du processus pathologique au tronc cérébral. Selon la
théorie de Braak, les atteintes du SNA périphérique et du complexe ceeruleus-subcceruleus
pourrait étre successives dans le temps. Nous avons étudié I'atteinte du SNE colique chez
des patients parkinsoniens avec et sans TCSP, d’'un point de vue clinique, fonctionnel et
histologique (Article 2).

Les données de la littérature sur la dysautonomie au cours de la MP étant partielles, éparses
et incomplétes, nous avons analysé de maniére systématique I'atteinte du SNA au cours de
la MP en la caractérisant sur le plan clinique et fonctionnel. Nous avons effectué des
corrélations anatomo-cliniques entre lI'ensemble des symptdomes dysautonomiques et
I'histologie du SNA périphérique. Nous avons étudié une éventuelle association entre la
dysautonomie et des marqueurs de sévérité de la MP tels que les signes moteurs axiaux, les

troubles cognitifs et la présence d’'un TCSP (Article 3).

40



Méthodes

Les études de cette thése ont été réalisées dans le cadre du protocole SYNAPark (numéro

d’enregistrement NTC01748409), financé par I'appel d’offre interne du CHU de Nantes 2012

et 'Association France Parkinson.

Résumé du protocole (version apres amendement du 4/11/2014) :

Titre de I'étude

Etude physiopathologiqgue monocentrique prospective de la diffusion
de la maladie de Parkinson au systeme nerveux autonome.

Mots clés

Dysautonomie, maladie de Parkinson, corrélation anatomo-clinique

Promoteur de I’'étude

CHU DE NANTES

Investigateur principal (si
étude monocentrique)

Dr Laurene LECLAIR-VISONNEAU

Nombre de centres

prévus

Monocentriqgue — CHU de Nantes

Type d’étude

Etude pilote observationnelle et physiopathologique de type Hors
Produits de Santé.

Planning de I'étude

.0

X3 Durée totale : 41 mois
< Période de recrutement : 39 mois
Durée de suivi par patient : 3 mois

0’0

Design de I'étude

‘0 0:0

-,

» Monocentrique

» Etude pilote

» Controlée : classification selon l'atteinte du systéme nerveux
autonome (SNA) périphérique et selon I'existence d’'une plainte
dysautonomique

7

< Non randomisée

0’0

0’0

Objectifs de I’étude

Objectif principal :
- Rechercher l'existence d'associations entre la présence d'une
atteinte du systéme nerveux autonome (SNA) périphérique chez les
patients Parkinsoniens en anatomo-pathologie et une atteinte
clinique, d’'une ou plusieurs modalités du SNA, mise en évidence par
des symptdmes cliniques ou des tests fonctionnels

Objectif(s) secondaire(s) :

- Rechercher une association entre une atteinte du SNA périphérique
en anatomo-pathologie et une atteinte clinique de la méme modalité,
mise en évidence par des symptdmes ou des tests fonctionnels, pour
4 modalités : salivation, digestion, sensibilité cutanée et sudation.

- Etudier une association entre I'atteinte du SNA périphérique et les
facteurs de gravité de la maladie de Parkinson (MP) : 4ge avancé,
troubles cognitifs, trouble comportemental en sommeil paradoxal
(TCSP) et signes moteurs axiaux.

- Evaluer les conséquences de la dysautonomie (selon la plainte
et selon l'atteinte du SNA périphérique) sur la qualité de vie et sur le
sommeil des patients inclus dans cette étude.
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Nombre de

prévisionnel

cas

45 patients Parkinsoniens recrutés selon 3 classes de durée
d’évolution de la maladie afin d’avoir une représentativité de la
population des patients atteints : de 1 & 5 ans (15 patients), de 5 a 10
ans (15 patients) et d’évolution de plus de 10 ans (15 patients).

NB : Ces classes de durée d’évolution de la maladie n'impacteront pas
les analyses des critéres principal et secondaires.

Calendrier des différentes
visites et des différents
examens

Présentation de I'étude lors d’une visite de suivi du patient

Visite V1 (JO : Inclusion) : recueil du consentement, examen physique
général et neurologique (vérification des criteres diagnostiques, score
UPDRS moteur, MMSE), prise de sang (criteres de non inclusion),
bilan neuropsychologique (MoCA, échelle de Mattis).

Visite V2 (3 semaines +/- 7 jours apres la V1) :
Rectosigmoidoscopie avec 12 biopsies

Visite V3 (3 semaines +/- 7 jours aprés la V2) :

- Entretien clinique et explorations fonctionnelles du systéme nerveux
autonome

- Biopsie cutanée

- Biopsie des glandes salivaires accessoires (BGSA)

Visite V4 (3 semaines +/- 7 jours apres la V3) :

- Questionnaires de sommeil, de qualité de vie PDQ39, dépression,
anxiété et fatigue

- Enregistrement polysomnographique

Criteres principaux de
sélection, d’inclusion, de
non-inclusion et
d’exclusion

Critéres d’inclusion :

-Patients atteints de maladie de Parkinson selon les critéres de la
UKPDSBB (United Kingdom Parkinson’s disease survey brain bank)

- Agés de 45 a 80 ans

- ayant donné leur consentement pour la participation a cette étude

Critéres de non inclusion

-Ethylisme chronique (prise d’alcool > 40 g/j)

-Traitement anticholinergique, cholinomimétique, sympathomimétique,
alphabloquant ou bétabloquant

-Cécité

-Neuropathie connue préexistante

-Atteinte préexistante des glandes salivaires : amylose, sarcoidose,
syndrome de Gougerot-Sjogren, lymphome

-Antécédents de maladie colique authentifiée (maladie inflammatoire,
adénocarcinome)

-Colopathie fonctionnelle ayant précédé les premiers signes de la MP
depuis plus de 5 ans

-Coagulopathie ou traitement anticoagulant

-Insuffisance rénale (Clairance de la créatinine < 30 ml/min)

-Diabéte (glycémie a jeun > 1,26 g/l ou glycémie non a jeun > 2g/1).
-Hypovitaminose B12 (vitamine B12 < 200 pg/ml)

-Présence d’'une démence avec MMSE < 24

- Femmes enceintes ou, si femmes en age de procréer : femme ne
bénéficiant pas d’'une contraception efficace

- Majeurs sous tutelle

Critéres de sortie prématurée d’étude :
-Mise en évidence d’anomalies coliques significatives lors de la
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rectosigmoidoscopie (inflammation, néoplasie colique)

Indication cible

Patients atteints d’'une maladie de Parkinson et suivis au CHU de
Nantes par un spécialiste des mouvements anormaux.

Le critere d’atteinte clinique d’'une ou plusieurs modalités du SNA est :

Critere de jugement |présence d'une plainte dun ou plusieurs symptoémes
principal dysautonomiques ou présence d’une altération d’'un des tests
fonctionnels
Les criteres d’atteinte clinigue des 4 modalités pour lesquelles une
analyse anatomo-pathologique est réalisée sont :
- Salivation : plainte (SCOPA-Aut Q2, NMS-Quest Q1), anomalie
fonctionnelle (test de Saxon, test au sucre et mesure du pH)
- Digestion : plainte : SCOPA-Aut (Q1, 3, 4, 5, 6, 7, 26a), NMS-Quest
(Q3, 4,5, 6, 7), constipation et GSRS
- Sensibilité cutanée : plainte [SCOPA-Aut (Q20, 21), NMS-Quest
(Q10), DN4, QCD], élévation du seuil de sensibilité thermique
- Sudation: plainte [SCOPA-Aut (Q17, 18), NMS-Quest (Q28)],
altération de la réponse cutanée sympathique
Critére(s) de jugement Les critéres de gravité de la MP sont :

secondaire(s)

- Age

- Présence d’'un TCSP (présence ou absence et sévérité)
- Troubles cognitifs (échelle de Mattis et MoCA)

- Signes moteurs axiaux (sous-score axial UPDRS)

Les critéres d’altération du sommeil sont :

- Altération de la qualité du sommeil : plainte du patient (PDSS, PSQI)
et paramétres fonctionnels (polysomnographie)

- Somnolence diurne excessive : échelle de somnolence d’Epworth

- Syndrome des jambes sans repos : critéres diagnostiques et échelle
de sévérité IRLS, parametres fonctionnels (polysomnographie)

- Les criteres d’altération de la qualité de vie reposent sur le
guestionnaire de qualité de vie PDQ39

En cas d’étude ancillaire :

[ ] Pharmacogénétique

[ ] Pharmacocinétique

[ ] Pharmacodynamique
[] Pharmaco-économique
X Autres analyses

Le but de I'étude ancillaire est la mise au point d'une technique de
recherche qui pourra éventuellement étre utilisée en routine.

L’étude ancillaire pourra préciser l'intérét de la biopsie des glandes
salivaires accessoires (technique trés peu invasive mais encore en
développement) par rapport aux biopsies coliques (I'intérét majeur de
cette analyse est bien connu mais la technique de prélévement est
plus invasive).

Analyse statistiques

Critére principal : La présence des symptdmes dysautonomiques et la
présence d’altération des tests fonctionnels seront comparées entre
les patients avec atteinte du SNA périphérique et les patients sans
atteinte du SNA périphérique au moyen de tests non paramétriques de
Wilcoxon, de tests du Chi-2 et de tests de Fisher.

Critéres Secondaires :

- Pour la salivation, la sensibilité cutanée et la sudation : recherche
d'associations entre la présence de symptdomes, le résultat des tests
fonctionnels et le résultat du test anatomo-pathologique (dénervation
oui/non), pour la fonction dgestive : recherche d'associations entre les
symptomes cliniques et le test anatomo-pathologique (biopsie colique:
dénervation oui / non), grace a des tests de Wilcoxon, des tests du
Chi-2 et de Fisher.

- L’existence de signes de gravité de la MP : age, TCSP, troubles
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cognitifs, et signes moteurs axiaux sera comparé selon la présence ou
l'absence d'atteinte du SNA périphérique grace des modéles
logistiques univarié et mutlivariés (si les effectifs sont suffisants).

- Les paramétres du sommeil (cliniques et fonctionnels) et la qualité de
vie (échelle PDQ39) seront comparés entre les patients avec atteinte
du SNA périphérique et les patients sans atteinte du SNA périphérique
par des régressions logistiques univarié. Les paramétres du sommeil
et de qualité de vie seront comparés entre les patients avec une
plainte dysautonomique significative et les patients sans plainte, par
des régressions logistiques univarié. Les analyses seront ajustées sur
la dépression, I'anxiété et la fatigue au moyen de régression logistique
multivarié (si les effectifs sont suffisants).

Analyse de I'étude ancillaire :

L'objectif est de comparer le résultat des biopsies coliques aux
résultats des biopsies salivaires. Le gold standard est le résultat de la
biopsie colique. Les performances diagnostiques de la biopsie
salivaire seront évaluées par les valeurs prédictives positives et
négatives, la sensibilité et la spécificité.
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Résultats

|- Article 1: Altérations structurales de la barriere épithéliale
intestinale dans la maladie de Parkinson

Clairembault T*, Leclair-Visonneau L*, Coron E, Bourreille A, Le Dily S, Vavasseur F,

Heymann MF, Neunlist M, Derkinderen P. Structural alterations of the intestinal epithelial
barrier in Parkinson's disease. Acta Neuropathologica Communications. 2015 Mar 10;3:12.

*co-auteurs

Résumé

Des modifications morphologiques et fonctionnelles de la BEI ont été régulierement
rapportées dans les maladies digestives telles que le syndrome du cblon irritable et les
maladies inflammatoires chroniques de I'intestin. De nombreuses données montrent que la
MP n’est pas seulement une maladie du cerveau, mais également un trouble digestif.
L’atteinte gastro-intestinale est un événement fréquent et précoce au cours de la MP qui
pourrait jouer un rdle crucial dans le développement initial de la maladie. Nous avons mené
cette étude afin de déterminer si des modifications dans la fonction et/ou la morphologie de
la BEI se produisaient au cours de la MP.

Des biopsies coliques ont été prélevées chez 31 patients parkinsoniens et 11 témoins sains
appariés en age. Les perméabilités para et transcellulaire ont été évaluées en mesurant,
respectivement, les flux d’acide sulfonique et de peroxydase de raifort dans des biopsies de
mugqueuse coligue montées dans des chambres d’Ussing. L'expression et la localisation des
protéines de jonctions serrées ZO-1 et occludine ont été analysées respectivement par
Western blot et immunofluorescence.

Les perméabilités para et transcellulaire n’étaient pas différentes entre les patients
parkinsoniens et les sujets témoins. L'expression de I'occludine, mais pas celle de ZO-1, était

significativement diminuée dans les biopsies coliques de patients parkinsoniens par rapport
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aux témoins et la distribution cellulaire des deux protéines était altérée dans les muqueuses
coliques des patients parkinsoniens.

Nos résultats montrent une altération morphologique de la BEI au cours de la MP, renforcant
ainsi le rGle potentiel du tractus gastro-intestinal dans l'initiation et/ou la progression de la

maladie.
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Abstract

Functional and morphological alterations of the intestinal epithelial barrier (|EB) have been consistently reported in
digestive disorders such as imitable bowel syndrome and inflammatorny bowel disease. There is mournting evidence
that Parkinson's disease (PD) is not only a brain disease but also a digestive disorder. Gastrointestinal invohrement is
a frequent and early event in the course of PO, and it may be crtically imvoheed in the eary development of the
disease. We therefore undertook the present sunvey to investigate whether changes in the IEB function andfor
morphology occur in PD. Colonic biopsies were performed in 31 PD patients and 11 age-matched healthy controls.
The pama- and tmnscellular permeability were evaluated by measuring sulfonic acid and homsemdish peroxidase flux
respectively, in colonic biopsies mounted in Ussing chambers. The expression and localzation of the two tight
junctions proteins £0-1 and occludin were analyzed by Westem blot and immunofluorescence, respectively. The
pama- and transcellular permeability were not different between FPD patients and controls. The expression of occludin,
but mot 20-1, was significantly lower in colonic samples from PD patients as compared to controls and the cellular
distribution of both proteins was altered in colonic mucosal specimens from PD patients. Our findings provide
evidence that the IEB is morphologically altered in PD and further reinforce the potential role of the gastrointestinal
wactin the initiation and/or the progression of the disease.

Keywords: Parkinson'’s disease, Intestinal epithelial barrier, Enteric nenvous system, Tight junctions, Occludin, 20-1

Introduction

The intestinal e pithelium forms a regulated barrier, known
as intestinal epithelial barrier (IEB), between the blood cir-
culation and the contents of the intestinal lumen [1]. It
prevents the passage of noxious contents while allowing
the absorption and secretion of nutrients [1]. Penetration
of this barrier oocurs via two routes, cither between epi-
thelial cells via the parscellular pathway, or through epi-
thelial cell via the transcellular pathway [1]. Among the
most important structures of the intestinal barder are the
epithelial tight junctions (TTs) that connect adjacent enter-
ocytes together to determine paracellular permeability
through the lateral intercellular space [2]. They are formed
by transmembrane proteins such as clauding and occlu-
ding connected to the actn cytoskeleton via high
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molecular weight proteins called zoma occludens (Z0-1,
Z0-2 and 3) [2]. Increased permeability of the [EB along
with changes in the expression levels of TJs proteins have
been consistently reported in several digestive disorders
such as inflammatory bowel discase [3,4] and irritable
bowel syndrome [5,6].

It has become evident over the last 20 years that PD is
a put disorder (reviewed in [7]). Gastrointestinal symp-
toms occur in almost every PD patient at some point
and are among the most debilitating non-motor features
of the discase [8] These clinical data have been sup ported
by post morten studies that demonstrated the presence of
Lewy bodies and neudtes in the enterde neurons in nearly
every case examined pathologically [9,10]. The German
pathologist Heiko Braak suggested that the appearance of
Lewy pathology in enteric neurons develop early in the
course of disease, pdor to the involvement of the central
nervous system [11). This led him to suggest that the
gastrointestinal tract might be a portal of entry for a puta-
tive pathogen that would breach the IEB to induce the
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formation of Lewy bodies and neurdtes in the enterc
neurons [11].

The high prevalence of gastrointestinal symptoms and
pathology in PD and the possible derangement of gastro-
intestinal permeability in the pathogenesis of the discase
prompted several groups to investigate IEB permeability
in parkinsonian patients. The three studies, which have
been carred out o date have all used absorption of sugar
probes as a means to investigate non-invasively the para-
cellubie permeability [12]. These studies, which have in-
cluded a small number of patients, led o conflicting
results. Two studies found a pattern of sugar absomption
reminiscent of small ntestine hyperpermeability in a subset
of patients [13,14] while the third one showed an increase
in sucralose exeretion without changes in the betulose
mannitol ratio, a pattern consistent with mereased colonic
permeability [15]. W therefore undertook the present re-
search to analyze in more details the IEB in PD. To this
end, a funcional and structural charscterization of the IEB
was perdformed in colonic biopsies from PD patients,

Materials and methods

Subjects

A total of 42 subjects participated in this study, 31 PD
patients and 11 healthy controls. PD patients aged 43-74
years were recruited from the movement disorder clinic at
Mantes University Hospital, France, Diagnosis of PD was
made according to criterda provided by the United King-
dom Parkinson's Discase Survey Brain Bank [16] Col-
lected demographic data included gender, age at onset and
discase duration, as well as age at colonoscopy. Complete
drug history was obtained, and an approximation of the
cumulative dose of L-dopa was made based on the equa-
tion developed by Parkkinen and collaborators [17]. Con-
trol subjects were healthy subjects who had 2 normal
colonoscopy performed for colorectal cancer screening
All controls subjects underwent a detailed nevrological
examination o rule out PD symptoms and cognitive defi
chency. Controls and PD patients were excluded if they sui-
fered from irrtable bowel syndrome andfor anorectal
dysfunction. The study protocol was approved by the local
Committee on Ethics and Human Research (Comité de
Protection des Personnes Ouest V1) and rugi_lﬂ‘.umd on Clin-
ical Trals.gov (identifier NCTO1748409). Written informied
consent was obtained from each patient and from cach noe-
mal volunteer sccording to the principles of Helsinki,

Endoscopic procedure and colonic biopsies

For ecach subject, nine biopsies were taken in the sigmoid/
descending colon during the course of a rectosigmoido-
scopy for PD patients and during a colonoscopy for con-
trol subjects. Five biopsics were immersed in 4°C Hank’s
Balanced Salt Solution (Life Technologies, Saint Aubin,
France): three of these biopsies were immediately processed
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for the assessment of pars- and transcellular permeability
in Ussing chambers while the two other biopsies were used
for immunohistochemistry experiments. Two biopsies were
stored at -80°C in l}'&i_t bufier RAL [Mum}'-ﬂ&gﬂ.
Hoerdt, France) with 1% (wv) f-mercaptoethanol (Sigma,
Saint Quentin Fallavier, France) for further analysis by
immunoblotting. The two remaining biopsies were
snap frozen in liquid nitrogen at the time of collection
and kept at -B0°C.

Para- and transcellular permeability of colonic biopsies in

Ussing chambers

Three biopsies were mounted in Ussing chambers (World
Precision Instruments; WP, Hertfordshire, UK) exposing
a surface of 0.011 cm”, Tissues were bathed on each side
with 3 ml of F12 supplemented Dulbecco’s Modified Eagle
medium  (Invitrogen, France) containing 0.1% (v/v)
fetal bovine serum, 200 mM Glutamine and 45 g/L of
NaHCO5 The medium was continuously oxygenated
and maintained at 37°C by a gas flow (95% 0,/5%
C0O,). After a 30 min baseline period, 275 pL of apical
medium was replaced with 200 pL of media containing
1 mg/mL of fluorescein-56-sulfonic acid (molecular
welght: 400 Da) (Life Technologies) for a final concen-
tration of 0.1 mg/mL to assess paracellular permeabil-
ity. Seventy-five microliters of media with 10 mg/mL
of Horse Radish Peroxydase (HREP) (Sigma) were also
added to the basolateral chamber for a final concentra-
ton of 0.375 mg/mL to measure transcellular perme-
ability in a subset of PD patients and control subjects.
The fluorescence level of basolateral aliquots of 150 pl,
reflecting paracellular transit from the luminal surface
was measured every 30 min over a 3-hour pedod using a
fluorimeter (Vadoskan®, ThermoFisher Scientific, Cillebon
sur Yvette, France). HRP quantities in the basolateral
chamber, reflecting transcellular transit from the apical
surface, was measured using an erzymatic activity assay
with 3,355 I:ul:ran‘u:l‘h}'ibunﬂdinu reagent (BD Bioscienor,
Le Pont de Claix, France). Pamscellubr and transcellular
permeabiliies were determined by averaging the gradient
of change in Quorescence intensity over time in the three
biopsies that were analyzed per patient, using a lincar re-
gression fit model (GraphPad Prism 5, La Jolla, USA L

Western blot

For the analysis of Z0-1 expression, total proteins from
the 2 biopsies stored in RAL buffer were precipitated
and prepared for Polyacrylamide Gel Electrophoresis
(PAGE) using protein precipitator and resuspension
buffer (Protein solving buffer and (tris(2- carboxyethyl)
phosphine) TCEP reducing agent, PSB/TCEP) from
NucleoSpin Triprep Kit (Macherey-MNagel, Hoerdt, Franee)
according to the manufachirer's instructions. For experi-
ments on the tmmsmembrane protein occludin, the two
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dry frozen biopsics stored at -80°C were lysed in UTC
buffer (7 M Urea, 2 M Thioures and 4% CHAPS) containing
a protease inhbitor cocktal (Complete™, Roche, Meylan,
France) using the “Precellys 24" tissue homogenizer
(Bertin technologies, Saint Quentin-en-Yvelines, France)
and followed by sonication with “vibracell 75 186" device
(Sonics, Newton CT, USA). Equal amounts of lysate were
separated using the Invitrogen NuPage MNovex 3-8%
Tris-Acetate Midi Protein Gels™ for Z0-1 or NuPage
Mowvex 4-12% Bis-Tris MidiGels™ for occludin before
electrophoretic transfer to nitrocellulose membranes
with the iBlot™ Dry Blotting System also from Invitro-
gen Membranes were processed for immunoblotting
using rabbit polyclonal anti-Z0-1 (1500, Life Technologies)
and rabbit anti-oecludin (1:250, Abcam, Paris, Franoe) anti
bodies and the relevant immunoreactive bands were guan-
tified as previously described [18].

Microdissection and immunohistochemistry
Microdissection was performed as previously described
[19] intwo out of the nine biopsies taken per patient Each
whole-mount preparation of submucosa obtained from a
single biopsy was permeabilized for 3 hours in phosphate
buffered saline (PBS)/MNalMy containing 1% (viv) Triton
X-100 and 10% (v'v) horse serum and then incubated
with antibodies against phosphorylated alpha-synuelein
(1:5000, WAKO, Osaka, Japan) and PGP95 (1:10,000;
Ultraclone Limited, UK). Each whole-mount preparation
of mucosa was treated for 24 h with Scale A2 solution
composed of 4 M urea, 10% (wiv) glycerol and 0.1% (v/'v)
Triton X100 [20] then incubated with rabbit polyelonal
antibodies to Z0-1 (1:100, Life Technologies) and occludin
( 1: 100, Abcam). Suitable secondary antibodies conjugated to
Alexa Fluor 488 and 594 were used (Invitrogen, Cergy-
Pontoise, France). Following ncubation with the secondary
antibodies, the mucosa samples wene treated for 10 minutes
with a solution of 03% (w/v) of Sudan Bhck B powder
(Sigma) dissobied in 70% (viv) ethanol, then washed exten-
sively with PBS. Whole specimen of submucoss and mucosa
were viewed under an Axio Zoom V16 stercomicroscope
[ Zeiss, Marly Le Rol, France). All samples were deid entified
and studied in a blinded manner. For the analysis of Z0-1
and oceludin immunofluorescence, the peroentage of mor-
phologically normal crypts per blopsy was caleulated and
the following classification was used: ‘normal; more than 2/3
of morphdogically normal crypts; ‘mild disruption’; between
1/3 and 2/3 of morphologically normal crypts; ‘disrupted’
less than 1/3 of morphologically normal crypts.

Statistics

All data are given as the mean +standard error of the
mean (SEM). For comparisons of means between groups,
a Mann—Whitney test was pedormed. Differences were
deemed statistically significant if p < 0,05
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Results

A total of 31 PD patients and 11 controls were included.
Table 1 shows the main clinical and demographic fea-
tures of all patients. Age and sex did not differ sig-
nificantly between PD patients and control subjects
(mean age was 642+ 21 for PD and 606+ 1.4 for
controls, p=0.25% 22/31 male in PD group and &/11
male in control group, p =0.13).

Para- and transcellular permeability are unaffected in PD

In a first set of experiments, we evaluated whether IEB
is functonally altered in PD patients. The para- and

Table 1 Main clinical characteristics of PD patients

Age Sex Disease duration Cumulative |ifetime
[years) dose of L-dopa (mgl

1 T F 2 ]
2 [:2] M NE. NE
3 To M NE NE
4 66 M 3 66111000
5 47 F 2 0
] 62 M 4 3823375
T T4 M 13 1505625
B 53 M 4 237500
a9 &9 M 5 273750
10 43 F 1 S0B050
1 &7 M 23 ]
12 58 M T 2135250
13 58 M 1533000
14 T2 F 14 126625
15 [:2] M 4 493750
16 64 M 10 355875
17 56 M NE NE
18 o6 M 46 ]
19 62 M 26 1560375
20 To F 132 215000
21 57 M 18 0
rr] 58 M 13 2007500
3 50 M B 1286625
4 &9 F i 3759500
5 62 M B 511000
26 56 F B 1241000
7 46 M 10 1213625
28 56 F BA BEGETS
) 58 F 4.8 447125
30 54 M 4 3085423
n 58 M 10 33r4130
MEC not known.
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trarscellular permeability of colonic biopsies were mea-
sured in Ussing chambers in both PD patients and con-
trol subjects using sulfonic ackd and HRP, respectively.
No difference in the sulfonic acid fux was observed be-
tween PD patients and control subjects (n= 31 and 11,
respectively; p =0.65) (Figure 1A). HRP flux was also
comparable between PD osubjects and healthy controls
in=21and 9, respectively; p = 0.39) (Figure 1B). Although
not statistically different from controls, the sulfonic acid
and HREP Hux values were heterogeneous between PD pa-
tients (Figure 1A and B). We thus investigated if the main
clinical features of the disease had any influence on IEB
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Figure 1 Comparison of para-and transcellular permea bility
in PD patients and healthy controls. [A) Far the evaluation of
paracelular permeability, the flux of suffonic add BA flus) was
measured in colonic biopsies mounted in Ussing chambers,
expressed in arbitrary units (AL, in PD patients (n=31) and
caontrols (CTRL, n =111 Mo significant changes were observed
between the two groups (p=065) (B) For the eval uation of
paracalular permeaability, the flux of horseradish peroxidase
(HRP flux) was measured in oolonic biopsies mounted in Lssing
chambers, expressed in ng/miL/min, in PD patients {n =21} and
cantrols ({CTRL, n = 9. Mo significant changes were observed

between the two groups (p=039]
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permeability. We did not observe any correlation between
age, disease duration or lifetime cumulative dose of L-
DOPA and the values of sulfonic acid or HRP flux
(Table 2).

There is a growing body of evidence supporting a key
role for submucosal enterc neurons in the regulation of
IEB functions [21-23]. This prompted us to study if the
flux values of sulfonic acid and HRP were related to the
presence of Lewy bodies and Lewy neurdtes in the sub-
mucosa, To this end, two biopsies per patient were
immunohistochemically assessed for the presence of
Lewy pathology using antibodies against phosphorylated
al pha-synuclein and PGP9.5 (Figure 2A and B). A biopsy
was decmed positive when containing at least one inclu-
sion immunoresctive for both phosphorylated alpha-
synuclein and PGP9.5 (Figure 2C). A patient was noted
as positive when at least one of the two biopsies dis-
played inclusion(s). In accordance with our previous
reports [24,25], the intrancuronal inclusions found in
the submucosal plexus were chielly observed in the
neuronal processes and thus reminiscent of Lewy neur-
ites (Figure 2A-C). Twenty-three out of 31 PD patients
were positive for phosphorylated alpha-synuclein inclu-
sions. All control subjects were devold of inclusions,
The values of sulfonic acid and HRP flux were not dif-
ferent between PD patients with or without inclusions
(Figure 2D and E).

Expression of the tight junction protein cccludin is
decreased in PD

We next investigated whether structural changes in the
IEB occur in PD. The expression levels of the TJs pro-
teins Z0-1 and occludin were analyzed by Western blot
in colonic biopsies from PD subjects and healthy con-
trols. A significant decrease in the expression of ocelu-
din was observed in colonic samples of PD patients as
compared to controls (Figure 3A and B). A doublet band
of approximately 220 kDa was observed on Western blot
with antibodies against Z0-1 (Figure 3A). As previously
shown, these two bands most likely represent the two
Z0-1 isoforms [26,27] By contrast to occludin, no change
in Z0-1 expression levels was observed in PD whether the
two bands were quantified together (Figure 3C) or separ-
ately (data not shown).

Table 2 Spearman's correlation with sulfonic acid (SA)
and HRP permeability in PD patients

Age Disease Curmulative lifetime
duration dose of L-dopa
SA p =0.0%0 p=0.7E68 p="0.830
r=>0303 r=0.052 r=—{.046
HRF p=0.165 p="0469 p=10.754
r=0323 r=0.172 r=0.082
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Figure 2 Sulfonic acid and HRP flux in PD in patients with and without enteric Lewy pathology. Representatne photmicrograph

reactive for PGPSS (A) that was akso pasit or phosphoylated

Cellular distribution of the TJs proteins is altered in PD

The cellular distribution of occludin and ZO-1 was fur-
ther investigated by immunofluorescence in 8 controls
and 31 PD subjects. Samples from 3 controls were ex-
cluded because the mucosa was too small and/or too
damaged to allow a reliable analysis of the TJs morph-
ology. A mean of 96.4 crypts per biopsy were analyzed.
We observed differences in the cellular distribution of
both ZO-1 and occludin between PD patients and

controls (Figure 4). A normal and typical reticular pat-
tern of occludin and ZO-1 staining was observed in the
colonic samples of 6 out of 8 controls (Figure 4A and C,
Additional file 1) and in only 9/31 PD patients (Figure 4B
and D, Additional file 1). TJs morphology was disrupted
and irregularly distributed in the mucosa of 1 out of 8
controls (Figure 4A and C, Additional file 1) and in 14/
31 PD patients (Figure 4B and D, Additional file 1). An
occasional and mild disruption of TJs morphology was
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observed in the remaining control subject and in 831
PD samples (Figure 4 and Additional file 1). An in-
creased stmining of occludin in the cytoplasm of colonic
enterocytes, suggestive of protein internalization, was
observed in PD samples as opposed to the healthy group
where occludin was mostly located in the TJs (Figure 4C
and D). Worthy of note was the presence of moderate to
severe T)s disorganization in the 5 patients who had
never received levodopa, suggesting that the altered Tls
morphology was not related to chronic levodopa intake
(Additional file 2 and Table 1}.

Discussion

The TJs are intercellular protein complex located at the
apical portions of the lateral membranes of epithelial
cells which play a key role in the regulation of |[EB para-
cellular permeability. They are composed of transmem-
brane proteins, such as claudins and ococludin and a
wide spectrum of cytosolic proteins among which is £0-1
[1). By showing a decrease in oocludin expression
along with Tls disorganization, our study is the first to

provide evidence that the IEB is structurally altered in
PD. Previous studies have shown intestinal tissue expres-
sion and distribution of occludin to be markedly de-
creased in patients with intestinal permeability disorders,
including inflammatory bowel disease [28] and irritable
bowel syndrome [6). Becent data from genetic and epi-
demiclogical studies provided support for an association
between diseases of the gastrointestinal tract and the sus-
ceptibility to developing PD. The CARD1L5 gene known to
be associated with Crohn's disease is over-represented in
patients with PD [29]; vice versa, the Leucine-rich repeat
kinase 2 (LERKZ) gene, a causative P mutation, was re-
cently identified as a major susceptibility gene for Crohn's
disease by genome-wide assodation studies [30]. More-
over, patients with irritable bowel syndrome are almost
50% more likely to develop FD than people who are free
of this gastrointestinal disorder [31]. Our results show that
the two disorders also share similarities at the molecular
levels further supporting the assumption that irritable
bowel syndrome may actually belong to early signs of
gastrointestinal involvement in PD [32]. They also support
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the hypothesis that the brain gut-axis might be critically
involved in the pathophysiology of both disorders [7,33].
Studies of intestinal permeability in humans have
mainly been carried out with in vive techniques, usually
with oral ingestion of various sugar probes and measure-
ment of urinary excretion [12]. To date, the three studies
that attempted to evaluate intestinal permeability in PD
using this technique have provided only preliminary and
conflicting results. Two of these studies focused on the
lactulose/mannitol ratio, which evaluate small intestinal
permeability. As a group, the 15 PD patients studied by
Davies and collaborators had a significant increase in the
lactulose/mannitol ratio when compared to age and sex
matched controls, but individual results in both groups
were highly overlapping [14]. Salat-Foix et al. showed
that the lactulose/mannitol ratio was only marginally
higher in 3 out of 12 PD patients [13]. In addition to lac-
tulose/mannitol ratio, Forsyth et al also used sucralose
absorption for the assessment of colon permeability in 9
PD patients and 10 controls. They did not observe any
difference in the lactulose/mannitol ratio between the
two groups but found a significantly greater permeability
to sucralose in PD subjects [15]. The inconsistent results
on intestinal permeability in PD obtained with sugar
probes prompted us to measure IEB permeability by an-
other technique, namely Ussing chambers, in a larger
sample size. Although less commonly used than sugar
absorption, the Ussing chambers has proven to be a reli-
able and effective ool to measure IEB permeability of

gastrointestinal biopsies either paracellulardy or transcel-
lularly over a 3 hour period [34]. Using this approach,
we showed that there were no significant differences in
para- and transcellular permeabilities between PD sub-
jects and controls. Nevertheless, the values of para-
cellular permeability as assessed by the sulfonic acid
flux in Ussing chamber were highly heterogeneous be-
tween PD patients, some displaying a level comparable
to controls while others had a more than a 2.5 fold
increase in sulfonic acid flux. These data suggest that
increased colonic permeability may be a feature for a
subset of PD patients, as already reported when sugar
probes were used [15]. The factors responsible for this
heterogeneity still remain to be determined, as we did
not observe any correlation between age, cumulative
dose of L-Dopa discase duration and the severity of al-
tered permeability.

On the surface, our results may seem contradictory, as
the decreased expression of occludin observed in PD pa-
tients was not accompanied by changes in paracellular
permeability. Occludin is a tetraspan protein with two
extracellular loops, which homophilically interact with
the adjacent cells [2]. Its role on IEB has been debated
since its initial discovery in 1993 [35]. Initial studies
strongly suggested that occludin was not required for
the TJs formation or the maintenance of barrier function
as occludin knockout mice lacked any noticeable defect
in intestinal TJs morphology or barrier function [36].
This has been recently challenged in an elegant study
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published by Al-Sadi et al [37]. The purpose of their re-
search was to better delineate the involvement of occlu-
din in IEB by studying the transepithelial fux of
various-sized probes after knocking down oceludin both
in vitro and in vivo. They showed that the occludin
knock down caused a marked increase in the flux mates
of macromolecules above 5 kDa such as inulin and dex-
tran but had only modest effect on fux of smaller-sized
probes under 200 Da such as mannitol and urea [36].
Fluorescein-5,6-sulfonic acid, which was used for the as-
sessment of paracellular permeability in our study has a
molecular weight of 400 Da, likely to be too small for
detecting defects in I[EB permeability induced by a mere
down regulation of occludin, This may explain the lack
of significant changes in IEB permeability observed in
PD patients in our study in spite of the occurrence of
structural changes.

The question arses as to what might be the clinical
relevance of our experimental findings. A current theory,
the so-called Braak's theory, assumes that PD originates
in the gastrointestinal tract [11]. Braak and co-workers
suggested that the appearance of Lewy pathology oceurs
in the ecadiest stage of PD in both the entedc nervous
system and the dorsal motor noclews of the vagus
[11,38]. This led Braak to postulate that a pathogen may
breasch the IEB to trgger Lewy pathology in the terminal
axons of the enteric neurons, further spreading to the
central nervous system via the vagal preganglionic in-
nervation of the gut [1139]. In light of these consider-
ations, our results demonstrating altered intestinal TJs
structure in PD gain in importance as the down regula-
tion of occludin may favor the entry of a putative patho-
gen. This must be however balanced, as the stomach in
contrast to the colon appears to be the most suitable tar-
get for the pathologic insult to oceur in Braak’s scenario.
Several studies have indeed described that Lewy path-
ology is distributed following a rostro-caudal gradient in
PD, with the lower esophagus and stomach having the
greatest involvement and the colon and rectum the low-
est [9,10], a distribution that parallels the vagal innery-
ation of the gastrointestinal tract [40]. Further studies
are therefore warranted to analyze the mucosal barrier
permeability and morphology in gastre and duodenal
samples from PD patients.

Conclusions

In conclusion, we provide evidence for the first time that
morphological changes in the IEB occur in PD patients.
Our results further reinforce the possible role of the
gastrointestinal tract in the pathophysiclogy of PD.
Further work is needed to determine if oceludin down
regulation in the gut might facilitate the spreading of PD
pathology in the enterdc nervous system and in the
brain,
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lI- Article 2: Le trouble du comportement en sommeil
paradoxal est associé a l'atteinte histologique du systéme
nerveux entérique dans la maladie de Parkinson

Leclair-Visonneau L*, Clairembault T*, Coron E, Le Dily S, Vavasseur F, Dalichampt M,

Péréon Y, Neunlist M, Derkinderen P. REM sleep behavior disorder is related to enteric
neuropathology in Parkinson’s disease. Neurology. In press.

*co-auteurs

Résumé

L’objectif de I'étude était de déterminer si le TCSP dans la MP est associé avec des lésions
et dysfonctions du SNA, et en particulier du SNE, en évaluant les Iésions histopathologiques
d’alpha-synucléine phosphorylée et la perméabilité entérique.

Quarante-cinq patients ont été inclus dans cette étude transversale. Le TCSP était
diagnostiqué par un entretien cliniqgue standardisé et confirmé par vidéo-polysomnographie.
Chez chacun des 45 patients, cing biopsies ont été prélevées a la jonction entre le c6lon
sigmoide et descendant au cours d'une rectosigmoidoscopie. Afin de détecter les lésions
d’alpha-synucléine phosphorylée, deux biopsies coliques étaient analysées en
immunohistochimie avec des anticorps dirigés contre d’alpha-synucléine phosphorylée et la
PGP 9.5 chez 43 patients (2 patients ont été exclus en raison d’'un nombre insuffisant de
biopsie disponible). La perméabilité para et transcellulaire était évaluée en mesurant,
respectivement, les flux d’acide sulfonique et de peroxydase de raifort sur les trois biopsies
restantes, montées dans des chambres d’Ussing.

La synucléinopathie entérique était plus fréquente chez les patients parkinsoniens avec
TCSP en comparaison avec les patients parkinsoniens sans TCSP (18/28, 64,3% vs 2/15,
13,3%, respectivement, p<0.01). Aucune différence de perméabilité n’était observée entre

les patients parkinsoniens avec et sans TCSP.
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En conclusion, les lésions d’alpha-synucléine phosphorylée dans le SNE sont plus
fréquentes chez les patients parkinsoniens avec TCSP que sans TCSP, suggérant que le

TCSP au cours de la MP est associé a une neuropathologie de l'alpha-synucléine plus

diffuse.
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REM sleep behavior disorder is related to

enteric neuropathology in Parkinson

disease

ABSTRACT

Ohbjective: To determine whether REM sleep behavior disorder (RED) in Parkinson disease [PD) s
associated with lesions and dysfunctions of the autonomic nerous system by evaluating enteric
phosphorylated a-synuclein histopathology (PASH) and permeability.

Methods: A total of 45 patlents with PD were included in this cross-sectional study. RBD was
diagnosed on the basis of a standardized clinical interview and confirmed by polysomnography.
For each patient, 5 blopsles were taken at the junction between the sigmoid and descending colon
during the course of a rectosigmoidoscopy. For the detection of enteric PASH, 2 colonic biopsies
wara analyzed by immurohistochamistry with antibodies against phosphory lated a-synuclein and
PGP3.5 in 43 patients (2 patients were excluded because only 1 biopsy was available). The
paracellular permeability and transcellular permeability were evaluated by measuring sulfonic
acid and horseradish peroxidase flux, respectively, Inthe 3 remaining blopsies mounted in Ussing
chambers.

Resulis: Entearic PASH was more frequent In the subgroup of patlents with PD with RBD compared
to patients without RBD (18 of 28, 64.3%, vs 2 of 15, 13.3%, respectively, p < 0.01). No
differences wene cbeervad in intestinal permeability between patients with PD with and without
REBD.

Conclusions: Patients with PD and RBD have a greater frequency of synuclein pathology in the
enteric mervous systemn, suggesting that RBD s assoclated with widespread synuclein
nauropathology. Neurology® 2017;89:1612-1618

GLOSSARY
FFPE = farrmalin-fixed, paraffin-embedded; PASH = phasphoryated a-synoclen histopathology; PD = Parkinson disease;
RBD = REM =leap behaviar disarder; UPDRS-I = Unified Parkinson's Disease Rating Scale part 1L

Since i description in 1986, REM sleep behavior disorder (RBDY) has generated considerable
incerest in the field of nevrodegene rative disorde s, especially Parkinson disease (PD).* RBD is
reported in up to 0% w 60% of patents with PD,? and a number of studies have analyzed the
association beoween RED and disease phe notype. This suggests that patients with PD and RBED
are more likely w have a nontemor phenotype, more gait dysfuncdon, increased cognitive impair-
ment, and mor autonomic dysfuncton® It has been proposed that such an agpressive clinical
course was explained by a more widespread distribution of PD pathology, Le., a-synuckin inclu-
stons, throughour the CNS. This hypothesis has been supported by a recent autopsy study that
showed an increased density of a-synuclein inclusions in several brainstem and cortical structures in
patients with D and RBD compared o patients without RBDS

a-Synuclein inclusions are not limited to the CNS but are also found in the peripheral
autonomic neuronal circuits® Some of these peripheral dssues, among which is the enteric
nervous system, by being assessable through routine biopsies, could represent a window to

AL SCES PD DI:IJF{HFJH.I:I.'I{!'.{!H‘.-’ i.l'.| I.i.‘-'i.l'.lg Fﬂ.ti.l:l'.lr_‘i.? Wﬁ: |.'I3.‘|-'l: i.l'ldﬂjd sh{rwn that Wh{!l.ll: maoLung {!F

*Thee authas contribued aqully o ths wark.
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submucosa from routine colonic  biopsies
allow a morphologic and quantitative analysis
of enteric phosphorylated a-synuclein histo-
pathology (PASH) in PD7 In addition, gas-
trointestnal biopsies can be used o evaluare
the functional consequences of enteric nervous
system dysfuncdon on intestinal permeabil-
iy In the current study, we therefore have
used colonic biopsies to analyze whether pa-
tients with PD and RBD have differences in
enteric neuropathology and permeability com-
pared to patients withour RBD.

METHODS Participants. In this crmss-ssional smdy, a voal
of 45 parients 45 o B0 years of age with idiopathic FD were
prospecively and consautively recrined from the movement dis-
arler clinic & hhtﬁUn.ilush]'HmTi'uL France, from Fehruary
2013 o Févmary 2016, Tolimir recruiement bizs and to span the
mtm&m.ﬂtiﬁpimummn&mdrqiﬁrgﬁd:
disease dumrion (durarion 1-5 years, n = 15 parienss; 5-110 pears,
n = 1 =10 pmars, n = 14). FI) wd’u.g:uadmﬁn.gm
crieria povidad by the UK Parkinson's Dissae Survey Brain
Bank. Fadens wers exduded if they had irrirshle bowel smdmme,
ansrecnl dyshinaion (Rl incontinence or chronic pecalgia),!!
ar demenria {Mini-Menral Srare Framinarion soore =231

consents. The study proman] was approved by the local Com.-
mites on Frhic and Human Resmrch #omird de Protedion
des Personnes Ohuest IV, EFisTraan IdRCE 200 2-A0091 7-36)
and registared an ClinialTriak gov (idenrifier NOT01748.409).
Wrirten informed consenr was obmined from each parient after
a full explanarion of the purpass and a derailed deacriprion ofthe
study procedures aconeding to the principle of Hasinld,
Fﬂi.urt:‘cﬂhﬂ.ﬁ.m{:dhcmdd:musmp}icdm induded sex,
ageat anser, dissase durarion, s.rLd.],du]u uq'u:i'l.ﬂ:n.td.i]p doss
Comple drug histary was abeained, and thelilerime cumulative
dose of Ldopa was approri mared ' Maotor symproms were eval -
uawd with the Unifisd Parkinon's Dissase Raring Scale pars 11
{UPDR_"‘;-[[“ﬂhiﬂﬂiﬂm{ﬂmﬂfh&m]ﬂlﬁ]ﬁﬁj,1'9
[facial expression], 22 [neck rigidiry|, 27 [arising from achair|, 28
h'hurru.l:].!'ﬂbﬂ-i‘l:].ﬂd.’ﬂ L]'ﬂﬂu‘ﬂ]fﬂ'li].i‘r_r“-{:ﬂn.fﬁ]lthim
dizgnosad & defined by Rome [l Diagnastic Crivsria for Func-
rional Constiparion; sronl 'quma.n.d.ﬁe Brisral stool form
scale were collected * Orthosaric hypotemsion was defined 2
a decreaze in spsralic blood presure =20 mm Hg andlor in
diastalic blood pressure = 10 mm Hg from the supine o upright
posigon at 1, 3, 5, and 19 mimurs. Stucmred inerview and
avernight palysomnography were carriad our in all 45 pagiens
and intemrewd acmrding o the recom mendarions of American
Academy of Sleep Medicine.'* Sleep dinicl mesures inchuded
Parkinean [isease Sleep Scale, Pirshurgh Skeap Qualiy Index,
E]'lwqrd1 ﬂﬂ]ireu'}'ﬂie. and Etigugﬁaerhyﬂt REIY was
diagnosed according to the Inernartionl Clesificaton of Sleep
Digordars- 11 diagnostic critaria'® When pariens had abeent or
infrequent {=1%) REM sleep in polysomnographic remrding,
diagnasis of probable RELY was considerd according o a clinical
interview performed by a tained sleep spedalist (LL.V.)L

Endoscopic procedure and colonic biopsies. For each par-
ticipant, § bopdes wers taken ar ﬁchutnhihﬁnw:igrmid
and descending mlon during the murse of 2 racrosigmenidascopy

{shmadnrusmwl. In contrast m oa full mh‘m::qrp. 'r]i::]'m'm
hum.d.nﬂ:pm:udm\:mlt]nrfaﬂinﬁmm minames withe
aut the nead for sadarion orbowel prparation.'s Al biopsis wee
immersed in 4°CC Hank halanced sl solution (Life Technalogies,
Saint-Aukbin, France): 3 Jﬁmmhrmimlppmmdfa
the ssesmenr of pamcalubir and tamscdlular permedhilin: in
Ussing chambers, while the ? arher biopses wers usesd for
immunchistochemisoy experimenrs {ze helow).

Micmdisection and immunohistochemistry. Suthmuma
mmples were proesed fr whol-mount immunosaining =
praviowsly desribed ** The primary andbodies used were thoe
directad againsr phesphorylaed a-synudein (1:5,000, WAKQ,
Oxala, Japan} and PGPAS (1:10,000; Ulmadons Limirsd,
{.i.l'lﬂ'll'lhl: LK. thc:ﬁ]‘hﬂ:hnuucfﬂlhnummtﬁbd
wnder an Axio Foom vmmmmm L= Rai,
France}. All samples were deidenrifiad and analyzed by 2 ape-
rieneed rarers (T, and P13 who were binded o 1]1:]'|ﬂ.'r.i|:rl3'

RELY srarus.

Paracellular and transcelhdar permesbility of colonic
biopsies in U ssing chambers. Thres biopsies were mounred in
Lssing chambers Warkl Predsion Instruments, Hefordshine,
LTE]} u.]'l-uii.ngnﬂl.rFm:ea'Fﬂ_ﬂ'l'l m*mtd.un]pmdﬁr]urmdhdw
and manseellular permeabili as previowsly described with sul-
fonic acid and horsaradish peronidase, respectivey.®

Statistics, Continuous variables are expressad as the mean =
SEurrnﬂiiﬂnuldimcrqm:dhm‘gt.udmmsﬂri:ﬂdium
expressed as numbers and perentage Continuous wridhles
were compared bewesn groups (parients wich and withour
REIY wirth the E-M]'nh Srudent resr or the NPT eric
Wilmzon test (when normaliy s um prian could nor he
assumed). The x* test or Fisher tests were used for carsgarical
variahles {5A% sofrware, version 9.4 5AS Insinue Inc Cary,
MCL A bogistic modzl adjusted for age was used 1o ovmipare
clinical mezsures benvesn groups. Corelaion coeffidents
berween paracellubar and transcdhular permeability and con-
vinuous wrighks Hismse durarion, :I.dqu cumubative deass,
and age) were cakoulared with the Spearman test (GraphPad
Prism 7 sofmware, La Jolla, CA). For all starisrical rests, 2 value of
P '\:Cl].ﬂﬁwxdmmdsignfm‘r_

RESULTS Clinical feamres and sleep chamorerisrics
of the study populaton are shown in w@hle 1 and
able e-1 ar Neurology.org, mespectively. There were
30 patents with PD and RBD (23 with
polwomnography-confirmed RBED and 7 with
probable RED) and 15 withour RBD (1 patient
showed infrequent BREM sleep on polysomnography
and negatve soruceed ineview for RBD). In the
RBED group, RBD preceded the onser of parkinson-
ism or was simulaneous (cady RED) in 9 patdents
(30%). Parients with RED were older and had higher
UPDRS-NI scores than patdents withour RBD (able
1) After adjustment for age, toml UPDRS-I soore,
buwr not the axil subscore, remained different
berween the 2 groups (p = 004 and p = 0.08,
respectively).  Disease dumdon, L-dopa lifedme
aumubitive dose, 1-dopa equivalent daily dose, Mini-
Menral Stare Fxamination score, orthostaric hypo-
tension, and constipation did notdiffer berween the 2
groups (table 10 Clinical and polsomnogephicsleep

MNewrology 89 October 10, 2007 1613
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Tabile 1 Main dinical charac teristics and oolonic PASH of patients with PD with
and without RBD
D+ RBO PD- RBD p Valu
Nao i%) 20 B 16 (23
Mala, n (%) 2 Ay 85y ol
Aga, y 2182 571 (2D) oo
Diiso ase dura tion, ¥ a7ies LA 014
w-Dopa fetime cumu lative dosa, kg 13013 oS i14) o012
L-Dopa equivalert delly dom, g 08 (0s) L8 (OuB) 054
UPDRE-Il “on™
Total j0-108) 247 121) 168 (93) [iTirg
FiTaT ]
Axial (0-32) Toia4) 5133 004
o.oes
MMSE (0-20], n [¥) 205 (18 276 (24) 015
Conatipation Roma Il oriter i, n (%) 20 BET Tiagm 020
Stools par weai, n [T 00| BTiT4) 080
Prodominant Bristol stool forms 1 and 2. ni%) 16 5233 4 (287 012
Calonic PASH, n (%) 1828 (4.3 215 133 <001*
Orthostatic ypotension, n (%) 3 e 12 (=000 10

Abbreviations: MMSE = Mini-Mental State Examination; PASH = phosphorylated
a-synud din histepathalagy; PD = Parkinsan disease; RED = REM sleap behavior disar-
der; UPDRS-Il = Unified Parkinson's Disease Rating Scale part 111

* Sgmificant.
EAfter age adjustrment.

16514

measures were similir in pariens with and withour
BB (able e-1).

Twao colonic biopsics per patient were immuno-
histochemically assessed for the presence of enteric
PASH. Of the 45 padens with PD, 2 were exduded
becanse anly 1 biopsy was available for immunohisto-
chemimry. A biopsy was considered positve when
containing ar least 1 srucrure immunoreactive for
bath phosphordaed o-smudein and PCF9.5 (fgure 1),
A parent was noted as positve (PASH+) when ar
least 1 of the 2 biopsies conmined PASH (figure 1). In
accordance with our earlier findings,™ PASH was
ohserved mainly in the newronal processes and thus
was maorphologically reminiscent of Lewy neurites
(figure 1). Among the 43 padens with PD who were
analyred, 20 (46.5%) were PASH+. PASH+ patients
were maore frequent in the subgroup with RED com-
pared wo patients withour RED (18 of 28, 64, 3%, vs 2
of 15, 13.3%, respectively, p == 0.01) (able 1) This
difference was still observed when the analysis was
limited o patients with polysomnography-confirmed
BB stams (14 of 21, 66.7%, for patents wich RED
va 2 of 14, 14.3%, for padents withour RED, p <
0.01). In the RED group, clinical dhamceristics wene
not different berween PASH+ and PASH— parients
(mble ¢-2). The propomion of PASH+ parients did
not differ according o RED onser (6 of 8, 75%, for

Newology 89 October 10, 2017

patents with eady RED vs 12 of 20, 60%, for parients
with RED after parkinsonism, p = 067

The pameellular permeabiliy and wanscellular
permeability of colonic biopsies were measured in Us-
sing chambes with sulfonic add and horseradish per-
oxidase, mespectively. There were no comearions
berween pamcellular or manscellular permeabiicy
and disease duration (p = 0,69 and p = 0,63, respec-
tively) or L-dopa cumularive dose (p = 0.9 and p =
041, mespecrively). Pamcellubar permeability bur not
ranscellubir permeabiling was comelared with age
(F= 035 p=002and p = 095, respecrively).
Mo differences were observed for pamcelubar or rans-
cellular permeabilicy berween patiencs with and with-
out RBD (n = 28 for padents with RED and 15 for
patents withour RBD, p = 045, and n = 22 for
patents with RBD and 9 for padens withour RED,
p = 006, respectively) (fgure 2).

DISCUSSION In this pmspecive study, we found
thar RED among padents with PD was closely asso-
dated with a greater frequency of enteric PASH. In
conrrast, we did not observe any differences in inces-
tinal permeability, either paracellular or ranscellubar,
berween patents with PD with and those without
RED. Sixry-seven percent of our patents with FD
had RED, which is woward the upper end of the range
reported in previows series.” Comsistent with earlier
findings, parients with BED were significantdy ald-
er™7 and had higher UPDRS-I scores than patienis
withowr RED™ Regarding dysaumonomic manifes-
tanons, we did pot find evidence of an asochoon
berween RED and orthosmdc hypotension or con-
stpaton. Even i these findings ae in concondance
with some of the previously published seriess (no
difference in orthostaric hypotension in the repom by
Yoriwaka er al™; no difference in constipation in the
report by Posmima er al'™, maost of the existing
smudies reporied more orthesmric hyporension®! %22
and constipation™ in PD with RBD.

An increasing number of smdies have addresed
the feasibility of FASH detection in perpheral dssues
suitahle w biopsy wking. The skin, salivary glands,
and gasrrointestinal tmo have been regarded as the
most promising  dssue rarges because rthey  are
affected by PASH early and specifically in a buge pro-
portion of padenrs.™ This has logicaly led several
groups  nvestgare whether PASH could be de-
tected in peripherl tisves biopsies from patients with
idiopachic RBED w idendify a subgroup of patens at
high shom-term risk of developing FD. A Caralan
nsomum pefomed tmmsmaneous e needle
biopsy of the submandibular gland in 21 padens
with idiapathic RED bur obrained marerial conrain-
ing glandular parenchyma suitable for hiswlogic anal-
wiis in only 9 pardcipans®™ PASH was observed in
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[ Figure 1 PASH in the submucosa of patients with PD

photomic ographs show mudtiple PASH in whole mounts of submucosa immen
a-synudein (B, E merged in C, Fl Scale bar 100 um. PASH = phosphoryisted a

behavior disorder

newve fibers in 8 of these 9 parients. When skin and
colonic biopsies were amalyzed, PASH was visualized

in 10 of 18 and in 4 of 17 patents with idioparhic

RBD, respecvely™** In additon tw idioparhic

, dl of these studies enrolled patients with symp-

tomatic PD bur without spedifying whether these

patients had concomitant RBD. Thus, our study ar-

tempred to fil this void by analyzing the entenc

Comparison of paracellu ar and transcellular parmeoability in patients
with PD with or without RBD

Figure 2

A B
034 g 08
. " €
=) - = 06
2 021 4 E
x AL g 04
= x
< 011 et 3
@ i T
=<
0.0 y v I 00
PD+RBD PD-REBD PRD+RBD PRD-REBD
(A) For the evakation of ¢ wiar parmeability, the fux of sulf {SA) was mea-

g chambers, exgressed in arbitrary units (AU in
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ses mounted in Uk g
chambers, expressed ams per milliliter per minute, in patients with PD within =22)
and without (n = 9) RBD. No significant changes were observed between the 2 groups (p =
0.08). PD = Parkin

S

n disease; RBD = REM sieep behavior disorder

es of 2 dif ferent patients with PD and RBD (top and bottom) were microdissected and analyzed by inmunohi
“gl oreactive for PGPAS (A D) that were aiso positive for phosphorylat ed

ochemistry. Regresentative

dein histopathdogy, PD = Parkinson dissase; RBD = REM sleep

ncumlmlmlq;x ina cohon Lll-[l.lli‘:lll\ with PD with
or withour RBD.

In recent years, there has been considerable debare
about the immunohistochemical method thar should
be used for the derection ul'lullmlm_"i: a-synudein in
gastrointestinal biopsies. Most existing studies have
been |1cx1_<umcd on formalin-fixed, Imule—unlud-
ded (F

of being readily accessible 1o most hospital-based lab-

£

E) tssue, which has the main .dv.ml.xg;m

orarories and allowing rewrospective analyses. A num-
ber of sing]c‘mlu studies have had ;(lllﬂi;lﬁl!'_
results regarding the sensitivity and specifidry of
FFPE colonic biopsies for the detection of PASH %
T'his was confirmed by a recent muldcenter blinded
xlud\, lh.(l Jm\\'od l!ul .ui:qu.uc iﬁ.l,!;ll(l\ll; accuracy
of PD was not achieved by any of the 4 staining
methods evaluated.?® This overall lack of specificity

of |

hi.lniu lumuplc\i us w0 use another
approach for the detection of entenic PASH in the
current study. Combining rourine colonic biopsies
and microdissection techniques, we have previously
Sll’“‘“ ll“l L(lui\.li“!; \A‘Il("li’ mounits ("‘ \‘ll'““L(h-l
Cll-ll'li‘.\ 4 s<|“ll"'\'hf“\i\c asossment (ll“lk‘ \”l”“u»("
sal neural nework, along with the detecrion of PASH
With ths method and in

in padents with PD.
accordance with our previous resuls,” we showed in
the current survey thar 20 of 43 patients with PD had

enteric PASH when 2 descending/fsigmoid colon
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biopsies were analyzed. When parients were divided
into 2 groups, with or withour RED, PASH was more
frequent in the subgroup with RED compared mw
patients withour RED.

Mumerous recent smdies have sugpested char the
presence of RBD in PD is assocdared with a mare
aggressive course of the disewse. Padents with PD
with RBD are indeed older sleepier more likely 1w
have cognitve deficis, halludnarions, and dysaue-
nomiz; and less likely to have a wemaor-predo minant
motor phenotype than patients with PO withour
REBD *=3.2 One posible explimadion proposed for
this finding is thar a-synuckin pathology is different
and more diffuse in RBD-associared PD than in dis-
ease withour RBD, not only in the CHS burako in
peripheral anonomic nerworks. Reganding the CHS,
this hypothesis 5 suppomed by the only exising
auropsy smdy thar compared the diribudon and
density of PASH berween 40 patients with PD with
probable RED and 41 patients withour RBD.* This
study showed thar the RED group had a greater den-
sity in PASH in cordaal (basal mansenrorhinal and
basal cingubie) and brainstem (dorsal moror nudeus
of the vagus and locus cerulews) sorocmes” Our
study, by demonstraring a dese relationship berween
enteric PASH and RBD, provides additional evidence
that pariens with PD and RBD have 2 more diffuse
a-synudein neuro pathology.

Accumubiting evidence indicates thar cholinemic
dysfuncrion is critically invobred in RBD. The cholin-
ergic neumns of the peduculopondnelarerodorsal
tegmental nucleus are acrive during REM deep,™
and limited pontine lsions encompassing  this
nudens are sufficient w canse RBD.* Furthermore,
these neumns are prone o degenerare and are pamic-
ularly vulnemble to a-synuckin parhology in PD*
Chaolinergic signaling is also critically invabved in gas-
roinestiml physiology, Cholinergic neurons, the
main physiolegic role of which is to increase gasoro-
intestinal peristalsis, are by far the most abundant
neurans in the human adult enteric nervous system
With regard o PD, a recent anaromic sepon showed
thar e-synuckein expression in the human colon is
restricted o cholinemgic neurons, suggesting thar
these neurons may be valnerable o PD parhology™
As a whale, thee observations suggest thar choliner-
gic neumns, from either the CHS ar peripheral ner-
vous system, may be pamicubdy susceprible w
a-synudein pathology, thereby providing a posible
explanation for the greater frequency of enteric syn-
udein parhology in patens with PD with RED.

Mast of the existing studies on inestinal perme-
ahility in PD), which have been peformed with ol
ingestion of sugar probes, have provided conflicting
resuls ™ This exphins why we have chosen
another approach, mamely o vive measurement with

Mewokagy B9 October 10, 2017

Ussing chambers, w evaluare inwestinal permeabilicy.
Although less commaonly wsed than sugar absorprion,
the Using chamber has proved to be a reliable and
effective ol o measure intestinal permeabilicy of
gastrointestinal biopsies either paracellubidy or rans-
cellularly over a 3hour period.'® Using this approach,
we previowsly showed thar there were no differences
in paracellular and ranscellubar permeability berween
a sample of patients with P and healthy concmk.”
We show in the curenr smudy chat, in conrmst o
enteric neuropathology, intestnal permebility &
not linked w RED.

There are some limitations of chis study. The fisc
is the ahsence of polysomnographic confirmarion of
RED sams in a subser of cse. Eight patents had
absent or infrequent BEM sleep, possibly due to
a fist-night effea or relaed w PD insomnia. This
ismue can be overcome in furure studies by recording
polsomnography an 2 consecutive nighis. The sec-
ond limiration & the refadvely small sample size. That
said, our study has also several strengrhs, Fist, colonic
biopsies were analyred with a whaole-mount merhod
thar has been optimized for the detecrion of PASH.”
Second, PASH rarers were blinded ro the RED srarus
of the parients. Finally, our smdy & the fist 1o com-
pareintestinal permeahility berween patiens wich PD
with and withour RED.

O mesulis, vogether with previous findings, pro-
vide evidence thar the presence of RED in PD predicrs
the developmenr of widespread  newroparhologic
changes not anly in the brain bur also in the peripheral
auronomic nervous sysiem. They also suggest thar pa-
tients with PO withour RED and with no identifiable
PASH in colonic biopsies may have a more benign dis-
ease course. Furure studies focusing on the preence of
PASH inother peripheral nervous dsues accesible 1o
biopsics suchasskin and salivary ghinds* are needed to
fully demonstrate char RED in PD is associied with
a diffuse pathologic involvement of peripheral auo-
nomic neuronal decuits.
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Supplemental Material

PD+RBD PD-RBD p-value
no., % 30 (67%) 15 (33%)
Clinical measures
PDSS (0-150) 91.1 (20.0) 95.3 (16.8) 0.49
PSQI (0-21) 8.2 (3.6) 9.9 (5.1) 0.32
ESS (0-24) 9.8 (5.2) 11.7 (4.7) 0.21
FSS (0-63) 36.5 (13.4) 30.1 (16.5) 0.17
Polysomnographic measures
Total sleep time (min) 344.9 (103.6) |328.1(123.5) 0.63
Sleep efficiency (%) 71.4 (20.4) 74.4 (20.2) 0.64
Sleep latency (min) 17.2 (28.6) 19.1 (37.8) 0.85
N1 stage (%) 16.4 (13.2) 9.7 (8.9) 0.08
N2 stage (%) 50.8 (11.4) 50.5 (8.4) 0.93
N3 stage (%) 21.6 (10.3) 26.9 (7.6) 0.09
REM stage (%) 11.1 (9.0) 12.7 (8.7) 0.56
Arousal index 14.9 (6.9) 13.5 (6.5) 0.50

Table e-1: Clinical and polysomnographic sleep measures of PD patients with (PD+RBD)

and without RBD (PD-RBD)
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PD+RBD | PD+RBD | p-value
PASH+ PASH-

no., % 18 10

Sex, % male 15 (83%) | 5 (50%) 0.09
Age, y 62.6 (6.1) | 61.8(7.2) | 0.56
Disease duration, y 10.2 (7.3) | 9.4 (6.6) 0.90
L-dopa lifetime cumulative dose, kg 1.5(1.15) | 0.9(1.1) 0.17
L-dopa equivalent daily dose, g 1.0(0.5) | 0.6 (0.5) 0.06
UPDRS part III ‘on’

total (0-108) 26.2 (12.4)[22.9 (125)| 056
axial (0-32) 8.8 (4.7) | 6.7(3.9) 0.30
MMSE (0-30) 27.3(25) | 28.0(20) | 0.42
Constipation Rome 11 criteria (no., %) 10 (56%) | 8 (80%) 0.25
Stools per week 53(3.0) | 9.4(8.5) 0.26
Predominant Bristol stool form 1 and 2 (no., %) 8 (44%) | 7 (78%) 0.25
Paracellular permeability (SA flux, AU) 0.12 (0.07)|0.11 (0.04) 0.79
Transcellular permeability (HRP flux, ng/mL/min) |0.09 (0.06) | 0.08 (0.05) 0.72

Table e-2: Clinical characteristics and permeability measures in patients with RBD

(PD+RBD) with (PASH+) and without (PASH-) colonic phosphorylated alpha-synuclein

histopathology.
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llI-Article 3 : La distribution de la dysfonction autonomique est
hétérogene dans la maladie de Parkinson

Leclair-Visonneau L, Magy L, Volteau C, Clairembault T, Le Dily S, Preterre C, Peyre A,

Damier P, Neunlist M, Péréon Y, Derkinderen P. Heterogeneous pattern of autonomic

dysfunction in Parkinson’s disease. Soumis

Résumé :

La plainte dysautonomique est un des symptémes non moteurs les plus fréquents au cours
de la MP. De nombreuses études neuropathologiques ont montré une large distribution des
corps et neurites de Lewy, les marqueurs histopathologiques de la MP, du SNA périphérique
jusqu’aux organes cibles. Néanmoins, peu d’études ont exploré de maniére globale les
symptdmes et la physiologie de la dysautonomie dans la MP.

Dans une étude transversale prospective, nous avons réalisé une évaluation compléte du
SNA dans un groupe de 45 patients parkinsoniens. Les modalités du SNA (fonctions
pupillaire, lacrymale, salivaire, cardiovasculaire, digestive, urinaire, sexuelle, sudorale et la
sensibilité cutanées) étaient évaluées a l'aide de questionnaires et des tests fonctionnels.
Une quantification de la densité des fibres nerveuses intra-épidermiques (DFNIE) était
effectuée sur une biopsie cutanée. Par ailleurs, un enregistrement vidéopolysomnographique
et une évaluation neurologique et neuropsychologique était réalisée chez chacun des 45
patients.

L’analyse des différentes modalités du SNA montrait que les symptdbmes et signes
dysautonomiques étaient distribués de maniére hétérogéne dans la population de patients
parkinsoniens. La dénervation cutanée (évaluée par la DFNIE) était corrélée avec le seuil de
sensibilité thermique (OR=12,0, p=0,02) et uniquement associée avec la constipation
(OR=5,5, p=0,01) et une plainte de sécheresse oculaire (OR=8,29, p=0,04). L’altération
cognitive était associée avec des symptdmes cardiovasculaires (OR=4.33, p=0.03), une

hypotension orthostatique (OR=5.83, p=0.02) et une constipation (OR=5.38, p=0.02).
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Néanmoins, l'atteinte motrice axiale et le TCSP n’étaient liés a aucun symptébme ou
dysfonction autonomique.

Nos résultats montrent que les différentes modalités du SNA sont atteintes de maniére
hétérogéne, suggérant ainsi que la dysfonction autonomique ne suivrait pas une progression

par paliers mais une évolution erratique et éparse.
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Abstract

Autonomic symptoms are frequent non-motor complaints in patients with Parkinson's disease.
Numerous neuropathological studies have shown that Lewy bodies and neurites, the
pathological hallmarks of Parkinson’s disease, are widely distributed throughout the
peripheral autonomic nervous systems and across end organs. However, few investigations
extensively explored the symptoms and physiology of dysautonomia in Parkinson’s disease.
We therefore performed a comprehensive evaluation of the autonomic function in a
prospective group of 45 patients with idiopathic Parkinson’s disease. Autonomic components
(pupillomotor, tear, salivary, cardiovascular, digestive, urinary, sexual, sudomotor functions
and skin sensitivity) were evaluated using questionnaires and functional tests. Skin biopsy
was performed for intraepidermal nerve fiber density quantification. In addition, all patients
underwent polysomnography and a complete neuropsychological and neurological
assessment. The analysis of autonomic components showed that dysautonomic signs and
symptoms were heterogeneously distributed among patients. Skin denervation as assessed by
intraepidermal nerve fiber density quantification was correlated with quantitative thermal
sensory testing (OR=12.0, p=0.02) and only associated with constipation (OR=5.5, p=0.01)
and ocular dryness symptoms (OR=8.29, p=0.04). Cognitive alteration was associated with
cardiovascular symptoms (OR=4.33, p=0.03) and orthostatic hypotension (OR=5.83, p=0.02)
as well as with constipation (OR=5.38, p=0.02). Axial motor impairment and rapid eye
movement sleep behaviour disorder were not related to any of the autonomic complaint or
dysfunction. Our results show that autonomic functions are affected in a heterogeneous
pattern in Parkinson’s disease, thereby suggesting that the progression of autonomic

dysfunction follows an erratic rather than a stepwise progression.
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Abbreviations:

ANS= Autonomic Nervous System; IENF= intraepidermal nerve fibre; MDRS= Mattis
dementia rating scale; MMSE= Mini-Mental State Examination; MoCA= Montreal cognitive
assessment; NCV= nerve conduction velocity; NMS-Quest= Non-motor symptoms
questionnaire; QST= Quantitative thermal sensory testing; RBD= rapid eye movement sleep
behaviour disorder; SCOPA-Aut= SCales for Outcomes in PArkinson’s disease-autonomic
symptoms; SSR= sympathetic skin response; UPDRS-II1= Unified Parkinson's Disease Rating

Scale part 11
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Introduction

Autonomic involvement in Parkinson’s disease is critical because it underlies several frequent
and debilitating symptoms of autonomic failure, such as orthostatic hypotension, constipation,
urinary problems, heat or cold intolerance, drooling, sweating and swallowing problems (Jain,
2011; Gallagher et al., 2010). This wide variety in dysautonomic symptoms is likely to result
from a dysregulation of more than one subdivision of the autonomic nervous system (ANS)
(McCorry, 2007). For instance, constipation may result from combined parasympathetic
cholinergic failure and enteric nervous system dysfunction, while decreased sweating and
orthostatic hypotension are more likely explained by sympathetic cholinergic and
noradrenergic dysfunctions, respectively (Kaufmann and Goldstein, 2013; Goldstein, 2014).

These clinical observations are supported by neuropathological studies, which found
Lewy bodies and neurites, the pathological hallmarks of Parkinson’s disease, in various
peripheral autonomic networks, including preganglionic efferent parasympathetic projection
neurons in the dorsal motor nucleus of the vagus as well as pre-ganglionic and post-
ganglionic sympathetic projection neurons (Wakabayashi et al., 2010). Lewy pathology has
also been found in several end organs including the submandibular gland, enteric nervous
system, epicardium, skin and adrenal medulla (Wakabayashi et al., 2010). In addition,
neuronal loss and/or denervation have been observed in the dorsal motor nucleus of the vagus
(Eadie, 1963; Halliday et al., 1990; Benarroch et al., 2006), in sympathetic ganglia (Orimo et
al., 2005), in the epicardium (Orimo et al., 2008) and the skin (Dabby et al., 2006).

The main limitation of most of previous reports on autonomic involvement in
Parkinson’s disease lies in the fact that they have focused on a single symptom and/or on a
specific subdivision of the ANS. The purpose of the current study was therefore to perform a

comprehensive assessment of the autonomic and non-motor features in a prospective group of
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idiopathic parkinsonians in order to explore autonomic dysfunction across Parkinson’s disease

natural history, its distribution and its relationship with disease progression and severity.

Materials and methods

Study population

From February 2013 to February 2016, 50 patients aged 45-80 years with idiopathic
Parkinson’s disease as per the UK Brain Bank Criteria were prospectively screened for this
cross-sectional study. Exclusion criteria were (i) confounding factors for autonomic failure or
neuropathy (autonomic active treatment, diagnosed peripheral neuropathy, renal failure,
diabetes, alcoholic abuse and low levels of vitamin B12) (ii) dementia (Mini-Mental State
Examination (MMSE) < 24). Of the 47 patients who initially met inclusion criteria, two
patients were subsequently excluded (one patient withdrew consent before ANS analysis and
the diagnosis of Parkinson’s disease was not further confirmed in another patient). This study
was carried out in accordance with the Declaration of Helsinki, conducted with the approval
of the local Ethical Committee (Comité de protection des personnes Ouest VI, France) and
registered on ClinicalTrials.gov (identifier NCT01748409). Each participant gave written
informed consent. This population was part of a previously published report (Leclair-

Visonneau et al., in press).

Clinical-demographic data set
Collected demographic data included sex, age at onset and disease duration, treatments with
L-dopa equivalent daily dosage (Tomlinson et al., 2010) and an approximation of lifetime

cumulative dose of L-dopa (Parkkinen et al., 2011).

75



Motor and cognitive function evaluation

All 45 patients were evaluated using the Unified Parkinson's Disease Rating Scale part 11l
(UPDRS-III) in ON state. UPDRS-III score was subdivided into an axial score (sum of items
18, 19, 22 and 27-30) that evaluates symptoms such as dysarthria or postural instability
(Bejjani et al., 2000). Neuropsychological evaluation was carried out using the Mini-mental
state examination (MMSE), Montreal cognitive assessment (MoCA) and Mattis dementia

rating scale (MDRS).

Autonomic nervous system evaluation

ANS components (pupillomotor, tear, salivary, cardiovascular, digestive, urinary, sexual,
sudomotor functions and skin sensitivity) were evaluated in 3 dimensions: symptoms,
function and histology.

Dysautonomic symptoms were evaluated with the following questionnaires: SCOPA-
Aut (Scales for Outcomes in Parkinson’s disease-autonomic symptoms) (Visser et al., 2004),
NMS-Quest (Non-motor symptoms questionnaire) (Chaudhuri et al., 2006) and Rome Il
constipation criteria (Rome Foundation, 2006). A question on dry eye was added, the
proposed options followed the SCOPA-Aut model (from never to often).

ANS functional testing was carried out between 9:30 am and 12:30 am (total visit
duration 2.5 hours), in a temperature-controlled room set between 20 and 24°C. It was divided
into the assessment of pupillomotor function (pupillometry), tear secretion (Schirmer’s test),
saliva production (Saxon test), cardiovascular function (heart rate variability and orthostatic
hypotension), skin sensitivity (Quantitative thermal sensory testing (QST) and nerve
conduction velocity (NCV)) and sudomotor function (sympathetic skin response (SSR)).
Pupillometry was performed after 2 min adaptation in scotopic condition, binocular pupils

were measured by infra-red illumination and a high resolution camera (940 nm) at 30 images
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per second (Metrovision® Mon2012H, Perenchies, France), an average of at least ten
validated recordings was registered for maximal and minimal diameters, constriction’s
amplitude, latency and velocity, dilation’s latency and velocity. All data were compared to
laboratory normative data for age-matched healthy controls and the test was considered
abnormal when at least one abnormal value was observed. For Schirmer’s test, strips were
placed over the inferior lid margin of both eyes, eyes closed and tear level was measured at 5
minutes. Results were the mean value of both eyes (dry eyes under 5 mm, intermediate results
between 5 and 10 mm). Saxon test was performed to evaluate the stimulated saliva flow
volume by weighing a cotton pad before and after the participant had chewed on it for 2 min
(normal value > 2.75 g). For heart-rate variability, the RR interval was recorded with
electrocardiogram electrodes placed on presternal region (Dantec™ Keypoint® G4, Natus,
Paris, France) during 1 minute in four conditions: normal breath (mean, variation max-
min/mean, standard deviation), deep breath (mean, variation max-min/mean, standard
deviation), 15 seconds Valsalva’s manoeuvre (max/min) and standing up from sitting position
(30"/15™ battement ratio). The individual results were compared to laboratory normative data
for age-matched healthy controls and the test was deemed abnormal when at least one
abnormal value was observed. Orthostatic hypotension was defined as a decrease in systolic
blood pressure > 20 mm Hg and/or in diastolic blood pressure > 10 mm Hg from supine to
upright position at 1, 3, 5 and 10 minutes. QST (Pathway system, Medoc, Abioz
Technologies, France) was performed on hand and foot in predominant side of Parkinson’s
disease. The baseline temperature was 32°C and the contact area of the thermode was 9.0 cm?
with ramped stimuli (1°C/s) ending when patient pressed a button. The mean threshold
temperature of at least six consecutive measurements was calculated for cold and warm
detection as well as for cold pain and heat pain. Range between detection and pain was

calculated for cold and heat stimulation. Quartiles were compared between patients, lower
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quartiles in at least one of four conditions (cold and heat on hand, cold and heat on foot) were
deemed abnormal. NCV (Dantec™ Keypoint® G4) was studied in two motor nerves (left
fibular and right tibial) and in two sensory nerves (left sural and right radial). Individual
results were compared to laboratory normative data for age-matched healthy controls, and
classified as normal, axonal and/or demyelinating neuropathy. Sudomotor function was
estimated by SSR (Dantec™ Keypoint® G4). The test was performed after a 15-min baseline
resting period. Surface electrodes were placed on palms and plants, with reference electrodes
placed on the dorsum, recorded 10-second signal after a 15 mA stimulation on the
contralateral wrist. The widest amplitude response on three measurements was used, results
were compared to laboratory normative data for age-matched healthy controls, and a
reduction in amplitude or absence was considered as ANS dysfunction.

A single skin biopsy was performed under local anaesthesia with 1% xylocaine, with
a 4-mm punch on 7-mm depth, on the lower limb (10 cm above the lateral malleolus) on the
side predominantly affected by Parkinson’s disease. Immunofluorescence was performed
using protein gene product 9.5 immunostaining and intraepidermal nerve fibre (IENF) density
was quantified at high magnification (x400) with a light microscope by two blinded operators

as previously described (Duchesne et al., 2015).

Rapid eye movement sleep behaviour disorder

Sleep clinical assessment comprised rapid eye movement sleep behaviour disorder (RBD)
history and severity by structured interview. Overnight polysomnography was performed and
interpreted according to the recommendations of American Academy of Sleep Medicine (Iber
et al, 2007). RBD was defined according to International Classification of Sleep Disorders—II
diagnostic criteria (American Academy of Sleep Medicine, 2005). When rapid eye movement

sleep was considered absent or infrequent in polysomnographic recording (< 1%), the
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diagnosis of probable RBD was considered according to a clinical interview performed by a

trained sleep specialist (LLV).

Statistical analysis

Continuous data were expressed as the mean * standard deviation and categorical data were
expressed as numbers and percentage. In order to conduct clinical-functional correlations, we
defined one or two items representative for each ANS component and dimension (symptoms,
function) whenever possible. We performed multiple comparisons (Kruskal-Wallis tests for
ordinal variables and Fisher tests for categorical variables) between these items to explore
autonomic failure associations. Clinical features of Parkinson’s disease patients with and
without skin denervation were compared with Student test for ordinal variables and Fisher
tests for categorical variables, and a logistic regression model was done to adjust these
comparisons on disease duration. Logistic regression models were also done for evaluating
correlation between autonomic symptoms or dysfunction and skin denervation or severity
criteria. Odds ratio and their 95% confidence interval were estimated. Correlation coefficients
between SCOPA-Aut and continuous variables (age, disease duration, UPDRS III total and
axial subscore, neuropsychological tests) were calculated with Spearman’s test. For all

statistical tests p<0.05 was deemed significant.

Results

Population description
Among the 45 Parkinson’s disease patients, 30 (66.7%) were men. The mean (x standard
deviation) age was 60.4 £ 7.5 years and mean disease duration was 8.7 + 6.5 years. Twenty-

seven (60%) patients were treated with a combination of several antiparkinsonian
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medications, seven (15.6%) with levodopa only, 10 (22.2%) with dopamine agonists only and
one was untreated. Mean levodopa equivalent daily dose was 810.5 + 532.9 mg. Eight
(17.8%) patients were also treated by deep brain stimulation. Mean UPDRS-III score was
21.7 £ 11.9 and mean UPDRS-III axial subscore was 7 + 4.2. Neuropsychological assessment
showed altered MMSE score (< 26) in five patients (mean 28 + 2), altered MoCA score (< 26)
in 17 patients (mean 25.5 £ 3.7) and altered MDRS score (< 135) in nine patients (mean 138.2
+ 5). There were 30 (60.7%) patients with RBD (23 with polysomnographic-confirmed RBD
and 7 with probable RBD) and 15 (33.3%) without RBD (one patient showed infrequent rapid

eye movement sleep on polysomnography and negative structured interview for RBD).

Correlations between dysautonomic symptoms and functional testing

As expected, intra-component analysis showed associations between symptoms and
functional measures of several ANS components, including tear (dry eye complaint and
Schirmer’s test) and cardiovascular functions (light-headed for some time and orthostatic
hypotension test) (Supplemental Table 1). By contrast, no significant association was
observed between abnormal QST measurements, pain and skin sensitivity complaints.
Regarding loco-regional ANS impairment, associations were observed between pupillomotor
dysfunction and dry eye complaint, dysphagia and reduced salivary flow, dysuria and fecal
incontinence, hyperhidrosis and skin sensitivity symptoms, and between hyperhidrosis and
altered QST (Supplemental Table 1). Multiple comparisons revealed a heterogeneous pattern
of inter-component associations: pupillomotor symptoms were correlated with abnormal
heart-rate variability, early abdominal fullness or skin sensitivity symptoms; sialorrhea with
constipation or abnormal Schirmer’s test; orthostatic hypotension with constipation, abnormal
QST or abnormal SSR (Supplemental Table 1). Sexual symptom and pain were not associated

with any of ANS symptom or dysfunction (Supplemental Table 1).
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Correlations between dysautonomia and peripheral ANS denervation

As a measure of small fibre neuropathy, 13 (29%) Parkinson’s disease patients showed
reduced IENF density in skin biopsy. Parkinson’s disease patients with skin denervation were
more likely to be male, had longer disease duration and higher L-dopa lifetime cumulative
dose, showed poorer MDRS score and displayed more frequently non-motor symptoms
(Table 1). After adjustment on disease duration, only poorer MDRS score remained
significant. Axonal neuropathy was diagnosed on NCV study in 15 (34%) patients, without
difference between patients with and without skin denervation (46.2% vs 29%, respectively,
p=0.31). There were no demyelinating neuropathies. When autonomic components were
compared between parkinsonian patients with and without skin denervation, only dry eye
complaint, constipation and QST were associated with skin denervation (Table 2). Three out
of four QST ranges were altered in patients with skin denervation when compared to patients
without skin denervation, reflecting functional-histological correlations (heat on hand,
p=0.03, cold on hand, p<0.01, cold on foot, p=0.03). Of note was the absence of relationship

between skin denervation, thermal intolerance and pain (Table 2).

Correlations between dysautonomia and Parkinson’s disease severity

The presence of axial symptoms in parkinsonian patients has been consistently associated to
disease severity and poor prognosis (Post et al., 2011; Kotagal et al., 2014). Regarding non-
motor features, cognitive impairment and RBD have been identified in a subset of
parkinsonian patients in whom a rapid progression rate could be expected (Fereshtehnejad et
al., 2015). We therefore investigated the possible correlation between dysautonomia and these
three severity criteria of Parkinson’s disease, i.e. cognitive alteration (MoCA < 26), axial

motor impairment (UPDRS-III axial subscore > 10) and RBD. Cognitive alteration was
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associated with cardiovascular symptoms (light headed when standing up) and dysfunction
(orthostatic hypotension) as well as with constipation (Table 3). Conversely, axial motor
impairment and RBD were not related to any of the autonomic complaint or dysfunction
(Table 3). There were no correlations between total SCOPA-Aut and age (p=0.12), disease
duration (p=0.07), cognitive alteration (MoCA, p=0.58; MDRS, p=0.21; MMSE, p=0.53) or
axial sub-score (p=0.17), however SCOPA-Aut was correlated with total UPDRS score

(r=0.32, p=0.03).

Discussion

Anatomically, the peripheral ANS can be divided into sympathetic (cholinergic and
noradrenergic), parasympathetic pathways and the enteric nervous system. Dysfunction of a
particular component causes characteristic signs and symptoms. Enteric nervous system
dysfunction is responsible for delayed gastric emptying and constipation. Parasympathetic
cholinergic failure induces constipation, hyposialorrhea, an invariable pulse rate, urinary
retention, and erectile failure, while sympathetic cholinergic failure induces decreased
sweating. Sympathetic noradrenergic failure presents as orthostatic intolerance and orthostatic
hypotension (McCorry, 2007). Dysautonomia in Parkinson’s disease encompasses a wide
range of symptoms and signs, including, among the most common, constipation, orthostatic or
postprandial light-headedness, orthostatic hypotension, urinary dysfunction, excessive or
decreased sweating and hyposialorrhea (Goldstein, 2014). Hence, in Parkinson’s disease there
seems to be a dysregulation of most if not all components of the autonomic nervous networks.

The widespread autonomic dysregulation encountered in parkinsonian patients
prompted us to carry out a comprehensive evaluation of autonomic symptoms and signs in a
prospective sample of patients affected by Parkinson’s disease. We observed several ANS

inter-component associations that were heterogeneously distributed, following either a
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locoregional or a remote distribution pattern. Apart from its expected correlation with skin
sensitivity, skin denervation was only associated with constipation and dry eye. In line with
previous studies (Doppler et al., 2014), reduced IENF density cannot be ascribed to L-dopa
potential toxicity, as L-dopa cumulative doses were similar after adjustment on disease
duration. Cardiovascular symptoms, orthostatic hypotension and constipation were more
likely to occur in parkinsonian patients with cognitive alteration; however, autonomic
complaints and dysfunction were not associated with the two other criteria of disease severity,
namely axial motor impairment and RBD (Post et al., 2011; Fereshtehnejad et al., 2015).
Most of the existing studies on ANS complaints or dysfunctions in Parkinson’s discase
have focused on single or dual components of dysautonomia, and especially on cardiovascular
dysfunction. Cardiovascular dysfunction in Parkinson’s disease, indicating predominantly
parasympathetic (hear-rate variability) or sympathetic (orthostatic hypotension) dysfunction
(Goldstein et al., 2002), has been shown to be associated with disease severity. This includes,
for example, the higher risk of developing dementia in patients with orthostatic hypotension
(Anang et al., 2014) and the higher Hoehn and Yahr stage in patients with cardiovagal
autonomic dysfunction (Kim et al, 2014). Our results, which showed that orthostatic
hypotension was strongly associated with cognitive alteration in our Parkinson’s disease
sample, are therefore in line with these previous observations. A few studies have attempted
to correlate sudomotor and skin vasomotor dysfunction with disease severity in Parkinson’s
disease (Asahina et al, 2014) and with dementia (Akaogi et al, 2009). Akaogi et al. showed
that skin vasomotor function was more severely affected in patients with dementia than in
Parkinson’s disease without dementia, while Asahina et al. noted an inverse correlation
between the amplitude of sympathetic sweat response and Hoehn and Yahr stage. Contrasting

with these results, we did not observe any association between SSR and MoCA.
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Numerous pathological studies have shown that every single component of the ANS
may be affected by Parkinson’s disease pathology. Lewy pathology has been observed in a
chain of neurons forming the sympathetic autonomic pathways including the intermedio
lateral cell column of spinal cord (Wakabayashi and Takahashi, 1997), sympathetic
paravertebral ganglia (Hartog Jager and Bethlem, 1960; Orimo et al., 2005; Beach et al.,
2010), adrenal medulla and skin nerve fibres (Ikemura et al., 2008). This pathological process
also reaches several structures of the parasympathetic nervous system (Eadie, 1963; Hunter,
1985; Halliday et al., 1990; Takeda et al., 1993; Beach et al., 2010; Braak et al., 2003; Del
Tredici et al., 2002; Braak et al., 2007) as well as the enteric nervous system (Qualman et al.,
1984; Wakabayashi et al., 1988; Beach et al., 2010). It is suggested that this widespread
distribution of Lewy pathology throughout the central and peripheral autonomic networks is
responsible for the disabling dysautonomic symptoms observed in parkinsonian patients
(Adler and Beach, 2016). At first glance, these neuropathological observations appear to be at
odds with our results, which show a patchy and heterogeneous pattern of dysautonomic signs
and symptoms in Parkinson’s disease. However, it should be kept in mind that the mere
presence of Lewy pathology in a subset of neurons does not necessarily imply that these
neurons are dysfunctional. For example, the motor symptoms of Parkinson’s disease are
driven primarily by neuronal loss rather than Lewy pathology in the substantia nigra
(Greffard et al., 2006). As such, an evaluation of the density of the autonomic neurons in the
different components of the peripheral ANS will be a critical step toward understanding the
pathophysiology of dysautonomic symptoms in Parkinson’s disease.

We confirm the results of a number of studies, which have shown a reduction of distal
IENF in Parkinson’s disease patients and a correlation of IENF density with disease duration
and disease severity (Nolano et al., 2008; Kass-Iliyya et al., 2015). In addition, we show in

the current survey that skin denervation is poorly related to dysautonomic signs and
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symptoms, as ocular dryness and constipation were the only signs to be significantly
correlated with IENF density, therefore suggesting that the mere analysis of IENF density in
skin biopsy cannot be used as a surrogate marker of ANS failure in Parkinson’s disease.

There are some limitations of this study. First, we did not perform any functional
evaluation of the lower urinary tract and digestive systems, as urodynamic testing and colonic
manometry were considered too invasive. Another aspect is the relatively small sample size of
Parkinson’s disease patients, which hinders us from further stratification of patients into
subgroups with different motor severity and/or disease duration. Finally, alpha-synuclein
deposition in skin biopsies was not evaluated in our study. The principal reason for not
performing this evaluation is that there is still an open debate about the optimized
immunohistochemical method that should be used for the detection of alpha-synuclein in skin
nerve fibers (Zange et al., 2016; Doppler et al., 2016). On the other hand, our study has
several strengths. All patients in our study had a comprehensive assessment of the ANS,
addressing a variety of non-motor outcomes. In addition, all patients had a precise evaluation
of cognitive function with three different validated scales and a confirmation of RBD by
polysomnography.

In summary, our results show that autonomic functions are affected in a heterogeneous
pattern in Parkinson’s disease. They suggest that autonomic dysfunction in Parkinson’s
disease progresses in an erratic rather than a stepwise fashion pointing out the complexity of
the pathophysiology of disease progression. They also imply that it is not possible in a single

patient with Parkinson’s disease to predict the progression pattern of dysautonomia.
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Table 1. Main clinical features of Parkinson’s disease patients with and without skin

denervation.

adjusted
PD+SD PD-SD p-value

p-value #
number, % 13 (29%) 32 (71%)
Sex, % male 12 (92.3%) | 18 (56.3%) 0.03 0.05
Age,y 62.2(7.9) | 59.7 (7.4) 0.31 0.45
Disease duration, y 11.9 (5.6) 7.3 (6.5) 0.03 /
L-dopa therapy (no, %) 12 (92%) 22 (69%) 0.14 0.39

L-dopa lifetime cumulative dose, kg 1.9 (1.4) 0.8 (1.1) <0.01 0.19

UPDRS part IIT ‘on’

total 22.1(9.6) | 21.6 (12.9) | 0.90 0.35

axial 72(34) | 69(45 | o084 0.24

Neuropsychological tests

MMSE < 26 3(23.1%) | 2(6.3%) | 0.13 0.13
MOoCA < 26 6 (46.2%) | 11 (34.4%) | 0.51 0.39
MDRS < 135 6(46.2%) | 3(9.4%) | 0.1 0.03

Overall non motor symptoms

SCOPA-Aut 229(8.0) | 19.1(7.7) | 0.14 0.33

NMS 153(3.4) | 121(47) | 0.04 0.09

t adjusted p-value on disease duration
PD+SD= Parkinson’s disease patients with skin denervation, PD-SD= Parkinson’s disease

patients without skin denervation. Data are mean (standard deviation) or number (%).
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Table 2. Correlations between autonomic symptoms and dysfunction and skin denervation.

Component Item Odds ratio p-value
Pupillo- | Symptom: oversensitivity | SCOPA-Aut Q19 1.99[0.51-7.79] 0.33
motor | to bright light
Dysfunction: altered 0.49 [0.09 - 2.69] 0.41
pupillometry
Tear Symptom: dry eye "do you complain 8.29 [1.65 -41.58] 0.01*
from dry eye?"
Dysfunction:  abnormal 7.20 [0.83 -62.55] 0.07
Schirmer’s test
Salivary | Symptom: sialorrhea SCOPA-AUT Q2 1.88[0.47 - 7.41] 0.37
Dysfunction:  abnormal Saxon’s test 1.71 [0.47 - 6.25] 0.42
sialometry
Cardio- | Symptom: light-headed | SCOPA-AUT Q14 | 2.25[0.57 - 8.82] 0.24
vascular | when standing up
Symptom: light-headed | SCOPA-AUT Q15 | 1.03[0.28 - 3.75] 0.96
when standing for some
time
Dysfunction: orthostatic 1.93[0.44 - 8.42] 0.38
hypotension
Dysfunction:  abnormal 1.67 [0.37 - 7.44] 0.50
heart-rate variability
Upper | Difficulty swallowing or NMS Q3 1.43 [0.39 - 5.26] 0.59
digestion | choking
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symptom | Early abdominal fullness | SCOPA-AUT Q4 3.33[0.77 -14.42] 0.11
LLower | Faecal incontinence SCOPA-AUT Q7 | 5.64[0.46 -68.46] 0.17
digestion | Constipation Rome Ill criteria | 5.50 [1.05-28.88] | 0.04*

symptom
Urinary | Urgency SCOPA-AUT Q8 | 1.50[0.41-5.48] | 054
symptom | Weak stream of urine SCOPA-AUT Q11 1.60 [0.43 - 5.96] 0.48
Sexual | Difficulty to have sex NMS Q19 1.83[0.48 - 6.90] 0.37
symptom
Skin | Symptom: cold | SCOPA-AUT Q20 | 0.39[0.10-1.46] | 0.16
sensitivity | intolerance
Symptom: heat | SCOPA-AUT Q21 | 0.97[0.27-354] | 0.96
intolerance
Symptom:  unexplained NMS Q10 0.77 [0.17 - 3.45] 0.73
pain
Dysfunction: altered 12.0[1.39 - 0.02*
QST >99.99]
Sudo- | Symptom: hyperhidrosis NMS Q28 0.74 [0.19 - 2.94] 0.67
motor | Dysfunction: abnormal 1.93[0.28 -13.30] 0.50

SSR

Q= item number of the questionnaire
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Table 3. Correlation between autonomic symptoms and dysfunction and Parkinson’s discase

severity criteria.

Component Cognitive alteration Axial motor RBD
impairment
Odds Ratio p- Odds Ratio p- Odds Ratio | p-
value value value
Pupillo- | Symptom: 0.73 [0.22 -|061 |[0.28 [0.06 -|0.11 |0.57 [0.16 - |0.40
motor | oversensitivity | 2.46] 1.32] 2.08]
to bright light
Dysfunction: |0.95 [0.23 -[0.95 |0.79 [0.14 -|0.80 |0.33 [0.08 - |0.12
altered 3.95] 4.55] 1.34]
pupillometry
Tear | Symptom: 142 [032 -|065 |1.18 [0.20 -|0.85 |055 [0.12 - |0.43
dry eye 6.22] 6.98] 2.45]
Dysfunction : | 0.61 [0.16 -|0.46 |4.00 [0.45 -|0.21 |0.50 [0.11 -|0.36
abnormal 2.27] 35.79] 2.19]
Schirmer's
test
Salivary | Symptom: 164 [044 -|046 [1.30 [0.27 -|0.74 [0.73 [0.19 - | 0.64
sialorrea 6.08] 6.22] 2.79]
Dysfunction: | 0.36 [0.10 0.12 |0.29 [0.05 -|0.15 |0.39 [0.11 -|0.14
abnormal 1.30] 1.57] 1.38]
sialometry
Cardio- | Symptom: 433 [1.13 -]003*[1.00 [023 -|1.00 |1.14 [0.33 -|0.83
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vascular | light-headed | 16.68] 4.35] 3.97]
when
standing up
Symptom: 3.20 [0.89 -|0.08 |200 [0.43 -|0.38 |1.49 [0.43 -|0.53
light-headed | 11.56] 9.26] 5.19]
when
standing for
some time
Dysfunction: |5.83 [1.25 -|0.02*|2.07 [041 -|0.38 |1.22 [0.27 -|0.80
orthostatic 27.16] 10.39] 5.58]
hypotension
Dysfunction: | 1.50 [0.38 -|0.57 |0.67 [0.13 -|0.62 |0.89 [0.22 - |0.87
abnormal 6.00] 3.33] 3.61]
heart-rate
variability
Upper | Difficulty 2.37 [0.69 -[0.17 [4.00 [0.85 -|0.08 |1.53 [0.42 -|0.52
digestion | swallowing or | 8.20] 18.84] 5.58]
symptom | choking
Early 1.07 [0.32 -|091 |[0.28 [0.06 -|0.11 |1.97 [0.56 -|0.29
abdominal 3.64] 1.32] 6.94]
fullnes
Lower | Faecal 3.60 [0.30 -]0.31 0.97 0.98
digestion | incontinence | 43.06]
symptom | Constipation |5.38 [1.26 -|0.02* 143 [0.31 -|0.65 |2.29 [0.64 -|0.20
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22.98] 6.64] 8.11]
Urinary | Urgency 1.03 [0.31 -|097 [2.80 [0.60 -|0.19 |0.67 [0.19 - |0.53
symptom 3.43] 13.01] 2.32]
Weak stream | 0.67 [0.20 051 |1.12 [0.26 0.88 | 2.25 [0.63 -|0.21
of urine 2.24] 4.86] 7.97]
Sexual | Difficulty to|0.22 [0.06 0.02* | 0.94 [0.20 0.94 | 1.07 [0.30 -|0.92
symptom | have sex 0.83] 4.39] 3.84]
Skin | Symptom: 1.80 [050 -|0.37 |250 [0.45 -]0.29 |0.48 [0.12 -|0.28
sensitivity | cold 6.50] 13.76] 1.84]
intolerance
Symptom: 1.03 [0.31 -|097 [550 [1.00 -|0.05 |1.00 [0.29 - |1.00
heat 3.43] 30.36] 3.46]
intolerance
Symptom: 1.25 [032 -|0.75 |[0.74 [0.13 -[0.74 |0.38 [0.10 - | 0.16
unexplained 4.82] 4.20] 1.47]
pain
Dysfunction: | 1.80 [0.50 0.37 | 1.27 [0.27 0.76 | 0.75 [0.20 - | 0.66
altered QST | 6.50] 5.93] 2.75]
Sudo- | Symptom: 0.64 [0.18 0.50 |0.88 [0.19 0.88 |0.75 [0.21 - | 0.66
motor | hyperhidrosis | 2.34] 4.14] 2.70]
Dysfunction: |1.19 [0.18 0.86 |0.97 [0.09 0.98 |0.10 [ <0.01 | 0.05*
abnormal 8.00] 9.91] -0.98]
SSR
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Discussion

Au cours de ce travail de thése, nous avons montré une altération morphologique de la BEI,
sans lien apparent avec la charge lésionnelle en synucléinopathie dans le plexus sous-
mugqueux. Par ailleurs, I'atteinte histopathologique du SNE était associée a I'atteinte probable
du locus subcceruleus dans la MP, se manifestant cliniguement par un TCSP. Enfin nous
avons étudié la répartition de la dysfonction du SNA dans ses différentes modalités et avons

observé une distribution hétérogene et éparse.

L’altération de la BEI au cours de la MP pourrait contribuer a sa physiopathologie, car elle
pourrait étre le point dentrée d'un pathogéne environnemental déclenchant la
phosphorylation et l'agrégation de l'alpha-synucléine (128). Les études portant sur les
modifications de perméabilité intestinale dans la MP reposent principalement sur la mesure
in vivo de I'absorption et I'excrétion de sucres non métabolisables (lactulose, mannitol,
sucralose). Elles ont montré des résultats contradictoires sur la perméabilité de lintestin
gréle ou du cblon (171-173). Nous avons utilisé une technique différente, la mesure ex vivo
sur des biopsies coligues montées dans des chambres d'Ussing (174). Bien que nous
n’‘observions pas de différence entre les moyennes des deux groupes, les patients
parkinsoniens présentaient des valeurs de perméabilité paracellulaire plus hétérogénes que
les témoins, dépassant de plus de 2 fois la moyenne des témoins. Des modifications de
perméabilité paracellulaire pourraient concerner un sous-groupe de patients, comme cela a
été évoqué par une autre équipe (172). Nous n’avons pas mis en évidence de facteur
explicatif a ces modifications, en I'absence de corrélation avec I'age, le traitement par L-dopa
ou la durée d’évolution de la maladie. Notre étude a montré une altération morphologique de
la BEI, avec une diminution de I'expression de l'occludine et une désorganisation des
jonctions serrées. Cette modification de I'espace intercellulaire pourrait augmenter la

perméabilité a des macromolécules de plus de 5 kDa, qui ne serait alors pas détectée par la
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mesure de la perméabilité a I'acide sulfonique (400 Da) (175). Une limitation de notre travail
est de n’avoir pu corréler les anomalies morphologiques observées a des modifications
fonctionnelles. Par ailleurs, nous n’avons pas observé de différence de perméabilité entre les
patients parkinsoniens présentant une synucléinopathie dans le SNE et ceux dont les
biopsies coliques étaient indemnes. Ainsi, la pathologie de Lewy dans le plexus sous-
muqueux ne se traduirait pas physiologiqguement par une dysrégulation de la BEI.

Des anomalies des protéines de jonction ont également été observées dans des tissus
inflammatoires, et non dans les tissus sains, chez des patients atteints de maladies
inflammatoires chroniques de l'intestin (176). Notre équipe a précédemment mis en évidence
une augmentation des cytokines pro-inflammatoires (tumor necrosis factor alpha, interféron
gamma, interleukine 6 et interleukine 1 beta) et de marqueurs d’activation gliale (GFAP (Glial
fibrillary acidic protein) and Sox-10) dans des biopsies du c6lon ascendant (177). Ces
marqueurs étaient corrélés négativement avec la durée d’évolution de la MP et n’étaient pas
associés aux lésions de synucléinopathie (177). Nous avons confirmé ces résultats par une
étude montrant un niveau d’expression de la GFAP supérieur dans la MP, en comparaison
avec une population contréle et des patients atteints d’atrophie multisystématisée et de
paralysie supranucléaire progressive (178). Ces données renforcent ainsi I'hypothése d’'une
implication de la réactivité gliale dans [linitiation et/ou la progression du processus
pathologique dans la MP (179,180). Dans un modéle animal de MP, l'injection intestinale de
lipopolysaccharide induisait une augmentation de la perméabilité intestinale initiale
(probablement colique), puis une normalisation de cette perméabilité parallelement a
I'accumulation d’alpha-synucléine phosphorylée dans le plexus myentérique (181).

Ces données sont en adéquation avec I'’hypothése de Braak, reposant sur une progression
du processus pathologique a travers le SNE, dans le plexus sous-muqueux, se propageant
au plexus myentérique puis au SNC via le nerf vague (137,140). Ainsi, chez le rat, I'alpha-
synucléine (sous forme de lysat, de monomére, d’oligomére ou de fibrille) injectée dans la

paroi gastrique et duodénale, a proximité du plexus myentérique, est transportée via les
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fibres cholinergiques du nerf vague jusqu’au noyau moteur dorsal du vague, mettant en jeu
des transports axonaux de vitesses différentes (182). Par ailleurs, une étude sur des
registres nationaux danois a mis en évidence une réduction de 15% du risque de MP a long
terme aprés vagotomie totale (183). Néanmoins, les données statistiques étant a la limite de
la significativité, elles nécessitent d’étre répliquées (184,185). Parallelement & une potentielle
voie d’entrée digestive, I'existence d’une hyposmie dés le stade prémoteur de la MP suggére
que le bulbe olfactif pourrait également étre la porte dentrée d'un pathogéne
environnemental (186,187). Les propriétés de propagation d’'un neurone a l'autre de l'alpha-
synucléine, sur le modéle de la protéine prion, supportent également cette hypothése de
diffusion (103,105,180).

Des explorations complémentaires concernant une éventuelle porte d’entrée digestive sont
nécessaires. L’atteinte histologique du SNE suivant un gradient rostro-caudal
(85,123,124,188), I'étude de la BEI gastrique et duodénale permettrait de comprendre de
potentiels mécanismes de linitiation de la MP. Par ailleurs, l'altération du microbiote
intestinal pourrait jouer un réle dans la pathogénie de la MP (187,189). Les modifications du
microbiote chez les patients parkinsoniens sont explorées de maniere récente, montrant une
augmentation des populations supposées pro-inflammatoires et une réduction des
populations supposées anti-inflammatoires (190), une dysbiose modifiant la perméabilité
intestinale et réciproquement (191) et une corrélation avec des phénotypes cliniques de la
maladie (192). La dysbiose favorisant la biosynthése du lipopolysaccharide (190), elle
pourrait expliquer l'inflammation de bas grade et I'activation gliale observées plus volontiers
dans le cblon des patients en début de maladie (177). L’étude du microbiote dans la MP n’en
est qu’a ses débuts, il ouvre un large champ de recherches qui devront s’affranchir des effets

du mode de vie (tabac, café) et des médicaments (193—-196).

Dans notre deuxieme étude, nous avons montré que le TCSP au cours de la MP était

associé a la synucléinopathie dans le SNE. La coincidence entre l'atteinte du SNE et celle
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du locus subcceruleus au cours de la MP est également compatible avec le scénario de
Braak (137). Cependant, les durées d'évolution ne différant pas entre les patients
parkinsoniens avec et sans TCSP, notre étude n’est pas en faveur d’'une gradation
chronologique dans I'apparition de ces atteintes, mais plutét de profils de MP différents (3).
Nos données supportent I'existence de formes de MP plus agressives et plus diffuses, les
patients avec TCSP étant plus agés et plus sévéres sur le plan moteur (UPDRS). De
nombreuses études cliniques ont montré que les parkinsoniens avec TCSP présentaient plus
d’éléments de gravité de la maladie, tant sur le plan des symptdbmes neuropsychiques
(159,161,165,166), que moteurs (167) ou dysautonomiques (31). A la différence de certaines
études, nous n’avons pas observé plus de constipation et d’hypotension orthostatique chez
les patients parkinsoniens avec TCSP que sans (31,197). Une étude autopsique a montré
qgue les patients parkinsoniens avec TCSP présentaient une augmentation de la charge
Iésionnelle en alpha-synucléine par rapport a des patients parkinsoniens sans TCSP, dans 9
régions encéphaliques d'intérét (sur 10 analysées), comprenant le locus cceruleus,
'amygdale, les noyaux du nerf vague, le cortex entorhinal ou le cortex cingulaire (198).
Enfin, le TCSP pourrait étre particulierement liée a I'accumulation anormale d’alpha-
synucléine dans la MP, plutét qua d’autres mécanismes déléteres évoqués dans la
physiopathologie de la MP tels qu’une altération mitochondriale, un stress oxydatif ou une

réaction inflammatoire (198,199).

Des signes d’atteinte extra-nigrale, tels que le TCSP ou les troubles cognitifs, apparaissent
liés a la gravité de la MP (4). Nous avons voulu étudier la diffusion de la MP a I'ensemble du
SNA afin d’en déterminer la place au cours de I'histoire naturelle de la maladie et le lien avec
sa séverité. Notre étude systématique des modalités du SNA chez 45 patients parkinsoniens
montre que la dysfonction autonomique ne semble pas suivre une progression par étapes,
au fil de la maladie, mais se répartit de maniére éparse et asynchrone. Ainsi, si certaines

atteintes peuvent suggeérer une composante locorégionale (dysfonction pupillaire et
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sécheresse oculaire par exemple), les corrélations intermodalités montrent des associations
ponctuelles, sans lien physiopathologique apparent, ne partageant notamment pas de
mécanisme orthosympathigue ou parasympathique commun. Des associations
locorégionales avaient auparavant été mises en évidence, notamment entre l'incontinence
urinaire et I'incontinence fécale (57). Certaines associations intermodalités du SNA ont fait
I'objet d’études, indiquant un lien entre la dysfonction cardio-vasculaire et la dysfonction
sudorale (200,201) ou la dysfonction pupillaire (202). Notre analyse plus globale du SNA ne
confirme pas ces données. Nous avons utilisé la dénervation cutanée comme gold standard
de l'atteinte histopathologique du SNA cutané, non liée a un potentiel effet toxique de la L-
dopa (203), et nous n’avons observé des corrélations intermodalités qu’avec la constipation
et la plainte de sécheresse oculaire. Les conclusions de notre étude peuvent étre limitées
par la taille de notre échantillon ne permettant que difficilement des explorations sous forme
d’analyse en clusters. Nous avons cependant réalisé des études statistiques exploratoires
dont les résultats étaient négatifs (données non publiées).

Une étude sur questionnaire s’était attachée a explorer de maniére compléte le SNA en
2002, et de maniére intéressante, les auteurs n’avaient pas observé de corrélation entre les
symptémes dysautonomiques dans leur ensemble ou la dysfonction gastro-intestinale avec
la sévérité de la maladie (age, durée d’évolution, échelle de Hoehn et Yahr, échelle de
Schwab et England et score moteur), échouant dans I'élaboration d’'un modéle statistique
prédisant la dysautonomie (204). Nos données sont concordantes avec ces résultats. En
effet, nous n’observons pas de corrélation globale de la dysautonomie avec la gravité de la
MP (corrélation de la SCOPA-Aut uniquement avec 'UPDRS total) et, seules la constipation
et I'hypotension orthostatique (symptomes et test fonctionnel) apparaissent corrélés a
I'atteinte cognitive. La dysautonomie dans son ensemble ne peut ainsi pas étre considérée
comme un marqueur de gravité de la MP. Cependant, en adéquation avec de précédentes
études, la constipation et I'hypotension orthostatique apparaissent comme des facteurs

prédictifs de séverité de la MP (197,205-207).

103



Nous souhaitons poursuivre I'exploration de la dysautonomie dans la MP par une étude
longitudinale de notre échantillon de patients parkinsoniens, portant sur I'évolution des
symptomes et des dysfonctions autonomiques a 5 ans de leur premiere évaluation. Cette
étude physiopathologique pourrait nous indiquer une éventuelle organisation temporelle des
dysfonctions en lien avec une susceptibilité a la synucléinopathie des différentes fibres pré et
post-ganglionnaires, orthosympathiques (cholinergiques ou catécholaminergiques) et
parasympathiques. En effet, des données expérimentales chez le cochon d’inde et sur des
biopsies coliques humaines suggeéerent que l'alpha-synucléine est principalement localisée
dans les neurones cholinergiqgues du SNE (208). Les fibres cholinergiques pourraient étre
particulierement vulnérables a I'accumulation pathologique d’alpha-synucléine, comme cela
a été montré dans des noyaux du tronc cérébral (209). Ces données pourraient expliquer la
préservation des neurones catécholaminergiques des plexus sous-muqueux et myentériques
au cours de la MP, puisqu’il n’a pas été mis en évidence de perte neuronale dans des études
récentes autopsique et in vivo (76,130). Elles pourraient également expliquer certains
symptdmes dysautonomiques observés au cours de la MP. Ainsi, I'évolution au cours du
temps de la dysfonction cardiovasculaire pourrait nous aider a comprendre ses mécanismes
(par exemple : altération de la variabilité de lintervalle RR d’origine parasympathique vs
hypotension orthostatique de mécanisme adrénergique prédominant) (66). De la méme
maniére, l'étude de la réactivité pupillaire permettrait de distinguer une dysfonction
parasympathique d’une atteinte orthosympathique (66).

Enfin, la corrélation clinicopathologique entre la synucléinopathie et les symptdomes
dysautonomiques demeure imprécise. Les données de notre équipe concernant le lien entre
la synucléinopathie dans le plexus sous-muqueux et la constipation sont contradictoires (pas
de corrélation dans des données non publiées et corrélation dans 83). De plus, une
synucléinopathie cutanée peut étre observée précocement au cours de la MP, en I'absence

de symptomatologie clinique (210). Des études complémentaires de corrélation anatomo-
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clinique sont nécessaires, afin de clarifier le réle de la pathologie de Lewy dans la genese

des symptémes.
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Conclusion

Ce travail de these a permis d’explorer I'implication du systéeme nerveux autonome dans
I'histoire naturelle de la MP. Chez certains patients, 'altération de la BEI pourrait contribuer a
linitiation de la maladie en permettant la transmission d’'un pathogéne environnemental au
plexus sous-muqueux, déclenchant [I'agrégation anormale de [l'alpha-synucléine
phosphorylée au sein des terminaisons axonales des neurones du SNE, puis, suivant une
progression ascendante, jusqu’au soma des neurones. L’alpha-synucléine agrégée pourrait
se propager de proche en proche, a travers le plexus myentérique, le nerf vague jusqu’au
noyau moteur dorsal du vague. Aprés avoir atteint le tronc cérébral, le processus
pathologique pourrait alors gagner le complexe cceruleus-subcceruleus, se manifestant
cliniguement par un TCSP, que nous avons montré lié a I'atteinte du SNE. Cette pathogénie
de la MP ne pourrait concerner qu’un sous-groupe de patients, plus séveres, d’autres portes
d’entrée de la maladie étant évoquées. La diffusion de la MP a I'ensemble du SNA ne
suivrait pas une progression chronologique définie, mais apparait comme éparse et
erratique. Néanmoins, I'atteinte du SNA cardiovasculaire et la constipation semblent étre des
marqueurs de gravité de la MP, associés aux troubles cognitifs, et donc a une diffusion

cortico-sous-corticale de la pathologie.
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HIGHLIGHTS

# Lewy pathology is present in the major salivary glands in PD.

# Lewy pathology was assessed in minor salivary glands biopsies in 16 PD patients.

# Lewy pathology was found in 3 out of 16 PD patients.

# Dur results do not support the use of minor salivary glands biopsy for the detection of Lewy pathology.
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The recent demonstration of the presence of Lewy pathology in the submandibular glands of Parkinson's
disease {PDY) patients prompted us to evaluate the diagnostic performance of minor salivary gland biopsy
for PD. Minor salivary glands were examined for Lewy pathology using phosphorylated alpha-synuclein
antibody in 16 patients with clinically diagnosed PD and 11 control subjects with other neurological
disorders. Abnormal accumulation of alpha-synuclein was found in 3 out of 16 PD patients. Two control
subjects exhibited weak phosphorylated alpha-synuclein immunoreactivity. Our results do not support
the use of minor salivary glands biopsy for the detection of Lewy pathology in living subjects.

© 2013 Elsevier Ireland Led. All rights reserved.

1. Introduction

PD is anatomically characterized by the progressive loss of
dopaminergic neurons in the substantia nigra and the appearance
of intracellular inclusions, named Lewy bodies and Lewy neurites
whose main component is aggregated alpha-synuclein [8]. Com-
prehensive autopsy surveys have nevertheless demonstrated that
Lewy pathology is much more extensive affecting brain regions
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other than the substantia nigra and also peripheral nervous systems
2]

Some of the peripheral neurcnal circuits affected by Lewy
pathology are accessible to biopsies [11,12,14-16], making them
an original source of markers that will directly assess the neu-
ropathological process in living PD patients [13]. Because of the
high density of Lewy pathology in the autonomic innervation of
the submandibular gland | 2.7], a recent report suggested that this
major salivary gland might represent a promising biopsy site for
PD [ 1]. This is however unlikely as histological analysis of the sub-
mandibular gland can only be achieved through incisional biopsy,
an invasive procedure not devoid of complications [ 10]. Conversely,
minor salivary gland biopsy is safe and routinely performed for
diagnostic purposes [G). A pilot study found alpha-synuclein aggre-
gates in the minor salivary gland biopsy in 2 PD patients but these
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Table 1

Demographic and clinicopathobogical features of patsents with Parkinson's disease.
UPDRS: the Unified Parkinson's Disease Rating Scale; Phospho-syn: immunoreactiv-
ity for phosphorylated alpha-synudein. NA: not assessed: ++: robust: —: negative.

PO patient SEX Age Disease UPDRES Il Phospho-syn
number duration
1 M 73 21 MNA -
2 M 53 E 38 -~
3 F 76 1" MNA -~
4 M 73 10 26 -
5 M b o kTl -
[ F Fi 13 51 -
7 F &5 12 14 -
B M [ E 38 -
q F [ 16 51 -
10 M 63 14 28 -
11 M 71 26 34 -
12 F 51 11 49 -~
13 F 61 ] 30 -~
14 M 49 1" 13 -
15 M 62 E 22
16 F 70 10 34

preliminary results have to be confirmed [4]. We therefore under-
took the present research to determine whether Lewy pathology
can be detected in minor salivary gland biopsy in a larger popu-
lation of PD and hence be used for a premortem diagnosis of the
disease.

2. Patients and methods

Sixteen patients with PD who were diagnosed according to the
United Kingdom PD Society Brain Bank [9] (9 male, mean age
66,6+ 10, Table 1) and 11 subjects with other neurclogical disor-
ders {4 male, mean age 50.7 + 16, Table 2) participated in the study.
Both PD patients and controls were excluded if they had Sicca syn-
drome. All controls underwent a neurclogical examination to rule
out PD symptoms. For PD patients, motor impairment was assessed
by the Unified Parkinson's Disease Rating Scale (UPDRS) Part Il
in off-state. No genetic screening was performed in PD patients.
This study was carried out in accordance with the Declaration of
Helsinki, conducted with the approval of the local Ethical Commit-
tee (Comité de protection des personnes Ouest VI, Brest, France) and
registered on ClinicalTrials.gov (identifier NCT01748409). Written
informed consent was obtained from each participant.

All minor salivary glands specimens were obtained by a unique
biopsy technigue that was performed through normal-appearing
mucosa in the lower labial mucosa between the midline and com-
missure. Anesthiesia was obtained with local infiltration of 2%
¥ylocaine with vasoconstrictor. The lip was everted and a single

Table 2

Demographic and clinicopathological features of control subjects with other neu-
robogical disorders. CIDF; chronic inflammatory demyelinating polyneuropathy:
Phospho-syn: immunoreactivity for phosphoryated alpha-synuclein; +: positive;
—: niegative; +: weak/dubsous.

Control SEN Age Diagnosis Phospho-syn
number
1 F Bl Cior -
2 F &0 Multiple sclerosis -
3 M 48 Myelitis -
4 F TE Vascular lewcopathy -
5 M 70 Faraneoplastic -
[ F 57 Cranial multineuroapthy =
7 M 41 Cranial multineuropathy -
B F 23 Peripheral neuropathy -
2] F B3 Peripheral neuropathy -
10 F 3B Multiple sclerosis =
11 M 40 Myelitis .

Fig 1. Photomicrograph of immunochistochemical staining for phosphorylated
alpha-synuclein in paraffin sections of a minor salivary gland showing a Lewy-like
neurite around an acinus (arrow, patient 1) Scale bar: 20 pme

1.5-2 cm horizontal incision was made through the mucosa. The
salivary glands were then released from their surrounding fascia,
removed separately and immediately fixed with paraformalde-
hyde. Serial 4-pum section of paraffin embedded tissue samples
were cut and stained with Hematein-Eosin or incubated with anti-
phospho-alpha-synuclein antibody { 1:10,000, Wako, Osaka, Japan).
All procedures were done using Leica-BOND [l instruments. Sec-
tions were examined under a Zeiss microscope with AxioVisio 4.6
software. For each sample 3 levels of minor salivary gland were
blindly examined by a neuropathologist (FLL

3. Results

Robust phosphorylated alpha-synuclein immunostaining was
observed in minor salivary glands biopsy in 3 of 16 patients with PD
(Fig. 1and Table 1}, while weak immunoreactivity was observed in 2
control subjects (Table 2). These phosphorylated alpha-synuclein-
positive structures were mainly located in the pericacinar stroma
in both PD patients (Fig. 1) and controls.

Mo complications occurred after the biopsy procedure either in
PD patients or control subjects.

4. Discussion

This study was primarily aimed at assessing whether minor sali-
wvary glands biopsy can be used as a routine diagnostic tool for
the detection of Lewy pathology. Accordingly, we chose a con-
ventional immunohistochemical method and examined 3 sections
per biopsy. Definite Lewy pathology was observed in 3 of 16 PD
patients.

Recently, two autopsy studies shed light on major salivary
glands as a potential source of biopsiable markers for PD diagno-
5is [27]. Both surveys consistently showed that Lewy pathology
was detectable at high density in the submandibular gland of
almost all PD patients (99 and 22/23 cases, respectively). These
results led Beach and collaborators to simulate needle core biopsy
of submandibular glands that had been frozen at autopsy using
a 18-gauge needle [1]. They demonstrated the presence of alpha-
synuclein immunoreactive structures reminiscent of Lewy neurites
in 17 of 19 PD patients when 3-4 tissues core per gland were ana-
Ilyzed [ 1]. Although encouraging, these results have been obtained
on autopsy material and there is still a critical need for studies
that will assess the feasibility and safety of submandibular gland
biopsy and/or needle biopsy in living patients. Fine needle aspi-
ration of the submandibular glands have been performed for the
detection of tumoral cells in living patients [5], but is unlikely that
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such a procedure that only gives access to smears of epithelial
cells, will allow to detect Lewy pathology. Owing to the risk of
injury of the marginal mandibular branch of the facial nerve, its
analysis will probably never become a routine biomarker for PD
[10].

By contrast, labial minor salivary glands biopsy is a technically
simple, safe and straightforward procedure |3 ). Moreover, the anal-
vsis of minor salivary glands allows the identification of autonomic
fibers innervating both the acini and blood vessels, potentially mak-
ing it an interesting biopsy site for the detection of Lewy pathology
and hence for the diagnosis of PD. Our results, however, do not sup-
port this assumption as the sensitivity of this technique to detect
Lewy pathology is only 19%, contrasting with the 100% sensitivity
found when large submandibular gland sections were examined
[1]. A potemtial explanation for these discrepancies is that the
involvement of the accessory salivary gland with Lewy pathology
could be too sparse to allow a high diagnostic sensitivity. One could
also argue that the number of accessory salivary glands examined
in our study is too small to reproducibly identify Lewy pathology.
Nevertheless, performing biopsy with a larger incision in order to
remove and analyze more minor salivary glands samples would go
beyond the routine procedure and therefore increase the rate of
complications such as lip numbness and bleeding [G].

In conclusion, due to its lack of sensitivity, our results do not
support the use of routine labial biopsies for the detection of Lewy
pathology in PD patients.
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Abstract

Enterc glial cells (EGCs) are in many respects similar to
astrocytes of tha central narvous system and exprass similar
protains including glial fibrillary acidic protein (GF AP). Changes
in GFAP expression and/or phosphorglation have been
reported during brain damage or central nervous syskem
dagenaration. As in Parkinsor's disease (PD) the enterc
naurons accumulate s-synuclein, and thus are showing PD-
specific patological features, we undertook the prasant survey
to study whathar the enteric glia in PD bacome reactve by
assessing the expression and phosphorylation levals of GFAP
in colonic biopsies. Twanty-four PD, six progressive supranu-
clear palsy (PSP), six multiple system atrophy (MSA) patents,
and 21 age-makhed healthy controls weme included. Tha
expression lavals and the phosphorylation state of GFAP ware
analvzed in colonic biopsies bv westarn blot Additional

expaimants ware parformed using realtime PCR for a mora
pracise analysis of tha GFAP isoforms expressed by EGCs. Wa
showed that GFAPx was the main isoform expressed in EGCs.
As compared to control subjects, patiants with PO, but not PSP
and MSA, had significart highar GFAP expression levels in
their colonic biopsies. The phosphonylation level of GFAP at
serina 13 was significantly lowar in PD patients comparad to
control subjects. By contrast, no change in GFAP phosphor-
ylation was abserved batween PSP, MSA and contols. Our
findings provide evidence that entanc glial reaction occurs in
PD and furthar reinforce the role of he entaric nervous system
in the iniiation and/or the prograssion of the diseasa.
Keywords: enterc glial cells, enteric nervous system, glial
fibrllary acidic protein, multiple system atrophy, Parkinson's
disease, progressive supranuclear palsy.

J. Newrochem. (20140 130, BO5-815.

Read the Editarial Highlight for this artide on page 729,

Glial fibrillary acidic protein (GFAP) 15 a major constituent
of ghal mtermediary filaments that form the evtoskeleton of
mature astmeytes. To date, mine splice vanants of GEAP
have been described in the human central nervous system
(Kamphuis er al. 2014). GFAPa is the canonical isoform and
most af the immunohistochemical studies on astroghia have
used amtibodies that do not disoiminae bhetween GFAP
isoforms. The assembly of GFAP is controlled by s
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phosphorylation state, as its soluble phosphorylated pool is in
dynamic equilibrium with the polymerized non-phosphory-
lated fraction of the protein (Inagaki er al 1994). Several
lines of evidence support a tight regulation of GFAP in
neural development and also in the pathophysiology of
several neurodegenerative disorders (Middeldorp and Hol
2011). GFAP gene mutations have indeed been associated
with the fatal neurodegenerative condition Alexander disease
(Yoshida and MNakagawa 2012). Furthermore, changes in
GFAP expression and phosphorylation have been consis-
tently reported in the central nervous system during neuro-
degenerative  disorders such as  Alzheimer’s  disease,
frontotemporal dementia, and Parkinson’s disease (PD)
(Damier er al 1993; Korolainen e al 2005, Herskowitz
et al. 2010; Kamphuis er al 2014).

Astrocytes in the central nervous system are not the only
cell type to express GFAP. In the early eighties, Jessen and
Mirsky convincingly demonstrated that the glial cells in the
enteric nervous system (ENS) were also immunoreactive for
GFAP (Jessen and Mirsky 1980). This led to a reappraisal of
the function and morphology of these glial cells, which were
hitherto defined as Schwann cells. There is now a large body
of evidence to support that the so-called enteric glial cells
(EGCs) are in fact the digestive counterparts of central
nervous system astrocyvtes (Gulbransen and Sharkey 2012).
EGCs lie adjacent to the neurons in the enteric ganglia and
envelop both the neuronal cell bodies and the axon bundles,
an aspect that is highly reminiscent of the close relationship
between astrocytes and neurons in the central nervous system
(Jessen and Mirsky 1983). EGCs and astrocytes are also
similar at the molecular and functional levels as they share
electrophysiological and neuroprotective properties (Hanani
1993 ; Hanani er al. 2000; Abdo er al 2010; Boesmans e al.
2013). In contrast to astrocytes, EGCs are readily accessible
to biopsy and can therefore be analyzed in living patients
(Lebouvier e af. 20108 Neunlist er @l 2013). A routine
colonic biopsy enables analysis of both mucosal and
intraganglionic submucosal populations of BGCs and this
approach has been used to demonstrate that GFAP is up-
regulated in the gut of patients with inflammatory bowel
disease (Boyen von ef al. 2011).

It has become evident over the last 20 vears that PD is
not only a neurode generative brain condition but also a gut
disorder (Cersosimo and Benarroch 2008; Derkinderen
et al. 2011). Gastrointestinal symptoms are prominent
non-maotor manifestations of the disease (Edwards er al
1993) and newropathological studies showed the presence of
Lewy pathology in the enteric neurons in the vast majority
of patients (Beach er al 2009). Our recent results showing
an increase in total GFAP mRNA in the colon of PD
patients suggest that enteric Lewy pathology in PD does not
occur in isolation and may be accompanied by enteric glial
reaction (Devos e al 2013). In this smdy, we extended
these preliminary results by determining whether this

increase in GFAP expression is specific for some isoforms
and whether associated post-translational modifications are
invoved.

Patients and methods

Subjects

A total of 57 subjects participated in this stedy: 24 PD, =ix
progressive supmnuclear palsy (PSP), and six multiple system
atrophy (MSA) patients as well as 21 healthy controls. PIY patients
aged 4075 yeam wene recruited from the movement disorder clinic
at Nantes Univemsity Hospital, France. Diagnosis was made accord-
ing to critenia provided by the United Kingdom Parkinson s Disease
Survey Bran Bank (Hughes o al. 2002). PSP and MSA patients
fulfilled the diagnostic criteria for possible or probable PSP (Litvan
a al 1996) and MSA (Gilman er al. 2008), respectively. Control
subjects were healthy subjects who had a nomal colonoscopy
performed for colorecal cancer screening. All controls subjects
underwent a detsiled neumlogical examination to rule out FD
symptoms and cognitive  deficiency. The study pmtocol was
approved by the local Commttee on Ethics and Human Research
(Comite de Protection des Personnes Ouest VI, conformed to the
Code of Ethics of the World Medical Association (Declamtion of
Helsinki) and registered on ChmicalTrals.gov (dentifier NCTO0
401062 and NCTO1353 183, Wntten informed consent was obtaimed
from each patient and from each nomal volunteer.

Endoscopic procedure and colonic biopsies

Four biopsies wer taken in the sigmoid/descending colon during
the course of a ectosigmoidoscopy for PD, PSP, and M5 A patients
and during a colonoscopy for control subjects. A follow-up call was
scheduled 15 days after the endoscopic procedure. Biopsies wens
performed uzing standard hiopsy forceps without needle (FE210K:;
Olympus co., Tokyo, Japan). Two biopsies wene stored at —80°C in
lysis buffer RA1 (Macherey-Nagel, Hoendt, France) for further
analysis by real-time PCE and immunoblotting. The two remaining
hinpsies were snap frozen in liquid nitmgen at the time of collection
and kept at —8(PC.

Rat enteroglial cell line and treatment with serine/threonine
phosphatases inhibitors

Enteric glial cell line was penerated and cultured a5 previously
described (Van Landeghem er al. 20110, At confluence, cells wemn
treated with a cocktuil of three phosphatase inhibitos for broad-
spectrum inhibition of serine/threonine phosphatases including 1 pM
okadaic acid, 5 pM ciclsporine A, and 6.75 pM  sanguinarine
(Sigmua, Saint Quentin Fallavier, France) for 3 h or with vehicle (100
mhd NaCl, 2 mM EDTA, 50 mM Tris-Cl, pH 7.4, and 50 mM MNaF ).

Human brain sample

A coronal frozen section of a human brain devoid of neumdegen-
erative pathological changes passing through the head of caudate
mucleaus (spproximately 10 mm thick) was kindly provided by Pr
Charles Duyclaerts, CRICM, Salpétrigne, Pans, France. Samples of
frontal cortex and subventricular zone (5VE) were taken and lysed
in NETE (100 mM NaCl, 2 mM EDTA, 50 mM Tris-CL pH 7.4, and
50 mM MNaF) buffer (protein concentration: 12 pg/pl. for undiluted
oortex sample and 2 pgdpl. for undiloted 5VE sample) for westem
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blot analyses (see below). Because GFAPS 1s mainly observed in the
adult 5VE, a lvsate of this bruin region at a 1 : 10 dilution was used
for the evaluation of the expression of this specific isoform (Roelofs
et al. 2005). Lysate of frontal cortex either diluted at 1 : 10 or
1 @ 1000 was used for the evaluation of the expression of all others
GF AP isoforms.

Western blot

Following ENA isolation, total proteins from the two-pooled
biopsies wen: precipitated and prepared for polyacrylamide gel
electrophonzsis (PAGE) using protein precipitator and msuspension
buffer [Protein solving buffer and TCEP (tris(2-carboxyethyl)
phosphine) reducing agent, PSBSTCEF] from NudeoSpin Trprep
Kit {Macherey-Nagel, Hoerdt, France) according to the mamfac-
turer's instructions. For additional expenments on GEAP isoforms
and phosphorylation, the two remaining biopsies that weme dry
fromen and stored at —B(PC wene lysed in NETF buffer containing
1% (viv) IGEFALE CA-630, 2 mM orthovanadate, phosphatase
inhibitor cocktail 11 (Roche, Newilly sur Seine, France) and a
protease inhibitors cocktail (Roche) wsing the “Precellys 24" tissue
homogenizer (Bertin technologies, 5t Quentin-en-Y velines, France)
and followed by somcation with “vibrcell 75 186" device {Sonics,
Mewton, CT, USA). Human brain samples and BEGCs were
processed in the same way. Total protein was quantified using a
Manodrop 2000 spectrophotometer (ThermoFisher Scientific, Cille-
bon sur Yvette, France) for samples prepared with PSBTCEF and
bicinchoninic acid protein assay kit (Fierwe Thermo Scientific,
Ilkinch, France) for samples lysed in NETF buffer. Equal amounts
of lysate were separated wsing the Invitrogen NuPage Novex Bis
Tris MiniGels™ together with the 24{N-mormpholino jethanesulfonic
acidfsodium dodecyl sulfate (MES-5D5) mnning buffer before
electrophometic transfer to nitmedlulose membranes with the iBlot™
Dry Blotting System also from Invitmgen (Invitrogen, Cergy-
Fontoise, France). In some experiments, the MES-5D5 buffer was
replaced by the 3-mompholinopropane-1-sulfonic acid/sodium dode-
cyl sulfate (MOPS-5D5) mnning buffer. Membmnes were blocked
for 1 h at 25°C in Tns-buffered saline (TBS) (150 mM NaCl,
15 mh Tris, 4.6 mM Tris Base, pH 74) with 5% non-fat dry milk
and incubated ovemight at 4°C with the primary antibodies. Details
on the primary antibodies aganst GEAP are summarized in Table 1;
mouse monoclonal anti-f-actin antibody was from Sigma and used
at 1 @ 10 (0} rabbit anti-extracellular signal-regulated knases was
from Cell Signaling (Ozyme, Saimt Quentin en Yvelines, France)
and used at 1: 1000. Bound antibodies were detected with
homeradish peroxidase-conjugated anti-mbbit, anti-mouse antibod-
ies (Amersham, Les Ulis, Frunce: diluted 1 : 50000 or anti-goat
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antibody (Sants Cruz Biotechnologies, Cliniscience, MNantermre,
France; diluted 1 : 3000} and visualized by enhanced chemilumi-
nescent detection (ECLPrime, Amersham). When necessary, mem-
branes were stippad for 15 min in Heblot buffer Stong™
(Milliporz, Molsheim, France) followed by extensive washing in
TBS before reblocking for 30 min in TBS with 5% non-fat dry milk
and mepmobing. The reevant immunoreactive bands were quantified
with laser-scanning densitometry and analyzed with NIH Image ]
software, To allow comparison between different autoradiographic
films, the density of the bands was expressed as a percentage of the
avemge of controls. The value of GFAP was nommalized to the
amount of betwactin or extmeellular signal-regulaed  kinases
(ERK=), for comparison between biopsiss and betwesn biopsies
and bmin samples, rspectively, in the same sample and expressed
a5 a percentage of the average of controls. Phospho-GEAF
immunareactivity was normalized to GEAP immunoreactivity .

Membrane dephosphorylation

The specificity of the pSerl3 antibodies (Table 1) was tested using
western blotting and dephosphorylation treatment. Protein homo-
genates wene electrophomesed, transferred to nitrocellulose mem-
brane, and blocked for 1 h in TBS with 5% non-fat dry milk as
performed above. The membrane to be dephosphorylated was
placed in buffer (50 mM sodium acetste at pH 55 and 0.1%
Tween 20) with 05 mgmL acad phosphatase (Sigma) and
incubated overnight at 37*C with gentle agitation. The contml
membmne wis processed similarly but without acid phosphatase.
Westemn blotting and stipping of membranes were performed as
ahove.

Real-time PCR analysis

Total BNA (1.0 pg) was DNase 1 treated and used as a template to
generate cDMA following the mamufacturer’s instructions {Chuanti-
Tect Reverse Trnscription Kit-Qiagen, Courtaboeuf, France) with a
blend of oligo-dT' and random hexamer primers. The reverse
transcriptise meaction was incubated at 42°C for 30 min. The
resulting cDMA was diluted 1 : 30 and served as a template in nzal-
time gPCR assays (SYBR-Gmen PCR Master Mix: Applied
Bimsystems, Courtsboeuf, France). Primers were generated for the
specific GFAP isoforms and tested for efficiency. The PCH signal
wis nomalized against a set of reference genes to contml for
varnability in the amount and quality of the ENA. Pimer specificity
and sensitivity are tested on dilution series of cloned GEAP isoforms
to prevent unwanted cross-amplification of GFAPz, the most
ahundant tmnscript; details and primer sequences were described
previously (Kamphuis ef al. 2004).

Table 1 Human GFAP isoform-specific antibodies used in the presant study

Mama Specificity Epitopa Sounce and dilution

PanGFAP o, &, Kk, A135, AsxE A164 Fuldangth GFAP cow Dako, Las Uiis, France, rabbit polyclonal 20334 (1 : 2000)
GFAPmano a, &, Kk, A135 ITIPVOTFSMNLOIR Sigma, mouse monodonal GAS (1 : 1000)

GFAP M4arm =, &, k, A135 MERRRITSAARRSYVSSGEMMY  SCET, mouse monoclonal F-2 (1 : 500)

GFAP C4arm =, A135 EMRDGEVIKESKQEHKDVM SCBT, goat potyclonal C-18(1: 500)

GFAP & & QAHOIVNGTPPARG Millipora, rabbit palydonal (1 : 500)

GFAP & K SLGAFVTLORS MNIN, rabbit pohyclonal (1 : 500)

pSari3 B5ar3 aa saquance around BSar13 SCET, rabbit palyclonal (1 : 1000}

© 2014 Intemational Society for Neumchemistry, S Mewrocheme (2014) 130, B05-815
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Statistics

All data are given as the mean + SEM. For comparisons of means
between gmoups, a Mann-Whitney test was performed. Differences
wene deemed statistically significant if p < 0L05,

Results

Clinical features

Clinical features of the smdy population are shown in
Table 2. Age and sex did not differ significantly between
patients and control subjects. No complications occurred in
the 57 patients included in this smdy, either during or after
the endoscopic procedure.

Enteric GRAP expression is increased in PD but not in related
disorders

In a first set of experiments, we evaluated the expression
levels of GFAP in colonic biopsies by western blot with an
antibody that recognizes the large majority of known
isoforms and tuncated forms of the protein (PanGFAP
antibody, Table 1) (Middeldorp and Hol 2011; Kamphuis
et al. 2012, 2014). The amounts of GFAP protein in colonic
biopsies from P patients were compared to samples from
healthy subjects and patients with PSP and MSA, two
atypical parkinsonian syndromes in which the ENS, in
contrast with PD, is spared by the pathological process
(Wakabayashi er al. 2010; Pouclet e all 2012).

Detection of GFAP on western blots of protein samples
from colonic biopsies with the PanGFAP antibody revealed
one prominent and two weaker bands, migrating at 55, 50,
and 45 kDa, respectively (Fig. la). When the density of all
three GFAP-immunoreactive bands was assessed, a signif-
icant 1.2 fold increase in GFAP expression was observed in
biopsies from PD patients as compared with controls
(Fig. 1b). By contrast, the expression levels of GFAP in
biopsies from PSP and MSA patients were significantly
lower than in healthy controls (Fig. 1b). A separate analysis
of each of the three GFAP-immunoreactive bands showed
that the density of the 55-kDa band was significantly lower in
patients with atypical parkinsonism compared with control
subjects (Fig. 1c). A significant 1.6 fold increase in the
density of the 50-kDa band was observed in PD patients
when compared with controls (Fig. 1d), while the density of
the 45-kDa band was not different between controls and
patients (Fig. le).

Table 2 Demographic data of contral subjacts and patients

GFAPK is the main isoform expressed in enteric glia

To date, nine splice variants of GFAP have been described in
the human central nervous system (Middeldorp and Hol
2011; Kamphuis ef al. 2014). GFAPz, 8, and & encode long
isoforms of the protein of 432, 431, and 438 amino acids in
length, respectively, that migrate together on PAGE at
approximately 55 kDa(Fig. 2 and Table 3) (Middeldorp and
Hol 2011; Kamphuis er al. 2014). GFAP A135, AEx6, and
Al64 encode shorter isoforms of the protein of 387, 366, and
347 amino acids, respectively, with a faster migration profile
on PAGE ranging between 40 and 45 kDa (Hol er al. 2003).
All these isoforms are recognized by the PanGFAP antibody
(Fig. 2) (Kamphuis er al. 2014). Regarding the three
remaining known isoforms GFAPR, v, and C, their detection
at the protein level by PanGFAP or other anti-GFAP
antibodies has never been tested (Felenika er al 1995
Condorelli er al. 1999). This suggests that the major 55-kDa
migrating band we observed in Fig. 1 contains at least
GFAPz, 8, andlor k, whereas the two fastest migrating band
at 50 and 45 kDa represent the alternatively spliced Al35,
AEx6, Aled isoforms andfor truncated forms of GEAP that
can be generated by N-terminal post-translational truncation
(Lee er al 2000; Zoltewicz e al 2012).

To better identify the GFAP isoforms expressed by enteric
glia, the immunoreactivity of five additional antibodies was
analyzed in both colonic biopsies and human brain extracts
using an adapted western blotting approach. Western blot
experiments were performed using the MOPS-5DS mnning
buffer as this buffer allowed a better separation of the GFAP
isoforms when compared to the MES-S5DS mnning buffer
that was used in Fig. 1 (Fig. 3a). The first antibody we used
(GFAPmono), which is specific for GFAPz, 8, x, and A135
{Table 1 and Fig. 2) (Middeldorp and Hol 2011; Kamphuis
et al. 2014) detected one major band along with several
faster migrating bands in human frontal cortex lysate
(Fig. 3b and Figure S1). The pattern of immunoreactivity
was different in colonic biopsies with one single major band
migrating at 55 kDa in most samples (Fig. 3b). Faint faster
migrating bands were visible in some biopsies lysates (see
lane 1, Fig. 3b). The second antibody we used (GFAP C-
term) is specific for the carboxy-terminal tail of GFAPx2 and
the alernatively spliced wvariant GFAP A135 (Table 1 and
Fig. 2) (Middeldorp and Hol 2011; Kamphuis er al 2014).
This antibody detected one band at 55 kDa when the human
frontal cortex lysate was diluted at 1 @ 1000 (Fig. 3b) and

Controls (= 21)

PD (n = 24)

PSP (= 6) MSA (n = 6)

Age, years
Gender, MF

636 + 2 (39-75)
1140 1311

61.1 £ 1.5(44-71)

71+ 2(63-75) 61 + 4.1 (51-71)
¥3 ¥3
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Fig. 1 Glial fibrillary acidic protein (GFAF) expression in colonic
biopsies from patients with Parkinson’s disease (PD), progressive
supranuclear palsy (P5SP), multiple system atrophy (MSA), and
contral subjects (CTHL). (a) Biopsies lysaes (10 pg of protein per
sampla) wara subjected to immunoblot analysis using an antibody
recognizing most known GFAP isoforms  (GFAP, PanGFAP in
Table 1) and beta-actin. The PanGFAP antibody detecdad threa main
bands in hysates of colonic biopsies, ona major and two fainiar bands,
migrafing at 55, 50, and 45 kDa, respectively. (b) Global quantifica-
tion of all GFAP-immunoreactive bands. The optical densifies of all
threa GFAP-immunoreacfve bands were measurad, nomalizad to
the optical dansities of bata-actin immunoreactve bands in the sama

two main bands migrating at 535 and 43 kDawhenthe 1 : 10
diluted lvsate was used (Figure 51). In colonic biopsies, this
antibody either detected a faint band at 55 kDa (Fig. 3b) or
no specific band (Fig. 1). The third antibody (GEAP N-term),
which recognizes intact GFAPz, 8, &, and Al35 but not their
amino-terminal cleavage products (Table 1 and KHg. 2)
detected one band migrating at 55 kDa in human frontal
cortex bysate diluted at 1@ 1000 (Fg. 3b) and two bands,
one major and one minor migrating at 35 and 30 kDa,
respectively, in the more concentrated brain lysate (Fig-
ure 51). A single major 53-kDa band was observed when
this antibody was used in colonic biopsies (FHg. 3b and
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samples, expressed as percentages of controls and added. Data
coraspond o mean + SEM of 21 samples for control subjects
(CTHL), 24 samples for PD patients and six samples for PSP and
MSA. Patients wersus control, *p < 005 and ***p < 0.001. (g, d, &)
Individual quantification of tha three GFAP-immunoreadive bands at
55, 50, and 45 kDa. The optical densities of each GFAP-immunone-
active band ware measured, nomalized o the opfical densities of
bata-actin_ immunorsactive bands in the same samples, and
expressed as parcentages of controls. Data comaspond o mean +
SEM of 21 samples for CTHL, 24 samplas for PD patients and six
samples for PSP and MSA. Pafients wversus confrol, *p < 005
**p < 0.01 and ***p < 0.001.

Figure 51). Anantibody specific for human GFAPS (Table 1
and Fig. 2) that does not cross-react with other splice
variants (Roelofs er al. 2005) failed to detect any specific
band at the expected molecular weight in colonic biopsies
(Fig. 3b). while it recognized a band migrating at the
expected size in SV Iysate (Fig. 3b). Finally, an antibody
raised against a specific sequence of GFAPx (Table 1)
(Kamphuis er al 2004) detected one major strong band
migrating at 55 kDa in biopsies and a fainter band of
approximately the same size in frontal corex lysate
(Fig. 3b). An additional faster migrating band was also
observed in some samples (Fig. 3b). Taken together these
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GFAP Alpha 432 aa, 49.9 kDa

1 merrritsaa rrsyvasgem mvgglapgrr lgpgtrlsla rmppelptrv dfaslagalna
6l glkelrager aemmelndrl asylekvell eggnkalase Llaglrakepl Kladvygasl
121 relrlrldgl tansarlewe rdnlagdlat wrgklgdetn lrleasnnla ayrgeadesat
181 larldlerkl esleeslirfl rkihsesvre lgeglargqgy hveldvakpd ltaalkslret
241 gyeamassnz heasewyrsk fadltdasar nasllrgakh eandyrrglg sltocdleslr
301 gtneslergm regeerhvre aasygealar leeeggslkd emarhlgeys dllnviklald
JEL dejatyrkll egeencilip wglfenlgir elsldikesvs eghlkenivey kivemnrdoey
421 ikeskgehkd wm

GFAP Daelta 431 aa, 49.5 kDa
1 It:lsﬁaa EISyvasas voglapgryr Lgpgtrlsla rmppplptev difslagalna
1 glfketrager sesmelndrl asyliekvell eqqnkalaae laglrakepl kladvygasl

1.:'] relrlrldgl tansarleve rdnlagdlat wrgklgdetn lrleasnnla ayrgeadeat
181 larldlerki esleesirf]l rkihessvre lgeglacggy hveldvakpd ltaalkeirt
241 gyeamassnm heasewyrsk fadltdaaar naellrgakh eandyrrglg sltocdleslr
01 gtnealergm regeerhvre aasygealar leeeggalkd emarhlgeys dllnvilald
I61 ieistyrkll egeencitip wgbtfenlgir ggkstkdgen hketrylksl tirvipigah
421 glvngtppar g

GFAF Kappa 438 aa, 50.3 kDa

L gariritass Lrsyveegen gyugalapgrr lgpgtrlsla rmppplptsy dislagalna
€1 gfketrasaer asmmalndrf asyiakvrfl aggnkalaas lnglrakept kladvygaal
121 relrlrldgl tansarleve pdnlagdlat vrigklegdetn lrleaennla ayrgeadeat
181 larldlarki eslesairfl ckihasevra lgaglarggv hveldvakpd ltaalkairt
241 gyeamasznm heaeewyrsk fadltdaaar naellrgakh eandyrrgla sltcdleslr
301l gtneslergm regeaechvre assygealar leseggslkd emarhlgeyg dllovilald
361 dsiatyrkll egeenritip ver:n15ir ggqysraswag hwspapssra crllgigted
421 qykyiqlglg afvelers

GFAFP A135 3B7 aa, 44.5 kDa

| garrritass fosvvesgen gyugglapgrr lgpgtrlsla rmppplptsv dislagaloa
&1 gfketraser asmmelndr? asyiakvrfl eggnkalaase Inglrakept kladvygaal
121 relrlrldgl tansarleve rdnlagdlat vrgklgdetn lrleaennla ayegeadeat
181 larldlerki esleeairfl rkihesevre lgeglarggv hveldvakpd ltaalkeirt
241 gyeamassnm heasewyrsk fadltdaaar nasllrgakh eandyrrglag sltcdleslr
301 gknygdlloy klaldieiat yrkllegeen citipvgbfs nlgiretsld tksvseghlk
A1 roivvktvom rdoewilkask qgrldum

Table 3 Results of quantitative polymearase chain reacfon assays

Fig. 2 Bpilopes recognized by the differant
anti-glial fibrllary acidic protein (GFAP)
antibodias in the four main human GFAP
isoforms. GFAPmono  (single undadinel;
GFAP C-iem (double undedine); GFAP &
(dashed underding); GFAP N-term (thick
undaring); GFAP k (bold wavy undadine).
MNCBl reference  ssquance: GFAP =
NP_002046.1; GFAP & NP_D01124481.1;
GFAP «: NP_001229305.1. The expaded
maolecular weights are indicated.

C c c PD PD PD PD PD PD Maan + SEM
wa 0.28 240 0.78 128 132 0.8 0.13 4.94 3.83 1.68 = 0.57
U] 0.018 - 0.026 0.036 - 0.001 - 0.028 - 0.022 + 0.006

Diata are prasaniad as ratio of GFAPx and GFAP[ transcripts o GFAP = transcrpt

results show that enteric glia does not express GEAPS and
Al35, and that GFAPx is only a minor component of the
main 55 kDa band detected by PanGFAP. Furthermore, the
results obtained with GFAPx and GFAP N-term antibodies
strong Iy sug gest that GEAPK accounts for most of the GFAP
immunoreactivity observed at 55 kDa and that the fastest
migrating bands observed in PanGFAP immunoblots repre-
sent truncated products of this isoform.

To further refine the GFAP isoforms that are expressed by
EGCs, PCR analyses were performed in biopsies from three
control subjects and six PD patients. Transcripts for GFAPx
and = were the only ones to be consistently detected in all
nine samples with the k transcripts being 1.7-fold more
abundant than the = transcript (Table 3). GFAPP ranscript
was detected in five of the nine samples with an average [Wx
ratioc of 2% (Table 3). All other isoforms transcripts,
inchuding GFAPS and Al35, were not or barely detectable.
As a whole, our results obtained at the transcript and protein

levels are consistent and demonstrate that GEFAPK is the main
isoform expressed in enteric glia

Enteric GFAP phosphorylation at serine 13 is decreased

in PD

GFAP can be phosphorylated at multiple sites in its amino-
terminal domain, including threonine 7, serine 8, 13, 17, and
34 (Inagaki er al 1994). Among these sites, serine 13 has
recently received much attention as it has been shown o be
regulated during central nervous system neurodegeneration
(Herskowitz ef al 2010). We have therefore studied the
regulation of GFAP phosphorylation at this residue in the
ENS using a rabbit polyclonal phospho-specific antibody
(pSerl3, Table 1). As a first step, we have validated the
specificity of this antibody in enteric glia by treating rat
enteroglial cells with a combination of serine/threcnine
phosphatase inhibitors (okadaic acid, ciclosporin A, and
sanguinarine) and by incubating nitrocellulose membranes
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Fig. 3 Glial fibrillary acidic protein (GFAP) isoforms expressed by
antaric glia. (a) Comparison of immunoblat profiles batwean MES-5DS
and MOPS-50S running buffars. A colonic biopsy from a control subjact
was subjpcied 1o PanGFAP immunoblot analysis using eithar MES-
SDS running bufler (MES) and MOPS-5D5 running buffar (MOPS).
(b} Colonic biopsies and brain samples lysates from haalthy subjacts
wana subjected to immunoblot analysis using the MOPS-5DS running
buffars and varous antibodies against specific isoforms of GFRAP:
GFAPmono specific for GFAP, &, k, and A135; GFAP G-term specific
for the carboxy-leminal tail of GFAP= and of the altemativaly splicad

with acid phosphatase. pSerl3 detected one major band
migrating at 55 kDa in rat enteroglial cells only in the
presence of phosphatase inhibitors (Fig. 4a). No immunore-
activity for pSerl3 was observed if the membranes were
dephosphorylated, while immunobloting for PanGEAP
revealed that regular GFAP was detected in both the normal
and the dephosphorylated membrane (Fig. 4a). In colonic
biopsies, pSerl3 detected two bands, one major and one
minor at 535 and 50 kDa respectively, that comigrated with
the two matching bands labeled by PanGFAP (Fig. 4b).
Although highly variable between individuals, quantification
of the X-ray films revealed that the expression levels of
GFAP phosphorylated at serine 13 were significantly lower
in PD patients as compared with control subjects (Fig. 4b, ¢
and Figure 52). By contrast, no significant changes in pSerl3
immunoreactivity were observed between PSP and MSA
patients when compared with controls (Fig. 4b, ¢). Becanse
the RA1 buffer that was used for storage and ltysis of biopsies
does not contasin any phosphatase inhibitors, additional

varant GFAP A135; GFAFP N-stem, which recognizes intact GFAP«, §,
k, and A135 but not their amino-terminal cleavage products; isoform-
spacific anf-GFAPS and anti-GFAP k. The human frontal cortex lysate
(Corax) was diluted at 1: 1000 for expermeants with GFAPmanao,
GFAP C-term, and GFAP N-em, as these antibodies detect GFAP =,
the most abundant GFAP isoform in brain. Human frontal corlex and
subvantricular zona (SVZ) lysates wara bath diluted at 1 : 10 for the
avaluation of the GFAPx and GFAPGE izsoforms, respactivaly. Bxtra-
callular signal-regulated kinases (ERK) immunoblol was used as a
loading control batwesan biopsies and brain samplas.

experiments were performed to show that our results were
not the mere consequence of sample dephosphorylation. To
this end, snap-frozen biopsies were lysed at 4°C in the
presence of the tyrosine phosphatase inhibitor sodium
orthovanadate and serine/threonine phosphatase inhibitors
before being processed for western blotting. A decrease in
pSerl3 immunoreactivity was still observed in colonic
biopsies from PD patients when this bysis method was used,
confirming that our results were not because of arifactual

dephosphorylation during sample preparation (Figure 53

Discussion

Altogether, our previous results (Devos er all 2013) and this
smdy show that the expression of GFAP is increased at both
mBEMNA and protein levels in mucosal and submucosal EGCs
in PD. In analogy with the central nervous system, it has
been proposed that GFAP up-regulation in the gut is induced
by the activation of EGCs, a phenomenon known as reactive
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Fig. 4 Glial fibrllary acidic protein (GFAP) phosphorylation at serna
13 in colonic biopsies from Parkinson's disease (PD), multipla system
atrophy (MSA) and progressive supranuclearpalsy (PSP) patients and
in control subjects. (a) The specificity of tha anfbody against the
phosphorylated form of GFAP phogphorvlated at serine 13 (pSar13)
was assessed in entaroglial calls reated or not with a cocktail of thrae
phosphatase inhibitors induding 1 pM okadaic acid, 5 pM ciclosporine
A and 6.75 pM zanguinarina (0A+CsA+SGR) for 3 h or with vehicle.
Fiftean pg of call lysates were subjected to immunoblot anahysis, with
the nitocallulese mambrana being teated with acid phogphatase
(acidPase) or not (buffer) befora incubation with pSer13 anfibodies. (b)
Biopsies lysates (15 g of prokin par sampla) wara subjectad to
immunoblot anahlysis using pSer13 antibody and reprobed with
PanGFAP and beta-actin antibodies. The GFAP-Phospho-Ser13
anfibody detects two bands at 55 and 50 kDa that comigrate with tha
two comasponding bands deleded by PanGFAP antbody, sithar in
biopsias from contrals (CTRL), PD, PSP aor MSAL (c) Quantification of
the two immunoraactive bands at 55 and 50 kDa detecied by the
pSer13 anfibody. The apbical dansities of the two pSar3-immunare-
active bands wera maasurad, nomalized to the optical dansifies of
PanGFAP-immunoraactive bands in the same samples, expressed as
parcantagas of controls and addad. Data comaspond to maan + SEM
of 12 samples for CTRL, 19 samplas for PD pafients, § samples for
MSA, and § samples for PSP patents (patients ws. control,
e < 0L001)

gliosis. In the past few years, several studies have demon-
strated that BEGCs are critically involved in maintaining gut
homeostasis (Neunlist er al 2013) and especially in regulat-
ing gut inflammation (Cabarrocas er al 2003; Ruhl 2005).
Reactive gliosis as well as morphologically altered EGCs
have been reported in the gut of patients with inflammatory
bowel disease (Cornet ef al 2001; Boyen von er al 2011)
and studies in transgenic animals have showed that enteric
glia ablation resulted in severe gut inflammation (Bush er all
1998: Comet e al 2001; Aube eral 2006). Further
supporting the link berween EGCs and inflammation, in
vitro experiments obtained in cultured EGC showed that pro-
inflammatory cytokines such as mmor necrosis alpha
increase the expression levels of GFAP (Boyen von e al
2iMM) and that once reactive, enteric glia is capable of
secreting interleukin-6 (Ruhl er al. 2001). Regarding PD, we
have recently shown that the expression levels of the main
pro-inflaimmatory cytokines were increased in the colonic
biopsies from PD patients and correlated with the expression
of GFAP mRNA (Devos er al 2013). By demonstrating the
occurrence of glial reaction in the gut of PD patients, our
results strongly support the assumption that PD is not
restricted to the brain but is rather a systemic disorder that
affects the peripheral autonomic networks and in particular
the ENS (Braak and Del Tredici 2008; Beach er al 2009),
The data also reinforce the role of peripheral inflammation
and associated glial reaction in the initiation and progression
of the disease (Lema Tomé er al. 2013).

Various degrees of astrocytic reaction have been reported
in the brain of parkinsonian syndromes, inchiding PD, PSP,
and MSA. In PD, reactive astrogliosis is usually mild, but
abnormal synuclein deposition occurs in astrocytes, whereas
MSA and PSP cases show marked astrocytic reaction,
which is thought to contribute o neurodegeneration (Song
et al. 2009). We show in the present report that, by contrast
to P, the levels of GFAP in colonic biopsies from PSP and
MSA patients are either comparable or lower to the control
subjects. This lack of increase in GFAP expression in the
gut of MSA and PSP patients is a strong argument against
the occurrence of enteric reactive gliosis and strongly
suggests that the pathology in PSP and MSA is limited to
the central nervous system. This is further supported by a
small set of smdies that showed the absence or paucity of
pathologic lesions in the peripheral nervous systems in these
two disorders (Wakabayashi er al 2010; Pouclet er al
2012).

Regarding the GFAP isoforms, our results were consistent
between real-time PCR and western blot analyses and
showed that GEAPk, which is the most recently discovered
GEFAP isoform (Blechingberg er al. 2007), is by far the major
isoform expressed by EGCs obtained from gastrointestinal
biopsies. This stands in sharp contrast with the data that were
recently obtained in human brain showing that the median
expression level of GFAPx ranscript was 1.1% when the
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level of GFAPx was set at 100% (Kamphuis e al. 2014).
The GFAPK protein has a C-terminal tail that is different
from the C-terminal tails of the GEAPy and GFAPS isoforms
and it has been suggested that these differences may have a
physiological consequence as GFAPk, in contrast with
GFAPx, has a low propensity to form homomeric interme-
diate filaments (Blechingberg er al. 2007). Whether the high
expression level of GFAPK in the gastrointestinal tract has an
impact on the physiology of EGCs still needs to be studied.
Furthermaore, it remains to be determined if the EGCs from
the myenteric plexus, which are not accessible to routine
gastrointestinal biopsies, also preferentially express GFAPK
like their nucosal and submucosal counterparts.

The phosphory lated residues located at the amino terminus
of GFAP, including threonine 7, serine 8, 13, 17, and 34, are
involved in the regulation of the protein self-assembly
(Inagaki er al 1994). Phosphorylation of GFAP at its
amino-terminus residues causes disassembly of the interme-
diate filaments and conversely its dephosphorylation restores
its potential to assemble (Takemura er al. 2002). As the
integrity of the cytoskeleton is essential for normal astrocyte
function, it has been suggested that GFAP phosphorylation
may be an important regulatory mechanism in central nervous
system disorders. In spite of this, there are very few studies
that have examined the phosphorylation state of GFAP in
pathological conditions. Using two-dimensional immuno-
blotting, Korolainen and collaborators convincingly showed
that the total amount of phosphorylated GFAP was increased
in Alzheimer’s diseases brains (Korolainen ef all 20035). Only
two reports used a phospho-specific antibody to examine
GFAP phosphorylation in brain nenrodegeneration or insults.
Using a phosphoproteomic analysis, Herskowitz er al.
showed that the phosphorylation of GEAP at serine 13 was
increased in the brain of individuals with frontotemporal lobar
degeneration, a result that was validated by immunoblot with
a phospho-specific antibody for GFAP phosphorylated at
serine 13 (Herskowitz er al. 2010). Recently, Sullivan er al.
{2012) demonstrated that the occurrence of hypoxia in pig
brains was associated with increased amount of phosphory-
lation of GFAP at serine 13. Our findings showing GFAP
hypophosphory lation at serine 13 in enteric glia during PD are
thus apparently at odds with previous observations in brain
damage. Nevertheless, given the role of GFAP phosphoryla-
tion in the plasticity of glia cytoskeleton, it could be argued
that glial cells respond differently depending on the neuro-
degenerative process and that, by contrast to Alzheimer’s
disease and frontotemporal dementia, reactive gliosis in PD is
associated with a drop in GFAP phosphorylation. In this
respect, it is worth noting that the phosphorylation state of
GFAP has hitherto not been investigated in the brain of PD
patients. As a logical follow-up of our study, it would be
logical to study whether GFAP is also hypophosphory lated in
brain astrocytes during PL.
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There is increasing interest in bidirectional signaling
between the gut microbiota and brain and the potential
impact of this communication on the development of
psychiatric and neurological disorders, leading to the concept
of a microbiota—gut-brain axis (Forsythe eral 2012).
Although the precise mechanisms through which signals
from gut bacteria are communicated to the brain are still
largely unknown, evidence obtained from vagotomy exper-
iments point toward a key role for the vagus nerve in the
interplay between the microbiota and the brain (Forsythe
er al. 2012). In this context, the enteric neurons, which are
embedded in the wall of the gastrointestinal tract, show some
unique feamres that make them prime candidates to act as a
first relay between gut microbiota and the brain as: (i) some of
them, located in the submucosal plexus send axons to the gut
mucosa that are only micrometers away from the gut lumen
and thus from the gut flora, (i ) their nenrochemical phenotype
and electrophysiological properties can be modulated by
changes in the composition of gut microbiota (Kunze er al.
200, and (iii) they synapse with both afferent and efferent
vagal neurons (Walter er all 2009). With regard to PD, Brask
suggested that the involvement of the enteric neurons by
Lewy pathology was an early event in the development of the
disease. This led to the assumption, the so-called Braak’'s
hypothesis, that PD pathology may in fact begin in the
gastrointestinal tract further spreading to the central nervous
system via the vagal pre-ganglionic innervation of the gut and
thus following the brain-gut axis (Braak er al 2006). Our
results, showing significant changes in BGC during PD,
further reinforce a possible role of the enteric nervous system
inthe initiation or the progression of the disease. Further work
will be neaded to determine whether changes in gut micro-
biota occur in P} and whether these changes are capable of
modifying enteric neurons and EGC.

Despite technological advances in the field of molecular
genetics and in i wive imaging, no fully validated
biomarker for PD is available vet (Marek er al. 2008) and
there is still a need for new biomarkers that will comple-
ment the ones aleady available The observations that
demonstrated that Lewy pathology is not limited to the
central nervous system but also involves peripheral tissues
accessible to biopsies including skin, salivary glands, and
gut, provide new opportunities to develop original histo-
pathological markers of the disease that will directly assess
the pathological process in vive (Lebouvier er al 2010c).
Remarkably, by contrast to skin and salivary glands, a gut
biopsy does not only contain post-ganglionic neuronal
processes but a dense network of neurons and EGCs
(Lebouvier er al. 2010a,b). By showing differences in the
expression and phosphorylation of GFAP, our results
support the use of a single colonic biopsy as an original
source of biomarkers in PD beyond the sole assessment of

Lewy pathology.
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Figure 5L Immunoblots of colonic biopsies and brain samples
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Figume 51 Hepresentative immunoblots of colonic biopsies
lysates showing the heterogensous phosphorylation of GFAF at
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Figure 53, GFAF phosphorylaion at serine 13 in colomic
hiopsies lysed in NETF buffer,
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Article 6

Les cellules gliales entériques

une participation

nouvelle dans la maladie de Parkinson ?

VIEWPOINT

Enteric Glial Cells: New Players in Parkinson’s Disease?
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ABSTRACT: Lewy pathology has been
described in neurons of the enteric nervous system in
neardy all Parkinson's disease (PO} patients at autopsy.
The enteric nervous system not only contains a variety
of functionally distinct enteric neurons but also harbors
a prominent component of glial cells, the so-called
enteric glial cells, which, like astrocytes of the central
nervous systermn, contribute to support, protect, and
maintain the neuvral networke A growing body of evi-
dance suppors a ole for enterc glial cells in the patho-
physiology of gastmointestinal disorders such  as

e

inflammatory bowel disease and chronic constipation.
We have recently shown that enteric glial cell dysfunc-
tion occurs in PD. In the present review, we discuss the
possible implications of enteric glia in PD-related gut
dysfunction as well as in diseass initiation and develop-
ment. @ 2014 International Parkinson and Movement
Disorder Society

Key Words: Parkinson's disease; enteric nemous
system; enterc glial cells; GFAP

Ower the last 15 years, that Parkinson’s disease (PD)
is a gut disorder has become evident.' Gastrointestinal
symptoms occur in almost every PD patient at some
point and are among the most debilitating non-motor
features of the disease.” These clinical data have been
supported by several pathological studies demonstrat-
ing the presence of Lewy bodies and neuntes | together
referred to as Lewy pathology) in the enteric nervous
system. Since the first demonstration of Lewy bodies
in the enteric nervous system in 1984,% Lewy pathol-
ogy has been confirmed in the enteric neurons in
nearly every case examined pathologically,™*

The enteric nervous system also contains a popula-
von of glial cells, the so-called enteric glial cells,
which are likely to represent the digestive counterpart
of brain astrocytes® Several recent studies have
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indicated that the enteric glial cells participate in the
regulation of gastrointestinal functions and that they
may be critically involved in the pathophysiology of
gastrointestinal disorders such as inflammatory bowel
disease and chronic constipation.®” We have recently
shown that biochemical changes suggestive of glial
dysrepulation occurs in enteric glial cells in PD.®?
This led us to propose that the entenc glial cells might
be involved in PD-related gastrointestinal dysfunction
as well as in disease initiation and development.

Enteric Glial Cells, the Gut
Astrocytes

Dogiel was the first to describe the presence of glial
cells within the enteric nervous system at the end of
the nineteenth century.® Nevertheless, for more than
70 years, enteric glia were largely ignored and fre-
quently defined as Schwann cells. In his detailed ana-
tomical descrption of the pguinea-pig myenteric
plexus, Gabella noted thar enteric glial cells, such as
astrocytes, carry extensive branchings and irregular
processes that mingle with neuronal cell bodies and
the axon bundles."” A turning point came in the early
1980 when Jessen and Misky demonstrated that
enteric glial cells were immunoreactive for the two
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FG. 1. Populstions of entenc glisl cells within the gut wal. A subpo-
pulation of entenic glial cells i locaied directly undemeath the epithe-
lizl cells and i3 involed in the regulation of intestinal epithelial bamier
fumction. Entenic glial cells of the submucosal and myentaric plexus
are mingled with newons and are invoheed in the eguilation of entenc
newrotranamiaaion. Entenic glid cells lying under the mucosa and in
the submucosal plexus are readily analyzable wusing routine gastroin-
teatingl wopaies (dashed ling). Foliowing microdmsection of the Dopay,
the glial network can be anahyzed Dy immunohEtochemistry E1000
immunostaining). The whols biopsy also can be procesaed by Weatern
péiot for the anshmis of the expression levels of glisl markers, for
instance, GFAPR [Color figure can be wewed in the online issus, which
= avalsble st wilsyonlinelionary.com. ]

canonical astrocyte markers, nmamely glial fbrillary
acidic protein (GFAP) and S100-beta (Fig. 1).'"" More
recent studies showed that the entenc glial cells and
astrocytes are also similar at the functional levels, as
they share electrophysiological and neuroprotective
properties. Likewise, their central nervous system
counterparts, enteric glial cells, possess a number of
voltage-gated ion channels'? and express neurotrans
mitters receptors such as purinergic, adrenergic, gluta
mate metabotropic receptors and are therefore capable
of modulating synaptic transmission.'»" Reduced glu
tathione and prostaglandins have been identified as
factors secreted by the enteric glial cells protecting
neurons from dopamine-induced oxidative stress.'?

L

The ghal population of the gut is unlikely to be
homogenous, and unique populations of enteric glial
cells may reside at multiple levels through the gut
wall, the unique microenviconments of the gastrointes
tinal tract defining the phenotype of these cells
iFig. 1].'; Thus, enteric glial cells that lie in the mucosa
directly undemeath the epithelial cells influence epithe
lial cells and intestinal epithelial barrer function,
whereas enteric glial cells of the submucosal or myen
teric plexus embed newrons and are involved in the
regulation of meurotransmission (Fig. 1).f By contrast
to the cemtral nervous system astrocytes, the enteric
glial cells are readily accessible and analyzable
through routine gastrointestinal biopsies. We have
shown that the microdissection of a routine colonic
biopsy enables an immunohistochemical assessment of
the glial network located either in the mucosa or in
the submucosal plesus (Fig. 1)."* Biopsies also can be
processed by polymerase chain reaction and Western
blot, which can be used to measure quantitative differ
ences in glial markers (Fig. 1)%%'¢

Enteric Glial Cells in Gastrointestinal
Physiology and Pathology

The intestinal epithelium forms a regulated barrier
between the blood circulation and the contents of the
intestinal lumen, preventing the passage of noxious
coments while allowing the absorption and secretion
of nutrients.'” Increasing evidence suggests that factors
secreted by the enteric glial cells that are located
directly underneath the intestinal epithelial cells (Fig.
1) are involved in the differentiation of epithelial cells
and, as such, regulate gut barrier function.'®

Increased expression of glhal markers and especially
of GFAP is a hallmark of reactive astrocytes in the
central nervous ::ystem.w Changes in the expression
levels of the glial markess GFAP and 5100-beta have
been observed in vanous gastrointestinal disorders
associated with barrier dysfuncrions, including inflam
matory bowel disorders. Both GFAP and S5100-beta
are up-regulated in the colons of patients with ulcera
tive colitis, whereas their expression levels are either
unchanged or inconsistently increased in Crohn’s dis
ease.”” This strongly suggests thar the pattern of
enteric glial dysregulation is different depending on
the underlving pathological process and that ulcerative
colitis might therefore represent a prototypical disor
der for reactive enteric gliosis. Whether the reactive
gliosis observed in inflammatory bowel disease is only
a bystander effect or whether it participates actively in
the inflammatory process remains to be elucidated.
Slow-transit constipation, which defines patients with
markedly delayed gut transit refractory to usual thera
peutics, is another gastrointestinal pathology in which
a role for the enternic glial cells has been suggested.
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FiG. 2 Changes in enteric GFAP phosphoryiation in PD. Astrocytic reactions characterized by morphological or biochemical changes of asfrocytes
have besn described in the central nervous system (CNS) in PD, progreasive supranuciess palay (PSP), and multiple system atrophy (MSA) frimmed
cellg). In the entenic mervous system (BENS), enteric glial cells adhibit major biochemical changes in PD (immed cells) but not in PSP and MSA
junnimmed celig). The biochemical changes observed in enfenic glial cells in PD are exemplified by the phosphoryation status of GRAR In phiysiolog-
ical condition as well a3 in PSP and MSA, phosphondation disassembles enteric GFAP filaments shifting the equilibiium to the soluble form of the
protein and protectng it from protectytic degradation (phy=ological GFAP organization). In PD, entenc GFAP i hypophosphorylated and therefore
has a greater potential to assemble and & greater senstivity o proteolytic cleavage. We suggest that these changes in phosphondation egulste the
structural plasticity of glial filaments and eventually functions of enteric glial cella. [Color figure can be wewed in the online issue, which i available

at wileyonlinelibrany.com.]

Bassotti et al.”! investigated 26 patients with severe
slow transit constipation who required colectomy and
found that the density of enteric glial cells, as labeled
by 5100-beta was decreased when compared with con-
trol subjects.®’ This led to the proposal that chronic
constipation is an enteric neuro-gliopathy that might
be explained by a defective neurotransmission induced
by the loss of enteric glial cells.®!

Enteric Glial Cells Dysregulation in
PD

The emerging critical role of enteric glial cells in
gastrointestinal function prompted us to investigate
whether enteric Lewy pathology in PD was associated
with enteric glial cells dysfunction. A first critical step
was to study whether changes in the expression levels
of the three commonly used enteric glial markers,
GFAP, 5100-beta, and Sox-10, were present in PD.
Using quantitative polymerase chain reaction in colo-
nic biopsies, we showed that the expression levels of
GFAP and Sox-10, but not 5100-beta, were increased
in the gastrointestinal tract of PD patients.® The
GFAP and Sox-10 levels strongly correlated with
the amount of several pro-inflammatory cyrokines,

including interleukin-6," which is released after enteric
glial cells activation®® These fist observations
strongly supported the idea that glial reaction occurs
in the gastrointestinal tract during PD. We were never-
theless struck by the heterogeneity of GFAP levels
berween PD patients, some displaying a level compara-
ble to controls, whereas others had a more than a
threefold increase in GFAP messenger RINA. Levels of
glial markers were negatively related to disease dura-
tion, suggesting that enteric glial reaction is high at
disease onset and decreases over time.® Enteric glial
reaction may be high at disease onset when the acti-
vated cells release their cytokines, then decreasing
while maintaining ongoing disease activity as already
shown in the brain for microglial activation. ™

Glial fibrillary acidic protein is a phosphoprotein
and phosphorylation of senne, and threonine residues
from its amino-terminus are involved in the regulation
of the protein self-assembly (Fig. 2).** Because the sta-
bility of the cytoskeleton is essential for normal astro-
cyte function, GFAP phosphorylation may be critically
involved in central nervous system disorders. Changes
in GFAP phosphorylation and especially at serine 13
residue has been reported in the brain of patients with
Alzheimer's disease and frontotemporal dementia™®
as well as in a pig model of brain hypoxia.® We
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therefore investigated whether the GFAP phosphoryla-
tion status was affected in the gastrointestinal tract
during PD. By wsing rwo different antibodies specific
for GFAP phosphorylated ar senne 13, we showed
that GFAP was hypophosphorylated ar this residue in
colon biopsy specimens from PD patients when com-
pared with healthy controls (Fig. 2).”

Taken together, the biochemical changes in GFAP
observed in the colon of FD patients are highly sugges-
tive of reactive gliosis.'"” Interestingly, these glial
changes were specific to PD because no changes in
GFAP expression or phosphorylation were observed
when colon biopsy samples from progressive supranu-
clear paL-:g'.' and multiple system atrophy patients were
analyzed.” By demonstrating the occurrence of glial
reaction in the gastrointestinal tract of PD patients but
not in related disorders, our results are consistent with
the idea that PD is not limited to the central mervous
systermn but is in fact a widespread neuronal disorder
affecting penpheral autonomic networks and in partic-
ular the enteric nervous system. Moreover, they also
suggest that the pathology in progressive supranuclear
palsy and multiple system atrophy is limited to the
central nervous system and does not affect the periph-

28,29
eral nervous SVSLems. B,

Possible Roles of Enteric Glial Cells
Dysregulation in PD

In light of these findings, what are the likely patho-
logical outcomes of enteric  glal dysregulation
observed in PD? First, these enteric glial changes
might be involved in the gastrointestinal symptoms
often seen in PD.* Results from autopsy study have
indicated no overt neuron loss or changes in the neu-
rochemical phenotype in the gut in PD, suggesting
that neuropathology in the enteric nervous system is
unlikely to be a causative factor in PD-related gastro-
intestinal dysfunction.”™" One might therefore postu-
late that the biochemical changes of enteric glial cells
in PD might induce glial dysfunction, which in tum
would lead to synaptic dysfunction and alvered gastro-
intestinal motility as already suggested for chronic
constipation.?! Second, the occurrence of enteric glial
cells dysfunction in PD provides an argument to sup-
port Braak's hypothesis. Braak has proposed that PD
may be tnggered by a hitherto unknown neurotropic
agent that breaches the intestinal epithelial barrier to
initiate a-synuclein (o-Syn) aggre%atinn in the terminal
axons of the submucosal plexus.” Thereafter, accord-
ing to the hypothesis, a-Syn pathology would propa-
gate in a pron-like manner to the central nervous
system via the vagal preganglionic innervation of the
gut.” In such a scenario, the enteric glial reaction
observed in PD may play a key role by modulating
intestinal permeability as greater gut permeability has

L

been observed in PD patients B and in experimental
parkinsonism.* Equally imrlg&'ng is the possible role
of enteric extracellular a-Syn, which might promote
local glial reaction, as already demonstrated in the
central nervous system.”” The enteric glial reaction
would in turn induce local pro-inflammatory cyvrokines
secretion and inflammation, thereby facilitating the
spreading of PD pathological process.®

Conclusion and Perspective

A pressing need exists for biomarkers not only to dif-
ferentiate PD from related disorders but also to assess
disease severity and progression. Despite technological
advances in the field of neurcimaging, no fully vali-
dated biomarker for PD is available yvet. The observa-
tions demonstrating that PD pathology was not limived
to the central nervous system but also involved periph-
eral neuronal networks such as the enteric nervous sys-
tem have provided new opporunities for  the
development of novel biomarkers of the disease. To
date, search for enteric nervous system biomarkers in
PD has focused on the identification of enteric nerve a-
synuclein deposits.™ The identification of enteric glial
cells dysfunction in PIY opens the way for the discovery
of enteric biomarkers, which can go beyond the mere
assessment of Lewy pathology.™ Providing that, simi-
larly to astrocyres,™ the enteric glial cells are involved
in the earliest disease changes, they might be considered
as a source of biomarkers for prodromal PD. @
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Eey Points

* Lewy bodies and neunrites, the pathological hallmarks of Parkinson's disease are found in the enteric neurons of

neatly all parkinsonian patients.

* A routine gastrointestinal biopsy containg epithelial cells, enteric glial cells, and enteric neurons.

+ A substantial amount of research has been done to detect Lewy bodies and neurites in gastrointestinal biopsies
in order to develop a premortem histopathological marker of the disease.

+ Aside from neurons, the enteric glial cells and epithelial cells, which are present in a gastrointestinal biopsy, are

also dysregulated in Parkinson's disease.

* A pastrointestinal biopsy could represent a unique window to assess the nenropathology in living patients with

Parkinson's disease.

Abstract

Background The intraneuronal inclusions called
Lewy bodies and neurites, which represent the
characteristic pathological changes in Parkinson’s
disease, are found in the enteric neurons in the great
mujority of parkinsonion patients. This observation
led to a substantiol amount of research over the last
few vears in order to develop a minimally invasive
diggnostic procedure in living patients based on
gastrointestingl  (GI)  biopsies. Purpose In  this
review, we will begin by discussing the studies that
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focused on the detection of Lewy bodies and
neurites in GI biopsies, then broaden the discussion
to the pathological changes that also occur in the
enteric glial cells and intestinal epithelinl cells. We
conclude by proposing that o GI biopsy could
represent @ wnigue window to assess the whaole
pathological process of the brain in Parkinson’s
dizease.

Keywords enteric glial cells, enteric nervous system,
enteric neurons, gastrointestingl hiopsy, Parkinson’s
disease.

The first descriptions of Lewy bodies and newrites in
the enteric nervous syvstemn [ENS) in Parkinson's
disease [PD) reported in the 1980s found relatively
little resonance in comparison to the amount of
literature devoted to the lesions in the central nervous
system. '™ Nevertheless, it became obvious over the
last 15 vears that PD is a put disorder. Symptoms such
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as dysphagia, nausea, and distension as a result of
impaired gastric emptying, and bowel dysfunction,
including both reduced bowel movement frequency
and difficulty defecating, are among the most common
non-motor symptoms of PD.*® Pathologically, Lewy
bodies and neurites have been found in the ENS in
nearly every case examined.® These autopsy findings
prompted a substantial amount of research on the
detection of PD pathology using gastrointestinal [Gl)
biopsies in order to achieve in wivo pathological
diagnosis of the disease (reviewed in Ref. 7). Most
studies to date have therefore focused on the optimiza-
tion of immunodetection of zsynuclein, the main
component of Lewy bodies and neurites, in the enteric
nenrons* ¥ In this review, we will discuss recent
evidence indicating that pathological changes in the
gut in PD are not limited to enteric neurons but also
involve the enteric glial cells ([EGCs) and the intestinal
epithelial cells and put into perspective the use of
routine GI biopsy as a window on brain nenrodegen-
eration in PD.

GI BIOPSY GIVES ACCESS TO THE
DIGESTIVE NEURONAL-GLIAL-
EPITHELIAL UNIT

On a routine basis, GI biopsies are primarily intended
for analyzing the intestinal epithelial cells for the
detection of digestive disorders such as colorectal
cancer, inflammatory bowel disease, and peptic ulcer.
Mevertheless, there is also mounting evidence to
suggest that a routine GI biopsy enables easy access
to the two neuronal populations of the gut, namely the
EGCs and the enteric neurons. The EGCs that are lying
just below the epithelial cells lining called the
mucosal EGCs, are in close proximity (in the range of
1 pm) to the intestinal epithelial cells and are therefore
easily captured by the biopsy-forceps [Fig. 1).'*'% The
same is true for the neuronal processes sent out by
neurons of both the submucosal and myenteric plexus,
which terminate in direct proximity with the intesti-
nal crypts [Fig. 1. We have recently proposed to
name the anatomical unit between these 3 cell types
the ‘digestive neuronal-glial-epithelial unit’ [NGEU),
which might be considered as the digestive counterpart
of the neuronal-glial-endothelial unit of the blood-
brain barrier.'” In addition, routine biopsies can also
give access to the EGCs and the neuronal cell bodies
and processes of the submucosal plexus (Fig 1). It
should be, however, noted that the submucosal neu-
rons and EGCs might be missed by the forceps because
of the fishnet-like architecture of the plexus andfor
becanse of the biopsy being too superficial [Lebouvier,
Pouclet, Clairembault, and Derkinderen, unpublished).

@ W16 John Wiley & Sons Led
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Once the biopsy has been performed, the NGEU
can be analyzed both morphologically and function-
ally. In order to prevent RNA and protein degradation
and dephosphorylation, the biopsy may be immedi-
ately quick-frozen in liguid nitrogen and kept at
~80 °C until further analysis by Westem Blot or
PCR."™" Such an approach has proven to be useful
for studying the expression levels of major proteins
of the intercellular contacts between epithelial cells,
such as Z0-1 and occludins® of enteric glial mark-
ers such as S100-f and glial fibrillary acidic protein
|GFAP)¥* and neuronal markers such as PGPYS
[Fig. 1).***? The biopsy can be also microdissected for
a separate immunohistochemical analysis of the
submucosa and the mucosa ™% Submucosal enteric
neurons can be visualized and counted by immuno-
histochemistry using general neuronal markers such
as Hu, PGPY.5 and high-molecular weight neurofila-
ment®'® A whole-mount preparation of submucosa
obtained from one single biopsy contains an average
of 35 ganpglia with three to five neurons per ganglion,
thus allowing the evaluation of approximately 150
neurons.'® In parallel, the distribution of tight junc-
tions proteins and pericryptal neuronal processes can
be readily analyzed on whole-mount preparation of
submucosa |Fig. 1).**** From a functional point of
view, the intestinal epithelial barrer may be evalu.-
ated ex vivo by measuring the diffusion of fluores-
cent probes through biopsy samples in Ussing
chambers. ™

MODEST NEURONAL LOSS AND LEWY
PATHOLOGY IN GI BIOPSIES IN PD

PD is pathologically characterized by a loss of
dopamine-containing neurons in the substantia nigra
pars compacta along with the presence of intracyto-
plasmic inclusions, termed Lewy bodies and neurites,
in the remaining surviving neurons.®® Since the
discovery in the late 1990s that Lewy bodies and
neurites had a strong z-synuclein immunoreactivity,
zsynuclein immunostaining has become the method
of choice for the detection of PD pathology.*®*
Several autopsy studies, including one recent survey
in which z-synuclein immunohistochemistry was
optimized, showed that the distribution of Lewy
pathology is much greater than formerly appreciated,
extending to peripheral autonomic neuronal net-
works and especially to the ENS ***® This logically
led several groups to develop specific methods for the
detection of Lewy pathology in routine GI biopsies
for the development of biomarkers that will directly
assess the pathological process in living patients [see
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Figure 1 Cell types that can be analyzed using a routine GI biopsy. The biopsy forceps used for routine Gl biopsies are capable of capturing the
intestinal epithelial cells as well the enteric glial cells {EGCs| and the neuronal processes thatare present in the mucosa. In addition, biopsies can also

gve access to the EGCs and the neuronal cell bodies and processes from the submucosal plexus (SMP|. The expression levels and distribution of

neuronal markers such as high-molecular weight neurofilament protein of 220 kDa {NF-220|, enteric glial markers such as S100-8 and tight junctions
proteins such as ZO-1 can be analyzed by Western blot and immunohistochemistry,. MM, muscularis mucosae; MP, myenteric plexus.

Ref. 7 for a recent review). In our seminal survey on
GI biopsies in PD, we have used the above-men-
tioned whole-mount preparation of submucosa for
the detection of Lewy pathology. Twenty-nine PD
patients with disease duration ranging from one to
24 years were enrolled together with 10 control
subjects who had undergone colonoscopy for colorec-
tal cancer screening.” Biopsies from 21 out of the 29
PD patients showed Lewy neurites in their submu-
cosal plexus, whereas no Lewy pathology
observed in any of the controls (Fig. 2).° The clinical

was

relevance of these findings was supported by a
correlation between pathological burden and the
amount of axial and dopa-unresponsive symptoms,
which reflect disease We further
showed that the presence of z-synuclein deposits
within enteric neurons is specific to PD as it was not

9
progression.”

observed in patients with atypical parkinsonism such

as multiple system atrophy and progressive supranu-
30

clear palsy.®®

968

Figure 2 Analysis of the submucosal plexus by

immunohistochemistry in PD. Submucosa whole mount obtained

with antibodies
-synuclein |red). The

from a colonic biopsy of PD patient was staine
against PGPO.5 (green| and phosphorylated 2

photomicrograph shows some co-localization of these proteins in

neurtic structures reminiscent of Lewy neurites; scale bar: 50 pm.
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Although the microdissection technique we have
developed provides outstanding information on the
morphology of enteric neurons, it nonetheless has
several limitations as it needs to be performed imme-
diately after the endoscopic procedure and requires a
skilled technician.*'® Several subsequent smudies have
used GI biopsies that were formalin-fixed and paraffin-
embedded in order to overcome the limitations of the
whole mount dissection procedure. Despite the lower
prevalence of Lewy pathology in the lower compared to
the upper gut,‘q‘{““ the sigmoid colon and rectum have
been by far the most commonly studied sites. This is
likely explained because these portions of the GI tract
are easily accessible via a flexible sigmoidoscope, a safe
procedure that can be performed in 5-10 min without
the need for sedation and colon cleansing* Regarding
the lower GI tract, a first study demonstrated the
presence of x-synuclein aggregates in the sigmoid colon
of PD patients with a high sensitivity and specificity, '°
but other groups did not confirm these resules, ™%
Recently, a Spanish group performed two upper GI
tract biopsies in 28 PD patients during device implan-
tation for continuous levodopa [Duodopa)'! They
observed x-synuclein deposits in 17 of 28 PD patients
and in only 1/23 control subjects, but another smudy
found a lower &en.sitivit}r.ﬂ Although encouraging,
these different studies that used paraffin-embedded
samples have produced discrepancies regarding the
prevalence and abundance of Lewy pathology per
biopsy, either in the upper or lower Gl tract. This
might be partly explained by the diversity of method.
ology as some laboratories used total x-synuclein
antibody'® while others used either phosphorylated or
total x-synuclein antibodies.'"'* Moreover, all of these
studies suffered from several limitations including the
ahsence of replication by independent laboratories and
the lack of double staining to confirm the neuronal
nature of the z-synuclein immunoreactive structures.

Experience from the central nervous system strongly
suggests that the motor symptoms in PD are driven
primarily by neuronal loss rather than Lewy pathology 33
As such, an evaluation of the density of enteric neurons
that control GI motility and secretion is a critical step
toward understanding the pathophysiology of GI symp-
toms in PD. Using cross sections from GI tract autopsy
samples, a recent study has convincingly demonstrated
that there was noneuronal loss in the myenteric plexus in
PD, either in the lower or upper gut** Conceming the
submucosal plexus, immunochistochemical analysis of
whole mount-preparations of endoscopically obtained
hiopsies revealed that there is a modest but significant
15% decrease in the submucosal neuronal density in PD
patients® This moderate decrease in total neuronal

© 2016 John Wiley & Sons Ltd
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density was not associated with differences in the relative
proportions of individual submucosal neuron phenotype
and especially of dopaminergic neurons. ™ Altogether, the
resules obtained with autopsy samples and biopsies show
the absence of overt neuromal loss and changes in
neurochemical phenotype in both the myenteric and the
submucosal plexus. This suggests that the loss of intrinsic
innervation of the gat is unlikely to be solely responsible
for the GI manifestations so frequently encountered by
PD patients and that extrinsic inputs and especially the
dorsal motor nucleus of the wvagus are critically
involved 3

GFAP IS OVEREXPRESSED IN GI BIOPSIES
IN PD

Enteric glial cells are now regarded as the digestive
counterpart of the central nervous system astrocytes
[see Ref. 37 for a recent review). Indeed, both cell types
are not only morphologically similar but they also
share electrophysiological properties®*® and express
common key markers, including $100-# and the inter-
mediate filament GFAP.**! Astrocytes respond to all
forms of central nervous system insults, including
neurodegeneration, through a process referred to as
reactive .n,s.t.n:n,gli1:ms.is..‘1n1 Although the denomination
reactive astrogliosis encompasses a large spectrum of
maolecular, cellular, and functional changes, one of its
key features is an increase in GFAP expression. ™
Whether changes in GFAP expression occurs in PD
brain is still a matter of dehate as existing reports are
conflicting [see the discussion in Ref. 44). This might
be explained by certain difficulties inherent with using
postmortem brain tissue, such as difficulty in obtain-
ing brain samples and the delay between death and
tissue processing, which is known for inducing GFAP
proteolysis.®® These two limitations can be overcome
when using GI biopsies, which, as stated above, can be
easily perfformed and immediately frozen during the
endoscopic  procedure.® By analyzing the colonic
biopsies of 43 patients with an established diagnosis
of PD |mean disease duration 9.8 years) and 25 age-
matched healthy participants, we showed that the
expression levels of GFAP was increased in the Gl tract
of PD patients both at the transcripts and protein
levels '**! The upregulation of GFAP was accompa-
nied by an increase in the expression of the main pro-
inflammatory cytokines, including intereukin-6
which is secreted by reactive enteric glia_‘m Levels of
glial markers and interleukin-6 mRNA were variable
between patients and were negatively comrelated with
disease duration'® suggesting that Gl inflammation
may be higher in the early stages of the disease as
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reported in the brain *” Interestingly, no changes in
GFAP expression were observed in colonic samples
from progressive supranuclear palsy and multiple
system atrophy patients, two neurodegenerative
parkinsonian syndrome in which the ENS is patholog-
ically spared®™** Taken together, these biochemical
changes suggest that the changes observed in the gut in
PD, contrasting with other parkinsonian syndromes,
are not limited to Lewy pathology but also involve the
EGCs. It still remains to be determined how the EGCs
become activated in PD. One obvious candidate is x-
synuclein, which is secreted by enteric neurons®® and
known for inducing astrocyte reaction in the central
nervous system.”®

TICHT JUNCTIONS STRUCTURE IS
ALTERED IN GI BIOPSIES IN PD

Both neurons and EGCs have been increasingly recog-
nized as major regulators of the intestinal epithelial
barrer. Overall, activation of enteric neurons has been
shown to result in the reinforcement of intestinal
epithelial barrier functions®' while EGCs are critical
for the maintenance of its integrity.ﬂ"m These obser-
vations along with Braak's hypothesis proposing that
PD pathology may originate in the g|.1t54 prompted
several groups to study intestinal epithelial bamier
permeability in parkinsonian patients. Three studies,
which have all used absorption of sugar probes to
investigate the paracellular permeability in PD sub-
jects led to inconclusive and conflicting resules 557
We, therefore, used another approach to evaluate the
intestinal epithelial barrer. Colonic biopsies from PD
patients were analyzed functionally using Ussing
chambers and morphologically for the expression and
localization of tight junction proteins.®® Although the
paracellular permeability in PD was not different from
controls, we observed that occludin, one of the main
tight junction protein, was down-regulated and redis-
tributed from the membrane to the cytosol in biopsies

Neurogastroenterology and Motility

from PD subjects®® Remarkably, these changes in
occludin expression and distribution were also noted in
a subset of 5 patients who had never received levodopa,
suggesting that they were not caused by chronic PD
treatment. Although the clinical consequences of these
maorphological changes are still to be clarified, they
support the assumption that a more permeable gut may
be a starting point for neurodegeneration in PD.%*

GI BIOPSY AS A SOURCE OF BIOMAREKERS
IN PD

Parkinson's disease follows a slowly chronic progres-
sive course and the motor cardinal symptoms of the
disease appear only when the degenerative process has
progressed for a long time, in most cases probably for
more than 10-15 vears 5 The diagnosis of PD and the
follow-up of disease progression are mainly based on
clinical criteria and there is therefore a critical need for
the development of hiomarkers that will help to better
diagnose the condition, define the subtypes of disease,
and follow its course independently of any symp-
tomatic drug effects.® In recent vears, new initiatives
have been undertaken to accelerate the search for new
biomarkers in PD with the hope and expectation that
they will be able to help diagnose PD, track its clinical
course, and predict disease complications. For
instance, both the Mational Institute of Health and
the Michael | Fox Foundation for Parkinson's research
have launched collaborative projects to identify new
biomarkers® These projects are mainly based on
advanced brain-imaging techniques and analysis of
body fluids. It is unlikely that one single biomarker
will be capable of providing information on early
diagnosis, differential diagnosis, and monitoring dis-
ease progression.**? In this context, the demonstra-
tion that the peripheral autonomic neuronal circuits
are affected by the pathology, early, and specifically in
a large proportion of patients has opened new insights
into the development of novel and original biomarkers

Table 1 Advantages and lmitatons of Gl blopsies for the damosis of PD

Pros Cons

Sipmodd colon is easily accessible through rectosigmoldoscopy,
a safe procedure that can be performed in few minutes
without sedation and preparatdon™

Lewy pathology can be detected in Gl blopsies using
whole mount preparatons with a good specifcity and
sersitivity ™"

The SMP contains neumns and glial cells that are readily
accessible to outne GI hopsies™0

Because of the mstm-candal distribution of Lewy pathology in the

GI tract®, use of upper digestive tract hlopsies might be preferable.

This is Umited by the potental dsk of inhalation durdng the procedure™
Whaole-mount disseetons need to be performed immediately after the
endoscople procedure '® This |s a Umitation to multicenter and/or
retmspectve studies

The MP, which is also a target of the disease, 15 not accessible o routine
Gl Mopsies. If would be of edtical interest to determine whether this
plesus shows comparable abnormalities to those reported in the SMP

MP, myentere plexus; SMP, submucosal plesus.
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Table 2 Similarides between brain and gut in PD

Gl biopsy in Parkinson's discase

Gt

Brain

Lewy pathology In all subjects except in some Partkin-associated
familial PD*

Reactve ghia Changes in GFAP expression consisently reporeed

in the SN |see™|
Inflarmation

Barrier Functional changes of the BEB in the stdatum™

IL-6, IL-1§ and TMF-z are elevated in the stratum ™™

In nearly every case examined pathologically (85— 100%%**
Changes in GFAP expression and phosphorylation in the colon™

IL-6, IL-18, IFM-y and THNF-z are elevated in the eolon '
Maorphalogical and functional changes of the IEE in the colon™*"

BBE, blood bran barder; [EB, intestinal epithelial barder; SM, substanta nigr.

for PD that could directly evaluate the pathological
process in living patients %%

The EMNS is not the only peripheral neuronal
network affected by Lewy pathology that is accessible
to biopsies. Because x-synuclein is also deposited in the
autonomic circuits that innervate the skin and the
submandibular glands, there has been an increasing
interest in biopsying one of these sites for in vivo
diagnosis of PD (reviewed in Ref. 7). Recent studies
have indeed confirmed that skin and submandibular
gland biopsies enable the detection of z-synuclein
deposits in PD with a good sensitivity and speci-
ficity. ***” Nevertheless, despite the potential interest
of these two sites, we believe that the specific organi-
zation of the ENS makes it the best candidate tissue for
developing biopsy-derived markers of PD (advantages
and limitations of GI biopsies are discussed in Table 1).
In contrast to skin and salivary glands, the ENS does
not only contain postganglionic neuronal processes but
is an integrated neuronal network that contains nen-
ronal cell bodies and glial cells® The data we have
acquired so far using colonic biopsies in patients with
PD enabled us to demonstrate that this whole neuronal
network along with its microenvironnement are dys-
regulated in PD.***! These observations support the
hypothesis that the NGEU, by mirroring brain pathol-

ogy, might constitute an unparalleled source of
biomarkers in PD (Table 2). Further work is needed
to identify new digestive PD biomarkers that will
demonstrate a superior sensitivity to the ones that
have been proposed so far. Possible strategies might
inchude a joint transcriptomic and proteomic analysis
of the biopsies along with the analysis of hiopsy
supernatant, an approach that has already proven to

be useful in imritable bowel 5}=ndmme.6g'm
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Etude physiopathologiqgue de la diffusion de la maladie de
Parkinson au systeme nerveux autonome

Parkinson’s disease spreading to the autonomic nervous system: a pathophysiological

study
Résumé

Au-dela de la triade motrice liée a la dégénérescence de
la substance noire, les symptémes non moteurs dans la
maladie de Parkinson (MP) reflétent une large diffusion
du processus pathologique (agrégation d’'alpha-
synucléine). Ainsi, la dysautonomie, les troubles du
sommeil ou les troubles cognitifs sont fréquents au cours
de la MP, la constipation et le trouble du comportement
en sommeil paradoxal (TCSP) pouvant méme précéder
les signes moteurs. Le tractus digestif pourrait jouer un
réle dans la pathogénie de la MP. L’objectif de ce travail
de thése était d’explorer l'atteinte du systéme nerveux
autonome (SNA) dans I'histoire naturelle de la MP. Nous
avons réalisé une exploration fonctionnelle et
morphologique de la barriere épithéliale intestinale sur
des biopsies coliques. Nous avons montré une
désorganisation structurale des jonctions serrées, non
corrélée a la synucléinopathie dans le systeme nerveux
entérigue. Chez des patients parkinsoniens avec et sans
TCSP, marqueur de sévérité de la MP et de diffusion au
tronc cérébral, nous avons étudié la perméabilité et la
charge lésionnelle entériqgues. La perméabilité ne
différait pas, mais la synucléinopathie était plus
fréquente chez les patients avec TCSP, supportant
I'existence de formes plus diffuses de MP. Enfin, nous
avons réalisé une étude systématique du SNA par des
explorations cliniques, fonctionnelles et histologiques
(biopsie cutanée). L’atteinte des modalités du SNA
montrait une distribution hétérogene, suggérant une
progression éparse et erratique. Seules la constipation
et I'hypotension orthostatique étaient associées a une
altération cognitive, confirmant leurs liens avec la
sévérité de la maladie.

Mots clés
Maladie de Parkinson, systéme nerveux autonome,
systeme nerveux entérique, alpha-synucléine, barriere
épithéliale intestinale, trouble du comportement en
sommeil paradoxal, dénervation cutanée, altération
cognitive

Abstract

Beyond cardinal motor symptoms due to the
degeneration of substantia nigra neurons, non motor
symptoms are major features of Parkinson’s disease
(PD), displaying the large spread of alpha-synuclein
histopathology. Dysautonomia, sleep problems or
cognitive alteration are frequent in PD; constipation and
rapid eye movement sleep behavior disorder (RBD) may
even precede motor symptoms for  years.
Gastrointestinal tract might be involved in PD
pathogenesis. The aim of the current research was to
explore the autonomic nervous system (ANS) in the
natural history of PD. We first performed a functional and
morphological study of the intestinal epithelial barrier
(IEB) in colonic biopsies. We observed a structural
disorganization of tight junction, unrelated to ENS alpha-
synuclein pathology. In PD patients with and without
RBD, a disease severity and brainstem diffusion marker,
we evaluated IEB permeability and enteric alpha-
synuclein pathology. No difference in IEB permeability
was observed between the two groups, but ENS alpha-
synuclein pathology was more frequent in PD patients
with RBD, suggesting that RBD may mark a more
widespread alpha-synuclein-driven  pathophysiology.
Finally, we undertook a systematic assessment of ANS
components, with clinical, functional and histological
(skin biopsy) measures. ANS components were impaired
in a heterogeneous pattern, thereby suggesting an
erratic rather than a stepwise progression. Only
constipation and orthostatic  hypotension  were
associated with cognitive alteration, which reinforce their
relationship with disease severity.

Key Words

Parkinson’s disease, autonomic nervous system, enteric
nervous system, alpha-synuclein, intestinal epithelial
barrier, rapid eye movement sleep behavior disorder,
cutaneous denervation, cognitive impairment-
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