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plutôt les neurones glutamatergiques, va induire une locomotion avec des temps de latence 

très courts (Lee et al., 2014). Chez l’homme sain, des études en IRM fonctionnelle utilisant 

l’imagination mentale de la marche suggèrent également une implication de la MLR dans le 

contrôle de la marche (Iseki et al., 2008; Jahn et al., 2008). Chez les patients parkinsoniens 

enfin, une perte partielle significative des neurones cholinergiques du PPN a été montrée à un 

stade avancé de la maladie (Hirsch et al., 1987; Zweig et al., 1989; Rinne et al., 2008), plus 

importante encore chez les patients parkinsoniens chuteurs (Karachi et al., 2010). 

Compte  tenu  de  l’ensemble  de  ces  données,  il  a  été  proposé  de stimuler à basse 

fréquence la MLR, en particulier la région du PPN, chez les patients parkinsoniens à un stade 

avancé de la maladie afin de stimuler les neurones restants pour améliorer  les  troubles  de 

l’équilibre et de la marche. Après des premiers résultats prometteurs (Mazzone et al., 2005), 

les différentes études cliniques réalisées par la suite apportent des résultats hétérogènes, en 

dehors d’un effet objectif positif sur l’instabilité posturale, et globalement décevants pour la 

moitié des patients environ (Golestanirad et al., 2016). Les deux premières études contrôlées 

n’ont pas permis de démontrer une efficacité objective sur les échelles de marche en condition 

de stimulation « ON », cependant 30 % des patients ont tiré un bénéfice fonctionnel certain en 

terme de qualité de vie, soit par l’amélioration du freezing (Ferraye et al., 2010) soit par la 

diminution de la fréquence des chutes (Moro et al., 2010). Par la suite, des études plus 

récentes en double aveugle (Mestre et al., 2016; Thevathasan et al., 2011; Welter et al., 2015), 

ont montré un effet objectivable sur le freezing et la fréquence des chutes, mais dont le 

maintien à long terme reste incertain. La variabilité des résultats obtenus par les différentes 

équipes peut s’expliquer par plusieurs facteurs : 1) difficulté à évaluer les troubles de la 

marche et de l’équilibre du fait de leurs fluctuations dans le temps et dépendant de nombreux 

facteurs environnementaux imprévisibles; 2) conditions de stimulation et sélection des 

patients différents d’une étude à l’autre (stimulation uni ou bilatérale, patients déjà implantés 

dans le NST); 3) petit nombre de patients opérés; 4) absence de visualisation directe du PPN à 

l’IRM et de limites fermées des noyaux de la MLR rendant le ciblage neurochirurgical 

difficile avec une cible choisie au sein de la MLR qui n’est de ce fait pas identique selon les 

équipes.  



Ces résultats témoignent en partie de la complexité anatomique et fonctionnelle de la 

MLR. C’est  la raison pour laquelle une étude chez le primate a été menée au sein de notre 

équipe afin de déterminer le rôle du PPN, et plus précisément de sa partie cholinergique, dans 

la posture et la locomotion (Karachi et al., 2010). Il a ainsi été observé chez le singe normal 

qu’une lésion spécifique partielle  des neurones cholinergiques du PPN est responsable de 

modifications importantes du tonus, et par conséquent de la posture et de la locomotion 

(Karachi et al., 2010). Chez le singe rendu parkinsonien, une lésion identique du PPN 

cholinergique entraîne des troubles de la posture et de la marche similaires, mais améliore les 

symptômes parkinsoniens dopa-sensibles, prouvant que MLR et ganglions de la base (GB) 

fonctionnent à la fois en synergie mais aussi de façon indépendante (Grabli et al., 2013). 

Des études physiologiques récentes montrent que le PPN n’a pas seulement un rôle 

locomoteur, mais est impliqué aussi dans le contrôle de fonctions non motrices. Les troubles 

du sommeil sévères dont souffrent les patients parkinsoniens, qui résistent aux traitements par 

agoniste dopaminergique ou à la stimulation du NST, en sont un bon exemple avec un impact 

négatif sur la qualité de vie (Schrempf et al., 2014). Les neurones cholinergiques du PPN sont 

bien connus pour contrôler le cycle veille-sommeil, et plus particulièrement la phase de 

sommeil paradoxal (rapid eye movement (REM) sleep) ( Steriade et al., 1990; Rye, 1997; 

Datta, 2002). Des observations cliniques récentes effectuées chez les patients parkinsoniens 

avec des électrodes implantées dans le PPN ont d’ailleurs montré une efficacité de la 

stimulation à basse fréquence sur la qualité du sommeil. Ces patients présentent une 

amélioration de la qualité et de l’architecture du sommeil, suggérant fortement que ces 

symptômes sont étroitement corrélés à un dysfonctionnement des neurones cholinergiques du 

PPN (Arnulf et al., 2010; Peppe et al., 2012). Cependant, là encore, la variabilité de la 

localisation des électrodes ne permet pas de savoir quelle partie anatomique précise au sein de 

la MLR est impliquée, et il existe peu de modèles expérimentaux permettant d’explorer et de 

comprendre la physiopathologie des troubles du sommeil notamment chez le primate. 
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A travers l’ensemble de ces données expérimentales et cliniques, on perçoit la 

complexité de l’anatomie de la MLR, composée d’amas cellulaires sans limites nettes au sein 

de la formation réticulée, et la complexité fonctionnelle de cette structure dont le rôle 

spécifique du PPN et du CuN chez le primate reste encore méconnu. Aussi l’objectif principal 

de mon travail de thèse est de réaliser une étude fonctionnelle et anatomique de la MLR chez 

le primate. Le premier volet de ce travail a consisté à détailler le rôle des neurones 

cholinergiques du PPN dans le contrôle veille-sommeil chez le singe rendu parkinsonien. Le 

second volet a consisté à explorer les connections spécifiques du PPN et du CuN et leurs 

rapports avec les GB afin de déterminer si ces deux structures appartiennent ou non à des 

circuits différents. Cela permettrait d’apporter des éléments de réponse sur la 

physiopathologie des symptômes dopa-résistants visibles chez les patients parkinsoniens et à 

mieux définir la cible éventuelle au sein de la MLR pour la stimulation cérébrale profonde.



ANATOMIE ET PHYSIOLOGIE DE LA REGION 

LOCOMOTRICE MESENCEPHALIQUE:        

Rappels 

A. ANATOMIE 

Le PPN et le CuN sont deux noyaux faisant partie de la MLR (figure 1). Ils  

correspondent à des noyaux ouverts au sein de la formation réticulée mésencéphalique, sans 

limites précises quelles que soient les techniques d’immunohistologie utilisées. Ils sont tous 

les deux constitués de neurones glutamatergiques et GABAergiques, et seul le PPN contient 

des neurones cholinergiques. Il s’agit d’une structure hautement préservée chez l’ensemble 

des vertébrés. 

1.  Anatomie du PPN 

  

Anatomiquement, le PPN est entouré latéralement par les fibres sensitives du lemnisque 

médian, médialement par la décussation des fibres des pédoncules cérébelleux supérieurs (ou 

brachium conjonctivum), ventralement par les noyaux du pont, dorsalement par le noyau 

cunéiforme, en avant par la substance noire (SN) et le noyau rouge, et en arrière par le locus 

coeruleus (Olszewski et Baxter, 1954; Edley et Graybiel, 1983; Geula et al., 1993; Lavoie et 

Parent, 1994a). Le PPN est caractérisé par la présence de neurones cholinergiques, associés au 

groupe cholinergique Ch5 de Mesulam (Mesulam et al., 1983; 1989). Deux sous-parties ont 

été identifiées en fonction de la densité cellulaire cholinergique calculée chez l’homme: la 

pars compacta (PPNc) et la pars dissipata (PPNd) (Olszewski et Baxter, 1954). Le PPNc est 

principalement composé de 80 à 90% de larges neurones cholinergiques (Mesulam et al., 

1984; 1989) tandis que le PPNd est caractérisé par la présence d’environ 75% de neurones 

non cholinergiques. Ainsi des neurones glutamatergiques et GABAergiques ont été observés 

dans le PPN chez le rongeur et le chat (Clements et Grant, 1990; Clements et al., 1991; Ford 

et al., 1995; Jia et al., 2003; Martinez-Gonzalez et al., 2011; Mena-Segovia et al., 2009; Wang 
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et Morales, 2009). Cependant les données sont parcellaires et contradictoires chez le singe 

puisque des neurones glutamatergiques ont été détectés, mais pas de neurones GABAergiques 

(Lavoie et Parent, 1994a,c), alors que des terminaisons glutamatergiques et GABAergiques en 

provenance du PPN ont été décrites au niveau des neurones dopaminergiques de la SN 

(Charara et al., 1996). Chez l’homme, une seule équipe a mis en évidence la présence de 

neurones GABAergiques au sein du PPN (Pienaar et al., 2013). Enfin, il persiste une 

controverse quant à la co-expression ou non de différents médiateurs au sein des neurones du 

PPN. En effet les premières études anatomiques du PPN mettaient en évidence pour les 

neurones cholinergiques une co-expression avec soit le glutamate (40% chez le singe et le 

rongeur) (Clements et al., 1991; Lavoie et Parent, 1994c), soit le GABA (Charara et al., 

1996), mais aussi l’oxyde nitrique ou la substance P (Vincent et al., 1983; 1986). Cependant 

une étude plus récente chez le rongeur, combinant l’hybridation in situ et 

l’immunohistochimie, a clairement montré qu’aucun neurone cholinergique ne co-exprimait 

le glutamate et/ou le GABA (Wang et Morales, 2009). Enfin, les différentes populations 

neuronales seraient distribuées de manière hétérogène dans le PPNd. Une topographie a été 

établie chez les rongeurs, avec un gradient positif rostro-caudal pour les neurones 

cholinergiques et glutamatergiques. Inversement, les neurones GABAergiques sont plus 

concentrés dans la partie rostrale du noyau (Martinez-Gonzalez et al., 2012; Mena-Segovia et 

al., 2009). Ces données n’ont pas encore été étudiées chez le primate. 

En conclusion, la présence des neurones cholinergiques permet de délimiter le PPN 

(Lavoie et Parent, 1994a; Rolland et al., 2009). Mais il reste encore à déterminer la présence 

de différentes populations cellulaires et leur organisation topographique au sein du PPN chez 

le primate.  

2.  Anatomie du CuN 

Le CuN est délimité ventralement par le PPN, dorsalement par les colliculi (supérieur et 

inférieur), médialement par la substance grise périaqueducale et latéralement par le lemnisque 

latéral. De même que le PPN, il est constitué de neurones GABAergiques (chez le singe 

écureuil (Lavoie et Parent, 1994a,c), chez le chat (Appell et Behan, 1990; Pose et al., 2000), 

et peut-être glutamatergiques (Pose et al., 2000). La présence de neurones substance P et 

enképhalinergiques a également été rapportée (Beitz, 1982; Sakanaka et al., 1987). 



Certains atlas cyto- et myéloarchitectonique chez l’homme ont distingué les noyaux 

cunéiforme et sub-cunéiforme (Olszewski et Baxter, 1954) en se basant sur une différence de 

densité et de taille de corps cellulaires, sans préciser la limite exacte entre ces 2 parties. Ce 

serait dans cette dernière que la locomotion aurait été induite par une stimulation chez 

l’animal (Takakusaki et al., 2003) et qu’une modification de l’activité électrophysiologique a 

été mise en évidence chez l’homme lors d’une marche simulée (Piallat et al., 2009) (Ferraye 

et al., 2010). Cependant le CuN faisant partie de la formation réticulée, qui se caractérise par 

une hétérogénéité cyto-architecturale et neurochimique, la délimitation précise de ce noyau 

ouvert reste une source de controverses. 
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B. PHYSIOLOGIE: RÔLES DU PPN ET DU CUN 

1.  Fonctions motrices: posture et locomotion 

a)  Données expérimentales 

  

Stimulation de la MLR  

Les fonctions motrices sont connues depuis les années 60, suite à des travaux sur le chat 

montrant que la stimulation électrique d’une région précise située à la jonction entre le 

mésencéphale et le tronc cérébral entraînait une réponse locomotrice (marche et course) (Shik 

et al., 1966). La région mésencéphalique locomotrice a été ainsi nommée sur des critères 

physiologiques, et de nombreuses études chez différents vertébrés ont confirmé la possibilité 

d’induire une locomotion lors de la stimulation électrique de cette région spécifique chez 

l’animal décérébré (transection au niveau pré-colliculaire et pré-mamillaire), aussi bien le chat 

(Garcia-Rill et Skinner, 1987a,b), le rat (Garcia-Rill et al., 1990), et le primate (Eidelberg et 

al., 1981).  

Chez le chat, si une stimulation à fréquence moyenne (20-60 Hz) induit une locomotion, 

plusieurs trains de stimulations répétés sont nécessaires avant d’entraîner le premier pas 

(Garcia-Rill et Skinner, 1991). Les paramètres de stimulation du PPN sont déterminant pour 

le déclenchement de la locomotion, les fréquences moyennes étant les plus efficaces, tandis 

que les fréquences élevées induisent plutôt un blocage de la locomotion. De plus, une 

stimulation du PPN entraîne une modification du tonus musculaire chez le rat (Kelland et 

Asdourian, 1989) et le chat (Lai et Siegel, 1990), soit une augmentation ou une diminution en 

fonction des protocoles de stimulation (Garcia-Rill et al., 1990), la stimulation à haute 

fréquence chez le chat entraînant systématiquement une abolition du tonus musculaire (Lai et 

Siegel, 1990). Enfin, de nombreuses études ont également été effectuées chez la lamproie, sur 

des préparations semi-intactes (Sirota et al., 2000). La stimulation électrique de la MLR induit 

ainsi des mouvements de nage, dont la rapidité et la puissance sont corrélées à l’intensité. 

Cette même équipe a mis en évidence un rôle direct des neurones cholinergiques dans 

l’induction de la locomotion, via les neurones réticulo-spinaux ( Le Ray et al., 2003; Dubuc et 

al., 2008).  



En se basant sur les effets de la stimulation chez le chat décérébré avec conservation de 

la SNr, une distinction fonctionnelle entre PPN et CuN a été suggérée: le PPN contrôlerait 

plutôt le tonus musculaire, et le CuN la locomotion (Takakusaki et al., 2003) (figure 2). A 

noter cependant une distinction entre la stimulation de la partie ventrale du PPN, qui induit 

une inhibition de la locomotion et une abolition du tonus musculaire, et la partie dorsale qui 

va d’abord faciliter la locomotion, avant de réduire celle-ci parallèlement à une diminution du 

tonus (Takakusaki et al., 2003). Ce modèle a été critiqué, notamment par l’équipe de Garcia-

Rill, considérant le site principal induisant la locomotion comme étant la pars compacta du 

PPN, et plus précisément les neurones cholinergiques (Garcia-Rill, 1986; Garcia-Rill et al., 

1987).  
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LocomotionModification du tonus

Figure 2: Organisation de la MLR chez le chat décérébré  
d’après Takakusaki et al (2003)



Bien qu’il perdure une controverse quant aux fonctions propres du PPN et du CuN dans 

le contrôle de la locomotion, des données plus récentes utilisant les techniques 

d’optogénétique chez la souris ont permis de mettre en évidence le rôle spécifique de chaque 

population neuronale du PPN dans l’induction de la locomotion (Roseberry et al., 2016) 

(figure 3). Dans cette étude il a été montré que l’activation spécifique des neurones 

cholinergiques va induire une augmentation de la vitesse lorsque la souris est déjà en 

condition de marche ou course, mais n’induit pas de locomotion si elle est à l’arrêt. Les 

neurones cholinergiques auraient ainsi, chez le rongeur, plutôt un rôle modulateur. Au 

contraire, l’activation spécifique des neurones glutamatergiques va systématiquement induire 

une locomotion, dont la vitesse est directement corrélée à la fréquence de stimulation. 

L’activation des neurones GABAergiques va quant à elle entraîner une décélération et un arrêt 

systématique de la locomotion. 

Figure 3: Fonctions des différentes populations neuronales de la MLR  

dans la locomotion (cholinergique, GABAergique et glutamatergique) 

d’après Roseberry et al (2016)



Modulation pharmacologique et lésions 

Diverses autres études expérimentales utilisant des agents pharmacologiques ont montré 

des effets variés sur la locomotion. Chez le rat, des injections d’antagonistes GABA dans le 

PPN induisent une locomotion sur de courtes périodes, alors que l’injection d’agoniste GABA 

va bloquer la locomotion induite (Garcia-Rill et al., 1990). Toujours chez le rat, d’autres 

études ont montré une abolition du comportement de catalepsie induit par l’haloperidol après 

injection d’antagonistes GABA dans le PPN (Miwa et al., 1996). Les lésions excitotoxiques 

du PPN quant à elles vont avoir des effets différents en fonction du site. En effet, seules les 

lésions restreintes à la partie antérieure du PPN induisent des effets moteurs avec une 

réduction de la locomotion (Alderson et al., 2008), contrairement aux lésions du PPN 

postérieur qui n’ont pas d’impact sur la locomotion spontanée. Par contre, des lésions 

excitotoxiques restreintes au CuN n’induiraient pas d’altération de la locomotion (Allen et al., 

1996). 

Chez le primate, une lésion par radiofréquence unilatérale du PPN entraînerait une 

akinésie transitoire (Aziz et al., 1998), et une lésion bilatérale une akinésie prolongée 

(MunroDavies et al., 1999). Des lésions excitotoxiques unilatérales non spécifiques à l’acide 

kaïnique entraînent un hémiparkinsonisme avec une posture voutée et une hypokinésie 

controlatérale à la lésion (Kojima et al., 1997; Matsumura et Kojima, 2001). Des lésions 

bilatérales par injection de toxine spécifique des neurones cholinergiques du PPN effectuées 

chez le primate par notre équipe ont induit une altération de la marche associée à des troubles 

du tonus, qui n’étaient pas améliorés après traitement dopaminergique (Karachi et al., 2010).  

Electrophysiologie 

Les caractéristiques électrophysiologiques des neurones du PPN ont été étudiés d’abord 

chez le rat in vitro (Kang et Kitai, 1990; Takakusaki et al., 1997), montrant la présence de 2 

types de neurones cholinergiques en fonction de leurs propriétés membranaires. Cette 

distribution bi-modale n’a pas été retrouvée chez le primate in vivo (Matsumura et al., 1997), 

où les enregistrements ont été réalisés au cours d’une tâche motrice de préhension volontaire. 

Les résultats montraient une modification de l’activité de plus de la moitié des neurones du 

PPN en réponse à la tâche motrice, à la fois controlatérale et ipsilatérale. Afin d’obtenir des 

données physiologiques au cours de la locomotion, un modèle expérimental de locomotion 
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bipède chez le macaque a récemment été développé (Goetz et al., 2012; 2016). Un 

enregistrement électrophysiologique était effectué dans la MLR chez les macaques restreints 

dans une chaise à primate, et entraînés à réaliser une marche bipède sur un tapis roulant. Trois 

groupes distincts de neurones ont été mis en évidence en fonction du type d’activité induite 

par la locomotion: les neurones répondeurs phasiques, les neurones répondeurs toniques, et 

les neurones non répondeurs. Si la localisation de ces neurones était généralement éparse dans 

l’ensemble de la MLR, les neurones répondeurs phasiques étaient majoritairement situés dans 

la partie la plus antérieure du PPN, contrairement aux neurones répondeurs toniques 

prédominant à la partie postérieure (PPNc et CuN). Par ailleurs aucune différence n’a été 

notée sur les propriétés électrophysiologiques des neurones du PPN et du CuN. Cette étude a 

été ainsi la première à confirmer l’implication directe de la MLR chez le primate au cours de 

la locomotion. 

b) Imagerie chez l’homme  

Des études d’imagerie chez les volontaires sains ont permis d’avoir des données sur le 

rôle de la MLR lors de tâches de marche réelle en PET ou imaginaire en IRM fonctionnelle 

(IRMf). Une première étude a identifié les régions cérébrales activées chez des volontaires 

sains, lors de la réalisation de plusieurs tâches locomotrices imaginaires après entrainement: 

station debout, saut, marche et course. L’analyse des résultats a permis de mettre en évidence 

une activation de la MLR pendant les conditions de marche et de course (Jahn et al., 2008). 

Une autre étude a comparé les données obtenues en IRMf sur une tâche de marche imaginaire, 

aux données en PET au cours d’une marche réelle à vitesse constante chez les mêmes sujets 

(la Fougere et al., 2010). Les résultats ont montré à nouveau une activation de la MLR au 

cours des 2 tâches de marche réelle et imaginaire, validant ainsi les résultats obtenus en IRMf. 

Enfin une étude réalisée par notre équipe en IRMf a repris une version modifiée d’un 

paradigme précédemment décrit (Bakker et al., 2008), associant une tâche de marche 

imaginaire avec une tâche imaginant un disque mobile (Karachi et al., 2012), celles-ci étant 

effectuées à 2 vitesses différentes. Une ségrégation fonctionnelle a été montrée (figure 4), 

avec un réseau associant le PPN dorsal et le CuN impliqué dans les fonctions motrices, et le 

PPN ventral plutôt impliqué dans l’intégration sensorielle au cours de la locomotion. 



Le PPN et le CuN font ainsi vraisemblablement partie des nombreuses régions du tronc 

cérébral impliquées dans l’initiation de la locomotion, en activant les réseaux neuronaux d’un 

pattern locomoteur spécifique, et hautement préservés chez les vertébrés. Le retour sensoriel 

et visuo-spatial est un élément primordial de la locomotion, permettant l’adaptation au 

contexte. Cette intégration étant indispensable à l’initiation de la locomotion et à son 

maintien, le PPN et le CuN ont aussi d’autres fonctions permettant probablement cette 

intégration en tenant compte d’informations cognitives mais aussi émotionnelles permettant 

l’activation de programme tel que la fuite, et constituant une interface moteur/limbique au 

sein du mésencéphale latéral (Allen et al., 1996; Walker et Winn, 2007). 
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Figure 4: Illustration des activations neuronales au sein du PPN 

d’après Karachi et al (2012) 
(IG = marche imaginaire; IOM = imagination d’un disque mobile)



2.  Fonctions non motrices 

a) Fonctions cognitives  

L'implication du PPN dans les fonctions non motrices, c’est à dire cognitives, 

émotionnelles et motivationnelles, a été largement étudiée ces dernières années. Nous 

détaillerons ici principalement le rôle du PPN dans les fonctions d’apprentissage et de 

préférence contextuelle, et dans les processus motivationnels liés à la recherche de 

récompense. 

Rôle dans l’apprentissage 

Chez le rat, des injections locales unilatérales d’acide iboténique dans le PPN entraînent 

des perturbations de la mémoire de travail (Koch et al., 1993; Steiniger et Kretschmer, 2004), 

et des lésions bilatérales électrolytiques vont induire une détérioration des performances 

cognitives et de l’apprentissage (Homs-Ormo et al., 2003). De même, après une lésion 

excitotoxique du PPN, les rats étaient incapables de réaliser une nouvelle tâche s’ils n’avaient 

pas été préalablement entraînés (Alderson et al., 2004), montrant le rôle fondamental du PPN 

dans l’apprentissage de nouvelles tâches. Enfin, après injection locale de muscimol (agoniste 

GABAergique) dans le PPN postérieur, les rats perdaient la capacité de modifier et adapter 

leur action lorsqu'il se produisait un changement dans la conséquence de cette action, par 

rapport aux animaux contrôles (Maclaren et al., 2013).  

On sait par ailleurs que la voie ascendante thalamo-corticale est impliquée dans le 

maintien d’un état attentionnel requis pour augmenter la performance lors de la réalisation de 

tâches comportementales (Garcia-Rill, 1991; Reese et al., 1995; Kinomura et al., 1996). 

Aussi, des travaux réalisés par l’équipe de Kobayashi ont montré le rôle des neurones du PPN 

dans la régulation de l’attention au cours de la réalisation de tâches complexes (Kobayashi et 

al., 2002; Okada et Kobayashi, 2015). Renforçant ces données expérimentales, des études 

réalisées chez les patients parkinsoniens implantés dans le PPN, ont confirmé l’implication du 

PPN dans ces fonctions avec un effet de la stimulation à basse fréquence sur les performances 

cognitives. Il a été ainsi mis en évidence une amélioration significative sur les tâches 

impliquant la mémoire de travail, avec une diminution du temps de réponse (Costa et al., 



2010). Des effets sur les fonctions exécutives et attentionnelles ont aussi été démontrés, ainsi 

que sur la fluence verbale et la mémoire à long terme (Ceravolo et al., 2011). Ces effets 

cliniques sont associés à une augmentation du métabolisme de certaines aires corticales, avec 

une augmentation de la consommation de glucose dans les aires pré-frontales bilatérales (dont 

le cortex dorso-latéral et orbito-frontal) mais aussi le striatum ventral et l’insula (Stefani et al., 

2010). 

Implication dans les processus motivationnels et de récompense 

Le rôle du PPN dans la motivation et la prédiction de la récompense à obtenir au 

décours d’une action a été étudié chez les rongeurs (Thompson et Felsen, 2013) et le primate 

(Okada et al., 2009; Okada et Kobayashi, 2013). Cette dernière équipe a étudié l’activité 

unitaire des neurones du PPN lors d’une tâche comportementale, dont la récompense 

prévisible était indiquée par la forme de la cible de fixation (figure 5). Elle a ainsi mis en 

évidence la présence de 2 groupes de neurones distincts dans le PPN, impliqués dans la 

transmission de l’information liée à la récompense: un premier groupe de neurones FT 

(Fixation Target) est activé lors de la fixation jusqu’à la réception de la récompense, et l’autre 

groupe RD (Reward Delivery) est activé au moment de la réception de la récompense avec un 

degré d’activation proportionnel à l’amplitude de cette récompense. De plus, une modification 

de l’activité tonique des neurones du PPN a été montrée comme étant secondaire à 

l’anticipation de la récompense et à son amplitude lors de cette même tâche comportementale. 

Le PPN apparait ainsi comme ayant un rôle important dans le renforcement positif et 

l’association entre l’action et ses conséquences, indispensables pour permettre 

l’apprentissage. 
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Figure 5: Diagramme représentant la tâche comportementale 

et l’activation des neurones FT et RD au cours de la tâche 

d’après Okada et al (2009 ) et Okada et Kobayashi (2013)



D’autres travaux chez le rongeur ont montré un effet impliquant les circuits liés à la 

récompense et à l’addiction. En effet, chez le rat après injection bilatérale de muscimol dans 

le PPN, il a été observé une diminution significative de l’auto-administration d’éthanol. Cette 

modification était similaire à celle observée après micro-injections bilatérales d’agonistes 

dopaminergiques dans le noyau accumbens (Samson et Chappell, 2001). En parallèle, des 

lésions excitotoxiques bilatérales du PPN vont entraîner une augmentation de la 

consommation en sucrose sélectivement dans les conditions d’excitation motivationnelle 

(Alderson et al., 2001). De même, l’auto-administration de nicotine va être elle aussi modifiée 

par une lésion du PPN postérieur (Alderson et al., 2006). Cette même lésion va aussi entraîner 

une altération de la réponse locomotrice induite par la nicotine, par atteinte de l’innervation 

du PPN vers la VTA, dont le rôle dans la réponse comportementale liée à la nicotine est 

essentielle (Alderson et al., 2008). Une lésion du PPN antérieur ne va quant à elle pas avoir 

d’effet sur la locomotion induite par la nicotine, suggérant à nouveau une ségrégation 

fonctionnelle au sein du PPN. 

b) Contrôle des états de veille et sommeil 

Les premières expériences montrant l’implication de la formation réticulée du tronc 

cérébral dans le contrôle des cycles veilles-sommeil datent de 1949 (Moruzzi et Magoun, 

1949). Chez le chat anesthésié, le système réticulé activateur ascendant (SRAA) fut identifié 

par la stimulation électrique du tegmentum mésencephalique induisant un éveil cortical, et la 

lésion induisant un coma. Les principaux systèmes impliqués dans le SRAA ont ensuite été 

définis sur le plan anatomique, comprenant les neurones adrénergiques du locus coeruleus, 

sérotoninergiques des noyaux du raphé et cholinergiques du noyau latéro-dorsal du 

tegmentum et du PPN (Shute et Lewis, 1967). On sait depuis qu’il existe plusieurs structures 

organisées en réseau du tronc cérébral vers le cortex, l'excitation pharmacologique de l’une 

d’elle étant systématiquement suivie par l'activation de l’ensemble des autres structures. Dans 

ce réseau, les neurones du PPN et du noyau latéro-dorsal du tegmentum (LDT) sont connectés 

avec le cortex via des projections principalement cholinergiques sur les noyaux 

intralaminaires postérieurs du thalamus (noyaux parafasciculaire et centro-médian) et sur le 

noyau périthalamique (Steriade et al., 1991; Oakman et al., 1995). 
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Les neurones cholinergiques du PPN font ainsi partie de la voie ascendante thalamo-

corticale régulant les états de veille et sommeil, et le passage de l’un à l’autre. Une diminution 

de l’activité des neurones du PPN a été mise en évidence chez le chat et le rat durant le 

sommeil profond (à ondes lentes) ( Steriade et al., 1990; Rye, 1997; Datta, 2002). Par ailleurs, 

les neurones cholinergiques du PPN sont actifs pendant l’éveil et le sommeil paradoxal, et 

leur activité diminue durant les phases de sommeil (Steriade et al., 1990; Vincent, 2000; 

Garcia-Rill et al., 2007). Des lésions stéréotaxiques dans la région du PPN chez le chat 

(Webster et Jones, 1988; Shouse et Siegel, 1992) ou des traitements pharmacologiques 

d’antagonistes de l’acétylcholine dans des régions de projections du PPN diminuent ou 

abolissent le sommeil paradoxal et réduisent l’éveil (Velazquez-Moctezuma et al., 1989). La 

modulation des états de veille se ferait en activant la voie ascendante thalamo-corticale 

(Steriade et al., 1991) et le tonus musculaire grâce aux projections descendantes via le 

faisceau réticulo-spinal (Pare et al., 1988; Jones, 1993), le PPN étant ainsi impliqué dans 

l’atonie musculaire pendant le sommeil paradoxal (Takakusaki et al., 2003; Garcia-Rill et al., 

2004). Ces données convergent donc vers un rôle clé des neurones cholinergiques du PPN 

dans la régulation du sommeil paradoxal et de l’éveil. Cependant, les études expérimentales 

plus récentes ne retrouvent pas de rôle spécifique « déclencheur » des transitions veilles-

sommeil. Des études lésionnelles plus restreintes du PPN chez le rat (Deurveilher et 

Hennevin, 2001) montrent de profondes modifications du sommeil, avec notamment une 

diminution des phases de sommeil paradoxal, mais ces perturbations ne sont que transitoires. 

Parallèlement, une stimulation électrique ou pharmacologique du PPN chez le chat et le rat 

peut induire un état de sommeil paradoxal avec une atonie musculaire (Jones, 1993; 

Takakusaki et al., 2004). Plus récemment chez le rat, il a été montré que les neurones 

cholinergiques du PPN ont une activité maximale pendant les stades d’éveil et de sommeil 

paradoxal (Boucetta et al., 2014). Ces données ont été confirmées en optogénétique chez la 

souris, où la stimulation spécifique des neurones cholinergiques du PPN induit une 

augmentation de la fréquence des épisodes de sommeil paradoxal (Van Dort et al., 2015) 

(Figure 6). Enfin, des études en chémogénomique chez la souris montrent un rôle différent 

dans l’éveil et le sommeil en fonction des populations neuronales activées (Kroeger et al., 

2017). En effet l’activation des neurones glutamatergiques va augmenter l’éveil et les 

comportements locomoteurs associés. L’activation des neurones cholinergiques va supprimer 



les ondes lentes durant le sommeil profond, mais ne va pas avoir d’effet direct sur la durée ou 

la survenue des stades de sommeil paradoxal. Ces résultats suggèrent ainsi que le PPN va 

avoir un rôle dans l’initiation des états de veille et de sommeil paradoxal, plutôt qu’un rôle 

déclencheur. 

Ainsi, on peut considérer le PPN comme un des composants clefs du réseau de struc-

tures cérébrales contrôlant le sommeil, sans être l’unique régulateur ou déclencheur du som-

meil paradoxal.

!22

Figure 6: Modulation et induction du sommeil paradoxal après activation  

optogénétique des neurones cholinergiques 

d’après Van Dort et al (2015)
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Gait disorders and postural instability, which are commonly observed in elderly patients with Parkinson dis-
ease (PD), respond poorly to dopaminergic agents used to treat other parkinsonian symptoms. The brain 
structures underlying gait disorders and falls in PD and aging remain to be characterized. Using functional 
MRI in healthy human subjects, we have shown here that activity of the mesencephalic locomotor region 
(MLR), which is composed of the pedunculopontine nucleus (PPN) and the adjacent cuneiform nucleus, was 
modulated by the speed of imagined gait, with faster imagined gait activating a discrete cluster within the MLR. 
Furthermore, the presence of gait disorders in patients with PD and in aged monkeys rendered parkinsonian 
by MPTP intoxication correlated with loss of PPN cholinergic neurons. Bilateral lesioning of the cholinergic 
part of the PPN induced gait and postural deficits in nondopaminergic lesioned monkeys. Our data therefore 
reveal that the cholinergic neurons of the PPN play a central role in controlling gait and posture and represent 
a possible target for pharmacological treatment of gait disorders in PD.

Gait disorders and postural instability represent a major burden 
in the elderly population and are commonly observed in severe 
and advanced forms of Parkinson disease (PD; ref. 1). While most 
parkinsonian symptoms can be alleviated by L-dopa replacement 
therapy, gait disorders respond poorly to dopaminergic drugs, 
which suggests that they are caused by nondopaminergic lesions.

Despite our current knowledge of the basic physiology of gait, the 
alterations in the central nervous system that cause gait disorders 
have yet to be identified. Experimental studies have revealed that 
the optimal site for the induction of rhythmic stepping behavior in 
decerebrate animals lies in a functionally defined mesencephalic loco-
motor region (MLR). Anatomically, the MLR encompasses the cunei-
form nucleus (2) and the pedunculopontine nucleus (PPN), which is 
heterogeneously composed of cholinergic and noncholinergic neu-
rons (3). Whether these structures are involved in human gait is still 
under debate, given the inconsistent results of functional MRI (fMRI) 
studies using mental imagery of gait to model real gait (4–6). In PD, 
among the different nondopaminergic neuronal systems affected (7), 
cholinergic cell loss was found in the PPN of patients with the most 
severe dopaminergic degeneration (8). Based on the assumption that 
gait failure is induced by PPN lesion or dysfunction (9), recent thera-
peutic trials tested the efficacy of electrical modulation of the PPN in 
reducing these symptoms in selected parkinsonian patients (10–14). 
However, the variability of the results raised doubts about the initial 
hypothesis and emphasized the need to determine the role of the PPN, 
in particular its cholinergic part, in gait and posture.

In the present study, using a broad range of approaches in humans 
and monkeys in either the normal or the parkinsonian state, we dem-
onstrated that the PPN, and more particularly its cholinergic part, is 
essential in controlling the performance of gait and posture.

The PPN region is activated during fast imagined walking in healthy 
humans. Since PPN neurons are reported to increase their fir-
ing rate in response to step frequency in human parkinsonian 
patients (15), we hypothesized that the activity of the PPN region 
could be modulated by the speed of imagined gait. To address 
this issue, we performed an fMRI study in healthy subjects using 
a modified version of a previously validated paradigm (5). The 
subjects were instructed to perform an imagery of gait (IG) task 
at either normal or faster speed, based on the assumption that 
imaginary movement and actual movement execution activate 
overlapping areas (15). Imagery of object movement (IOM) was 
used as a control task; subjects were asked to imagine a disk mov-
ing in the same environment at either normal or faster speed (at 
around 30% faster). To ensure that the subjects had performed 
the tasks properly, we first measured imagery times required to 
perform the task, and verified that the faster the speed, the short-
er the imagery time (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI42642DS1). 
The comparison between the IG and IOM conditions yielded sig-
nificant activations in a network of brain regions that include 
the superior frontal gyri and the cingulate cortex (Figure 1A and 
Table 1), as previously described (5). As expected, the comparison 
between the faster IG and normal IG conditions revealed sub-
stantial activation of a single cluster in the MLR in the left mid-
brain (Figure 1B). Superimposed anatomical structures revealed 
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that this cluster included the PPN and the adjacent cuneiform 
nucleus (Figure 1, C and D). Therefore, the PPN and cuneiform 
nucleus were activated during fast IG.

Cholinergic neurons in the PPN degenerate in faller PD patients. Freez-
ing of gait and postural instability are often encountered in severe 
and advanced forms of PD. Because several lines of evidence sug-
gest that these symptoms may be related to the degeneration 
of cholinergic neurons within the PPN, we determined whether 
neuronal loss in this structure was more severe in PD patients 
with balance deficits and falls than in PD patients without them. 
Using stereology, we quantified the number of cholinergic neu-
rons labeled for acetylcholinesterase (AChE) histochemistry on 
5 anteroposterior, regularly interspaced PPN sections (Figure 2, 
A and B) in 3 groups of human brains: healthy controls (n = 8), 
PD patients without balance deficits or falls (nonfaller PD; n = 6), 
and PD patients with balance deficits and falls (faller PD; n = 6). 
The number of AChE+ neurons in faller PD patients was signifi-
cantly lower than in nonfaller PD patients (609 ± 61 vs. 934 ± 63 
neurons; P < 0.01, Kruskall-Wallis test followed by Mann-Whitney 
U test) and in controls (1,058 ± 52 neurons; P < 0.01; Figure 2C). 
The number of Nissl-stained neurons in the adjacent cuneiform 
nucleus, as measured by stereology, was not significantly differ-
ent (P = 0.59, Mann-Whitney U test) between faller PD patients  
(3,502 ± 567 neurons/mm3; 31% loss compared with controls) and 
nonfaller PD patients (3,152 ± 241 neurons/mm3; 38% loss com-
pared with controls). As expected, the number of tyrosine hydrox-
ylase–positive (TH+) neurons in the substantia nigra, as quantified 
by stereology, was severely reduced in both PD groups compared 
with controls (faller PD, 32,495 ± 4,799 neurons; nonfaller PD, 
80,478 ± 30,968 neurons; control, 260,955 ± 19,482 neurons;  

P < 0.01, Mann-Whitney U test; Figure 2D). Interestingly, the loss 
of dopamine neurons was also significantly more severe in faller 
than in nonfaller PD patients (P < 0.01, Kruskall-Wallis test fol-
lowed by Mann-Whitney U test).

A loss of cholinergic neurons is detected in the PPN of aged parkinsonian 
monkeys displaying balance deficits. The current monkey models of PD 
are developed using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), a selective neurotoxin that produces dopamine depletion 
but no loss of PPN cholinergic neurons in young adult monkeys 
(16, 17). Yet, because aged but not young monkeys develop balance 
and postural deficits after intoxication with MPTP (18), we tested 
the possibility that these symptoms are associated with a loss of 
cholinergic neurons in the PPN. Young and aged MPTP-treated 
monkeys (total n = 8) developed motor symptoms (akinesia, rigid-
ity, and episodes of tremor). Young MPTP-treated monkeys (n = 4)  
scored 10–12 on a disability scale of 0–25 (18), with no balance or 
posture deficits. In contrast, aged MPTP-treated monkeys (n = 4)  
developed a more severe parkinsonism, with scores ranging 
between 14 and 19 on the disability scale, and displayed major bal-
ance deficits and abnormal postures, as previously reported (19). 
To identify neuronal correlates of these differences, we analyzed 
nigral dopaminergic neurons and cholinergic neurons in PPN 
following sacrifice of the animals. Both groups of MPTP-treated 
animals displayed a dramatic loss of dopaminergic neurons in the 
substantia nigra and of dopaminergic fibers in the striatum (Sup-
plemental Figure 2). In the aged MPTP-treated monkeys, the den-
sity of TH+ fibers, as quantified by optical density measurements, 
showed a significant decrease of 90% in the caudate nucleus and 
95% in the sensorimotor putamen compared with the controls. In 
the young animals, the decreases were 93% and 96%, respectively. 
PPN cholinergic neurons were then identified by NADPH diaph-
orase histochemistry (Figure 3A), which selectively labels these 
neurons in the PPN (18). They were quantified by stereology on 
5 anteroposterior, regularly spaced sections throughout the PPN. 
The total number of NADPH+ neurons did not differ between 
young and aged monkeys (young, 1,038 ± 18 neurons; aged,  
885 ± 55 neurons; Figure 3B). In contrast, whereas MPTP did not 
affect the number of NADPH+ neurons in young animals (949 ± 33  
neurons), it induced a 30% loss of cholinergic neurons in aged 
monkeys (600 ± 19 neurons; P < 0.01, Mann-Whitney U test).
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Because microglia may contribute to changes in normal aging, 
we analyzed the microglial reaction in the PPN of our young and 
aged normal monkeys. An increased number of microglial cells 
stained for HLA-DR antigen was detected in aged compared with 
young monkeys (2.4 ± 0.3 versus 1.5 ± 0.2 cells/mm3; P < 0.01, 
Mann-Whitney U test).

Cholinergic lesion within the PPN induces gait and postural disorders. 
Since the PPN was activated in the IG task in healthy humans, and 
since PPN cholinergic lesion was associated with gait disorders in 
both human disease and the monkey model of PD, we sought to 
demonstrate experimentally that PPN cholinergic lesion without 
dopaminergic injury is sufficient to induce a gait deficit. Bilateral 
injections of urotensin II–conjugated diphtheria toxin (3–10 μl,  
20%–30%) in the PPN of 5 animals resulted in significant and 
reproducible changes in gait and posture during the 7–8 weeks of 
survival. These symptoms included a decrease in the angle of the 
knee and in step length and speed, an increase in the back curve, 
deviation of the hindquarters and of the head, modification of 
the tail position (axial rigidity), and arm and leg rigidity (Figure 4 
and Table 2). Importantly, no modification of global motor activ-
ity in the home cage was detectable, except for animal M2. None 
of these gait and postural parameters improved after injection of  
120 μg/kg apomorphine (Figure 4), which confirmed that they 
were unrelated to dopamine depletion.

Cholinergic neurons of the PPN were then studied postmortem 
by NADPH diaphorase histochemistry (Figure 5B). Mapping of 
the injection sites (Figure 5C) revealed that even though the loss 
of cholinergic neurons was variable from one monkey to another, 
all injection sites were located within the cholinergic part of the 
PPN in all animals (Figure 5D). The number of NADPH+ neurons 
was reduced by a mean of 39% in the lesioned animals compared 
with controls (PPN-lesioned, 4,951 ± 621 neurons, n = 5; control,  
8,178 ± 236 neurons, n = 5; P < 0.01, Mann-Whitney U test; Figure 5E).  
Moreover, we also determined that myelinated fibers were pre-
served after the toxin injections (Figure 5F).

Comparison of gait and posture disorders between MPTP-induced dopa-
minergic injury and PPN lesion. We then compared bilateral PPN 
lesion–induced gait and walking disorders with those induced by 
the dopaminergic depletion caused by MPTP injection. The most 
prevalent symptom observed in the 4 MPTP-treated macaques 
was akinesia, assessed on the basis of a dramatic and significant 
decrease in global activity in the home cage, in arm speed during a 

food retrieval task, and in step speed 
during locomotion (Figure 4). The 
animals also displayed a cog-wheel 
rigidity of the extremities, charac-
teristic of the parkinsonian state 
and unlike the rigidity observed 
in monkeys with PPN lesion. Gait 
and posture deficits observed in the 
MPTP-treated macaques included 
a decrease in step length and speed 
and an increase in the back curve, as 
in monkeys after PPN lesion. How-
ever, the major difference between 
the 2 groups was that in MPTP-
treated animals, these symptoms 
were significantly reversed by apo-
morphine treatment (Figure 4).

Identifying the brain structures involved in gait and balance and 
elucidating their dysfunction are prerequisites for the develop-
ment of new treatments designed to reduce the occurrence of falls 
in the elderly, a major public health and community problem. Our 
study is the first to our knowledge to demonstrate that gait and 
posture in primates are under the control of cholinergic neurons 
of the PPN. This statement is based on converging evidence from 
(a) an fMRI study that showed increased activation of the MLR, 
and more particularly the PPN, during fast compared with nor-
mal IG in healthy human subjects and (b) an experimental study 
showing that lesion of the cholinergic neurons of the PPN was 
sufficient to produce gait and posture deficits in normal mon-
keys. In addition, we found a correlation between the loss of PPN 
cholinergic neurons and balance deficits in the parkinsonian state 
and in aged MPTP-treated monkeys. This result helps to clarify the 
pathophysiology of L-dopa–resistant deficits of gait and posture in 
advanced forms of PD and highlights the key role of a PPN cholin-
ergic lesion in these symptoms.

One of the main findings of our study was that PPN lesion 
induced gait deficits. This is in line with previous experimental 
studies showing that electrical or pharmacological manipulations 
of the PPN region can modulate gait on a treadmill in decerebrate 
cats and rodents (2, 20, 21). In these experiments, increasingly 
higher levels of electrical stimulation of the PPN region drove the 
frequency of stepping from a walk to a gallop (22), which suggests 
that the activation level of the PPN area is critical for the cadence 
of gait. This is consistent with our fMRI results obtained in healthy 
humans during IG, in which the PPN region was activated after an 
increase in the speed of gait. Likewise, extracellular recordings of 
the PPN region obtained in human parkinsonian patients showed 
that neurons increase their firing rate according to step frequency 
(15). Conversely, PPN activation could be related to higher-order 
functions, such as the visuospatial or attentional processes needed 
to maintain a certain level of motor performance in faster gait. 
Experimental data in rodents suggest that the PPN establishes 
high-order function rather than basic motor control (23). In line 
with this concept, the axial deficits observed in the present study 
after specific cholinergic lesion of the PPN were surprising, since 
they contrast with previous results obtained after experimental 
lesion of the PPN without discrimination of targeted neuronal 
subtypes as performed with ibotenic lesions in rats. These ibo-

Group analysis of the network activated during IG relative to IOM and faster versus normal gait

Brain region Side BA  Stereotactic coordinate t value

   x y z

IG versus IOM

Superior frontal gyrus L 6 –11 –6 67 4.17

Superior frontal gyrus R 6 13 –8 78 4.12

Precentral gyrus R 6 21 –18 69 4.16

Median cingulate and paracingulate gyri L 23 –16 –38 32 5.49

Cerebellum R  5 –46 –42 5.12

Faster IG versus normal IG

Pedunculopontine and cuneiform nuclei L  –3 –22 –13 6.11
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tenic PPN lesions resulted in subtle cognitive deficits, but failed to 
induce impairment in spontaneous locomotion (24, 25), except for 
a deficit in baseline activity when the lesion involved the anterior 
PPN (26). In monkeys, PPN lesion induced typical parkinsonism 
with akinesia and hypertonia, but the behavioral analysis in the 
previous studies did not focus on gait and posture (27–29). In this 
context, it is intriguing that the PPN lesions we performed in mon-
keys failed to produce akinesia. These discrepancies could be relat-
ed to the subtype of injured neurons or to the size of the lesions. 
Indeed, in previous studies in primates, the lesions were made 
using kainate, an excitotoxin not specific to a particular neuronal 
population that produces strong seizures and very large lesions. 
Therefore, it is quite possible that some structures adjacent to the 
PPN also participated in the development of akinesia and hyper-
tonia. Moreover, in the previous studies, primate behaviors were 
tested during the first 7 postoperative days, when excitotoxin had 
seizure-promoting activity (30), but not later. In contrast, the PPN 
lesions made in our macaques selectively targeted a small popula-
tion of neurons and were not sufficient to produce akinesia, but 
were large enough to induce clear postural and gait deficits that 
persisted until 7 weeks after surgery.

The large cluster of activation that we detected in the left PPN 
region of right-handed healthy subjects during fast imagined walk-
ing suggests the dominance of this left brainstem region for the 
locomotor system. In support of this view, a further comparison 
between the faster and normal IG conditions with a more lenient 
threshold (P < 0.005, uncorrected) highlighted an additional acti-
vation located in the left supplementary motor area (x, –8; y, –2; 

z, 54), which is the repository of the dominant right leg represen-
tation and is connected to the left PPN. This left dominance is 
in line with previous studies demonstrating that certain higher 
motor functions, such as execution of movement sequences, might 
be controlled more by the left hemisphere than by the right for 
both left- and right-limb movements (31, 32).

The postural and gait deficits that we observed after PPN 
lesions may partially resemble those obtained after dopami-
nergic denervation, since they share common features, such as 
rigidity, reduction of step length, or stooped posture during 
walking. However, a cog-wheel rigidity of the limbs was a char-
acteristic that macaques displayed only after MPTP treatment, 
not after PPN lesion. Moreover, results of more detailed analy-
sis supported the conclusion that the deficits actually differed, 
since no improvement of the symptoms with dopamine agonist 
treatment were observed after PPN lesion. In summary, our data 
demonstrated that while the dopaminergic system participates 
in the control of gait and posture, the PPN cholinergic system 
plays a complementary role with a specific contribution for 
each of these 2 systems. Additional fMRI experiments compar-
ing PPN activation in faller and nonfaller PD patients and in 
healthy subjects would provide further clues to the role of the 
PPN in axial symptoms.

A prominent finding of our study was that cholinergic neu-
rons of the PPN were involved in gait and balance disorders. 
The toxin that we used preferentially targeted the cholinergic 
neurons of the PPN, yet because some noncholinergic neurons 
were also affected (Supplemental Figure 4, B and C), we cannot 
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entirely rule out the possibility that some symptoms may arise 
from a noncholinergic lesion. However, several lines of evidence 
from the postmortem data suggest that cholinergic lesions play 
a role in gait and balance disorders. Indeed, we observed a cor-
relation between gait disorders and cholinergic neuronal loss 
within the PPN of PD patients. Previous studies already showed 
that cholinergic neuronal loss within the PPN was correlated 
with the level of dopaminergic degeneration (8) and with the 
clinical severity of the disease (33). However, to our knowledge, 
this is the first postmortem study in PD patients establishing a 
correlation between the occurrence of falls and freezing and the 
loss of cholinergic neurons in the PPN. We are aware that this 
correlation could be explained by confounding factors, such as a 
higher level of dopaminergic cell loss in patients with severe PPN 
cholinergic lesion. However, this possibility is unlikely, since the 
axial symptoms that we observed in the PD patients with promi-
nent PPN cholinergic loss were not improved by dopaminergic 
treatment. Alternatively, the involvement of lesions in other 
brain structures (7) in the control of gait and posture might 
explain these symptoms. Nevertheless, the fact that the degree 
of neuronal loss in the cuneiform nucleus was not significantly 
different in the 2 groups of PD patients argues against the likeli-
hood that whole-brain degeneration is more severe in faller than 
in nonfaller PD patients.

It is also interesting to note that PPN cholinergic neurons also 
degenerated in aged MPTP-treated monkeys, which develop pos-
tural and balance deficits after MPTP treatment (19). At first 
sight, this finding is puzzling since MPP+, the active metabo-
lite of MPTP, is selectively taken up by dopaminergic terminals 
and thus does not act directly on cholinergic neurons. One pos-
sible explanation for this finding could be related to the pro-
found atrophic changes that occur in cholinergic neurons of 
the PPN during aging (34, 35). An age-related increase in acti-
vated microglial cells in the PPN of aged normal monkeys, as 
observed in the present study, could also account for MPTP tox-
icity on cholinergic cells in aged MPTP-treated monkeys (36). 
Since PPN neurons project to nigral dopaminergic neurons (37), 

which, conversely, project back to PPN neurons (38), it is also 
possible that loss of target neurons or lack of proper dopaminer-
gic inputs induced by MPTP treatment is added to age-related 
alteration of cholinergic neurons.

Finally, our findings provide a rationale for specifically target-
ing the cholinergic entity of the PPN as a strategy for the treat-
ment of falls. Indeed, the direct involvement of PPN neurons in 
the control of gait and posture is in line with recent clinical data 
in PD patients showing that low-frequency electrical stimulation 
of the PPN area improved axial symptoms (10–14). The contribu-
tion of PPN cholinergic neurons could not have been determined 
previously from studies that used electrical stimulation or phar-
macological manipulations. Thus, the identification of a specific 
subset of neurons crucially involved in postural control is of clini-
cal significance, since better functional mapping of the PPN area 
may lead to the improvement of surgical targeting. Indeed, given 
the close proximity of the cholinergic and noncholinergic com-
partments within the PPN, the effects of electrical stimulation 
would vary according to current intensity and electrode location. 
Alternatively, pharmacologic manipulation of the surviving cho-
linergic neurons, or a strategy aimed at their protection, might 
represent an alternative therapeutic approach for falls in parkin-
sonian patients or for elderly people suffering from falls. Our 
results suggest that enhancing the cholinergic signal at the level 
of PPN targets could be a symptomatic treatment for gait failure 
in advanced PD. The administration of cholinesterase inhibi-
tor would increase the efficiency of the acetylcholine released by 
the surviving cholinergic neurons. Yet, as observed for cognitive 
functions in patients with Alzheimer disease, the benefit of such 
manipulation would appear to be rather limited. Administration 
of nicotine or nicotinic agonists to act postsynaptically on cho-
linergic receptors might prove a more effective form of pharma-
cological manipulation. One of the main limitations of all these 
approaches is the lack of specificity of cholinergic manipulation 
for the PPN cholinergic system. Identification of cholinergic ago-
nists specific to receptors expressed in the targets of cholinergic 
PPN neurons could also be a promising approach.

μ
μ
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fMRI study
Subjects. We scanned 15 healthy volunteers (7 females and 8 males) with a 

mean age of 24.7 ± 1.3 years. The study was approved by the local ethics com-

mittee, and written informed consent was obtained from all subjects in accor-

dance with the Declaration of Helsinki. All participants were consistent right-

handers (Edinburgh Handedness Inventory score, 89.88% ± 2.91%; ref. 39).

Experimental task. For the experimental task, subjects were first familiarized 

with a corridor with a path in the middle (length, 8 m; width, 2.30 m) and 

were asked to walk along the path 3 times at a normal speed (1.14 ± 0.10 m/s)  

and 3 times at around 30% faster (1.49 ± 0.12 m/s). Then, the subjects were 

shown video recordings of a disc moving in a straight line, at a uniform 

speed (either normal or faster speed) through the corridor. Subjects then 

performed a training session. There were 4 conditions: normal IG, faster IG, 

normal IOM, and faster IOM. For the IG conditions, subjects were asked 

to imagine walking along the path in a first-person perspective, as if their 

legs were moving, but without making any actual movements. For the IOM 

conditions, subjects were asked to vividly evoke a black disc moving along 

the path, starting from the beginning of the corridor and stopping at the 

end. During each trial, subjects first saw a photograph of the corridor, with 

a specific instruction written on it (normal IG, faster IG, normal IOM, faster 

IOM), projected onto a screen. Once the subjects were ready to start the 

imagery trial, they were instructed to close their eyes and press a button to 

signal that they had started imagining walking or seeing the disc moving. 

Subjects pressed the button again when they imagined that they or the disc 

had reached the end of the trajectory. A fixation cross was then presented on 

the screen (intertrial interval, 6–12 s), and the subjects could open their eyes. 

The training session was performed first outside the scanner (40 trials, 10 

per condition), and then inside the MRI scanner (28 trials, 7 per condition). 

Functional imaging was done immediately after the training session, using 

an event-related design. Each stimulus presentation was controlled through 

a PC running Cogent software (Wellcome Department of Imaging Neurosci-

ence). Motor responses (button presses with right thumb) were recorded via 

an MRI-compatible 1-button stick (Current Designs). The IG and IOM trials 

(80 trials, 20 per condition) were performed in 2 runs of around 15 minutes 

each. For each run, the trial order was pseudorandomized across the experi-

mental factors (i.e., IG or IOM and normal or faster speed).
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MRI data collection. Imaging data were collected at the Centre for Neuro-

Imaging Research (CENIR) of Pitié-Salpêtrière Hospital using a Siemens 

Trio scanner operating at 3 Tesla. T2*-weighted echo-planar images depict-

ing blood oxygenation level–dependent (BOLD) contrast were acquired in 

a single session (echo time, 30 ms; repetition time, 2.8 s; 40 coronal slic-

es, interleaved acquisition; voxel size, 1.6 × 1.6 × 1.6 mm3; field of view, 

204.8 mm2). High-resolution anatomical images were acquired using an 

MPRAGE sequence (echo time, 4.18 ms; repetition time, 2.3 s; 176 sagittal 

slices; voxel size, 1.0 × 1.0 × 1.0 mm3; field of view, 256 mm2).

Data preprocessing. Imaging data were preprocessed with SPM5 statistical 

parametric mapping software (http://www.fil.ion.ucl.ac.uk/spm) imple-

mented on MATLAB (MathWorks Inc.). Images were corrected for differenc-

es in timing of slice acquisition, followed by rigid body motion correction. 

The motion parameters for translation (x, y, and z) and rotation (yaw, pitch, 

and roll) were included as covariates of noninterest in the general linear 

model. Following the coregistration of functional and structural images, the 

anatomical images were segmented and normalized to stereotactic Montreal 

Neurological Institute (MNI) space. Functional images were then normal-

ized using the same normalization parameters and smoothed with a 10-mm 

full width at half-maximum isotropic Gaussian kernel. The time series were 

high-pass filtered (to a maximum of 1/128 Hz) to remove low-frequency 

noise. 4 event types were modeled: normal IG, faster IG, normal IOM, and 

faster IOM. The average hemodynamic response to each event type was mod-

eled using a canonical, synthetic hemodynamic response function (40, 41).  

Onsets of the events were time-locked to the button press marking the onset 

of imagery, and duration was set at 0. Regions of significant activation were 

superimposed on the tracing of cerebral contours in the PPN region, drawn 

from a 3D histological atlas of the basal ganglia (40, 41) that had been 

deformed to the MRI template used for the fMRI analyses.

Human postmortem study in PD
The study was performed on brain tissue sections from 8 control individu-

als, who died without known neurological or psychiatric deficit, and from 

12 PD patients. Mean age at death was 85 ± 3 years for controls and 81 ± 3  

years for PD patients. Clinical data were retrospectively extracted from 

patients’ charts by 2 raters blinded to the results of stereological quantifica-

tion of neurons. All PD patients had been treated with L-dopa or dopamine 

agonists. The diagnosis of PD was made on clinical grounds according to 

the UKPD Brain Bank Criteria (42) and confirmed postmortem on the basis 

of neuropathological examination. PD patients were distributed between 2 

groups according to the scores for items 29 (balance) and 30 (gait) of the 

Unified PD Rating Scale (UPDRS; ref. 43) obtained while patients were in 

the “on” medication state. The range was 0–4, with a higher score indicat-

ing a more severe impairment. Patients scoring 2 or higher on one of these 

items were classified in the group characterized by balance deficits or falls  

(n = 6). The other patients had no balance deficits or falls (n = 6).

Macaque study
Animals. All experiments were carried out in accordance with the recom-

mendations contained in the European Community Council Directives of 

1986 (86/609/EEC) and the NIH Guide for the Care and Use of Laboratory 

Animals and were approved by the French Animal Ethics Committee of 

INSERM. The animals were housed under conditions of constant tempera-

ture (21°C ± 1°C), humidity (55% ± 5%), and air replacement (16 times/h), 

on a 12-hour light/12-hour dark cycle with access ad libitum to food and 

water. In order to quantify the loss of PPN neurons after MPTP treatment, 

we used brain sections obtained from macaques previously analyzed for 

another study (35). There were 7 aged macaques (Macaca arctoides), estimat-

ed to be about 30 years old according to their dentition and the appearance 

of their hair, and 8 young macaques (Macaca fascicularis), aged 3–5 years. 

The present study also included 5 M. fascicularis used for testing the effect 

of bilateral PPN lesion on gait and posture and 4 M. fascicularis intoxicated 

by MPTP to test the effect of dopaminergic lesions on gait and posture; 

they were 5–6 years old and their weights ranged from 3 to 5 kg.

Behavioral analysis. We initially habituated 9 macaques to walk guided with 

a pole in a corridor; this learning period lasted about 2–3 months per animal. 

The animals were videotaped with orthogonally positioned cameras (face and 

profile). The animals’ right and left sides were both considered. The video 

recordings were analyzed offline in order to quantify various parameters of gait 

and posture. For this purpose, images were extracted from the face and profile 

videos, each image being selected on the basis of the body axis of the animal 

during the walk sequence, which had to be parallel to a line drawn on the floor, 

and of the position of its arms and legs, which had to be identical from one 

image to another. The parameters were the angle of the knee and the elbow; 

the height of the pelvis (length of the perpendicular straight line between the 

tail insertion and the line between the 2 feet) and of the back (distance between 

the line extending from the tail insertion and the top of the neck and the par-

allel line tangent to the top of the back); the step length (distance between 2 

consecutive contacts of the same foot) and speed (step length divided by its 

duration, estimated from the number of consecutive images between 2 con-

secutive ground contacts of the same foot); and the tail position. These dif-

ferent parameters were quantified using ImageJ software (http://rsb.info.nih.

gov/ij/links.html). Animals were also trained to sit quietly in a primate chair 

and be manipulated by the examiner to clinically assess rigidity and tremor 

Variations in posture and gait parameters after PPN lesion or MPTP intoxication and after apomorphine treatment in macaques

Treatment Angle Length Speed Global Back Arm Limb Pelvis 

 of knee of step of step activity curve speed rigidity deviation

PPN lesion (n = 5)

Lesion –7%A –7%A –11%A NS 10%A NS 0.7% 0.5%

Apomorphine –8%A –9%A –17%A NS 15%A X 0.7% 0.5%

MPTP intoxication (n = 4)

MPTP NS –16%A –46%A –87%A 27%A 138%A 1.2% 0%

Apomorphine NS NS –23%A,B –53%A,B NSB NS 0.2% X



 The Journal of Clinical Investigation   http://www.jci.org   Volume 120   Number 8   August 2010

(rated between 0 and 3). They also learned a simple food retrieval task to study 

the execution of voluntary movements of the upper arms, during which speed 

of arm movement was quantified. The task consisted of picking up food pieces 

placed in wells on a 24-well board. The animals were taught to retrieve the food 

on the right and left part of the board with their right and left hands, respec-

tively. The motor activity of the macaques was assessed when they were free to 

move in their home cage and was performed using a video image analyzer sys-

tem (Vigie Primates ViewPoint). Using this system, the quantity of movement 

was expressed in arbitrary units and calculated as changes in gray level in pixels 

from one image to the next, counted every 80 ms for 20 minutes.

MPTP treatment. We used brain 

sections obtained from 3 aged and 

4 young macaques that received 

MPTP treatment (0.25–0.60 mg/kg) 

as previously described, and 4 young 

and 4 aged macaques were used 

as controls (38). For the present 

study, we also intoxicated 4 young 

macaques (M. fascicularis) using the 

same protocol. Parkinsonian symp-

toms (akinesia, rigidity, postural 

instability, and intermittent epi-

sodes of tremor) were scored on a 

disability scale of 0–25 (18).

Injection of urotensin II–conjugated 

diphtheria toxin. PPN lesions were 

performed on 5 macaques. Animals 

were tranquilized with ketamine  

(10 mg/kg) and atropine (0.1 mg/kg) 

and placed in a stereotactic appara-

tus, where they were maintained on 

isoflurane anesthesia (1%–2%). A solu-

tion of isotonic saline was given i.v. to 

maintain fluid levels, and solumedrol 

(0.2 ml/kg) was administered to pre-

clude brain edema. All surgical pro-

cedures were performed aseptically, 

and recordings of heart rate, respira-

tion patterns, blood pressure, and 

body temperature were monitored 

throughout the surgery. Lesion was 

performed by injecting a urotensin II– 

conjugated diphtheria toxin locally 

into the PPN region. This toxin has 

been developed to specifically kill 

PPN cholinergic neurons, which have 

previously been shown to express spe-

cifically the urotensin II receptor in 

rodents (44). The stereotactic injec-

tions were guided by radiological 

visualization of ventricular landmarks 

(anterior and posterior commissures; 

ref. 45 and Supplemental Figure 3). A 

fine needle attached to a 10-μl Ham-

ilton syringe beveled at a 30° angle 

was used for toxin infusion. Lesions 

were made by giving 4 infusions per 

hemisphere (2 depths at 2 antero-

posterior locations). Each injection 

was slowly infused (0.2 μl/min), and 

the needle was maintained in position for an additional 10-minute period 

before infusing the next location. Once the injections had been performed, 

the skin was sutured, and Carprofene (0.1 ml/kg; Vericore Limited) was given 

for analgesia. The neurotoxin was first stereotaxically injected unilaterally; 

then, 3–4 weeks later, a contralateral injection was performed using the same 

procedure. To exclude nonspecific behavioral effects, a sham injection was 

performed in the right PPN of animal M2 at 2 weeks before the toxin was 

injected. No behavioral changes were observed under such conditions.

Volume, concentration, and specificity of the toxin. The effective range of toxin 

was explored in monkey M1. It was found that 10 μl of 3% and 5% doses 
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(diluted in sterile water and injected at 2 different anteroposterior levels of 

the same hemisphere) did not produce any postural deficits and resulted in 

very small lesions of the cholinergic neurons (17% maximum; Supplemen-

tal Figure 4A). The 10% dose injected 3 weeks later in the other hemisphere 

of the same animal induced very slight deficits and small lesions (21% 

maximum). We thus decided to inject a 30% dose in monkeys M2 and M3  

(3 and 10 μl, respectively) and a 20% dose in monkeys M4 and M5 (10 μl). 

All these injections produced significant behavioral changes and choliner-

gic neuronal loss. We then tested the specificity of the toxin and estimated 

the loss of noncholinergic neurons on adjacent sections labeled for NADPH 

diaphorase and a marker of neuronal cell bodies (NeuN; Supplemental Fig-

ure 4B). Whatever the concentration used, some NeuN+ neurons remained 

at the periphery of the injection site, where 100% of cholinergic neurons 

were lost. The higher the concentration, the greater the loss of noncholin-

ergic neurons observed (Supplemental Figure 4C). In conclusion, the toxin 

preferentially, but not exclusively, destroyed cholinergic neurons.

Apomorphine treatment in young macaques. Apomorphine (120 μg/kg; 

Aguettent) was given i.m. after PPN lesion or MPTP intoxication (2–3 weeks  

after the surgery or the last MPTP injection when symptoms reached a 

maximum level of severity) in order to test whether the behavioral changes 

induced by the lesion are dopamine-resistant symptoms.

Histochemistry
All macaques were deeply anesthetized and intracardially perfused with 

4% paraformaldehyde in PBS. Brains were removed, immersed in 30% 

sucrose in PBS, and frozen. Transverse sections 50 μm thick were cut on 

a freezing microtome and stored at 4°C in PBS containing sodium azide 

until immunohistochemical analysis.

Series of regularly interspaced (500 μm apart) sections of macaque 

brains were processed for NADPH diaphorase histochemistry as previously 

described (46). Some sections were counterstained with neural red or Cresyl 

violet. Other series of free-floating sections used for immunohistochemistry 

were incubated in the antibodies mouse anti-TH (1:5,000; Immunostar) or 

mouse anti-NeuN (1:500; Chemicon) at 4°C for 2 days. They were then 

incubated in peroxidase-conjugated anti-mouse secondary antibody. The 

antibodies were visualized by peroxidase histochemistry with diamino-

benzidine as substrate (Vector Labs). Some sections were also stained with 

luxol fast blue to label myelinated fibers. In order to analyze the microglial 

activation, series of sections were also stained for HLA-DR (α chain, 1:50 

monoclonal antibody; Dako) as previously described (47).

After autopsy, the human brains were halved sagittally, and one half was 

dissected into smaller blocks of tissue and fixed in 4% paraformaldehyde 

and 15% picric acid as previously described (43). Regularly interspaced 

free-floating 40-μm frozen transverse sections of the PPN (every 720 μm) 

were then processed for histochemical detection of AChE (48) and coun-

terstained with cresyl violet.

Data analysis
The criteria used to delineate the boundaries of the PPN have been 

described previously (46). The number of AChE+ neurons in humans and 

the number of NADPH+ neurons in macaques were counted on 5 regularly 

interspaced PPN sections covering the anteroposterior extent of the struc-

ture. The sections were matched anatomically in each of the brains, while 

verifying that the cross-sections of the PPN were similar in all individu-

als. The extent of dopaminergic denervation in PD patients was assessed 

by counting TH+ neurons on 8 regularly interspaced nigral sections (every 

1,440 μm) using the same method. Estimation of the total number of cho-

linergic and dopaminergic neurons was performed using a semiautomatic 

stereology system with a computer-based system (Mercator; ExploraNova). 

The number of Nissl-stained noncholinergic neurons in the cuneiform 

nucleus, and of HLA-DR+ cells in the PPN, was counted using the same 

stereological method and expressed as the number of cells per cubic mil-

limeter. In MPTP-treated macaques, the density of TH+ immunoreactiv-

ity was quantified in the striatum by measuring the optical density under 

brightfield illumination, as previously described (49).

Statistics
For fMRI analysis, a paired t test was used to determine whether means 

from the healthy subject group varied over 2 test conditions: IG versus IOM 

and normal versus fast walking speed. Parameter estimates for IG and IOM 

at normal and faster speed were determined using planned contrasts. The 

linear combinations of parameter estimates for each contrast were stored as 

separate images for each subject. These contrast images were entered into a 

1-sample t test, to permit inferences about condition effects across subjects 

that generalize to the population (i.e., a random-effects analysis). These 

contrasts produced statistical parametric maps (SPMs) of the t statistics at 

each voxel. Considering our a priori hypothesis regarding the involvement 

of the PPN region in IG versus IOM comparisons (including both normal 

and faster speed) and in faster versus normal IG, and given the small size 

of the structure, contrasts were thresholded with a P value of 0.001, uncor-

rected for multiple comparisons, unless stated otherwise. Only activations 

involving contiguous clusters of at least 30 voxels were interpreted.

A Kruskall-Wallis test followed by a Mann-Whitney U test was used to 

compare neuronal loss in 3 groups (faller PD, nonfaller PD, and control), 

and a Mann-Whitney U test alone was used to determine whether a differ-

ence existed between 2 groups of individuals.

The walk of each macaque was analyzed from 3–5 video sequences taken 

in 3 conditions: control, after PPN or dopaminergic lesion, and after apo-

morphine injection. For each animal, 25 images were extracted from fron-

tal video, and 25 other images from profile video, each image being selected 

on the basis of the body axis of the animal during the walk sequence as 

described above. The mean values of each parameter were then calculated 

for a given individual, and a Friedman test was then used to analyze the 

differences among the 3 conditions, followed by a Wilcoxon paired-sample 

test in the event of statistically significant differences. The mean values of 

parameters calculated for a given animal were also expressed as a percent-

age in 5 monkeys with PPN lesion and after apomorphine treatment, and 

in 4 monkeys intoxicated by MPTP and after apomorphine treatment. A 

Kruskall-Wallis test was then used to analyze variance among the 3 con-

ditions, followed by a Mann-Whitney U test in the event of statistically 

significant differences. The effect of lesion and apomorphine treatment on 

the limb rigidity and pelvis deviation parameters was evaluated on a scale 

of 0–3 and was not statistically compared with the control condition. All 

data are presented as mean ± SEM. A value of P < 0.05 was considered to be 

statistically significant, except for fMRI data (P < 0.001).
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The integrative role of the pedunculopontine
nucleus in human gait
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The brainstem pedunculopontine nucleus has a likely, although unclear, role in gait control, and is a potential deep brain stimu-

lation target for treating resistant gait disorders. These disorders are a major therapeutic challenge for the ageing population,

especially in Parkinson’s disease where gait and balance disorders can become resistant to both dopaminergic medication

and subthalamic nucleus stimulation. Here, we present electrophysiological evidence that the pedunculopontine and subthalamic

nuclei are involved in distinct aspects of gait using a locomotor imagery task in 14 patients with Parkinson’s disease undergoing

surgery for the implantation of pedunculopontine or subthalamic nuclei deep brain stimulation electrodes. We performed electro-

physiological recordings in two phases, once during surgery, and again several days after surgery in a subset of patients.

The majority of pedunculopontine nucleus neurons (57%) recorded intrasurgically exhibited changes in activity related to different

task components, with 29% modulated during visual stimulation, 41% modulated during voluntary hand movement, and 49%

modulated during imaginary gait. Pedunculopontine nucleus local field potentials recorded post-surgically were modulated in the

beta and gamma bands during visual and motor events, and we observed alpha and beta band synchronization that was sustained

for the duration of imaginary gait and spatially localized within the pedunculopontine nucleus. In contrast, significantly fewer

subthalamic nucleus neurons (27%) recorded intrasurgically were modulated during the locomotor imagery, with most increasing

or decreasing activity phasically during the hand movement that initiated or terminated imaginary gait. Our data support the

hypothesis that the pedunculopontine nucleus influences gait control in manners extending beyond simply driving pattern gener-

ation. In contrast, the subthalamic nucleus seems to control movement execution that is not likely to be gait-specific. These data

highlight the crucial role of these two nuclei in motor control and shed light on the complex functions of the lateral mesencephalus

in humans.
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Introduction
Moving through the environment is a crucial and highly

evolved ability in vertebrates, which humans primarily

accomplish using the unique capacity to walk on two

legs. This ability is controlled by neural networks linking

automatic pattern generators in the spinal cord with

supraspinal brainstem and forebrain structures responsible

for selecting, initiating and regulating locomotor behaviour

(Orlovsky et al., 1999). The brainstem lateral mesencepha-

lus is a highly conserved supraspinal locomotor centre that

has been identified in vertebrates ranging from lampreys

to primates (Le Ray et al., 2011), and includes the pedun-

culopontine (PPN) and cuneiform nuclei. The PPN is

a complex structure divided into a pars compacta contain-

ing mainly cholinergic neurons and a pars dissipata

containing glutamatergic and GABAergic neurons

(Olszewski and Baxter, 1954). The pedunculopontine and

cuneiform nuclei receive direct cortical inputs, and are well

positioned to influence locomotor behaviour via ascending

outputs to the basal ganglia and thalamus (Pahapill and

Lozano, 2000), as well as via descending outputs to the

spinal cord (Rolland et al., 2011).

The brainstem region containing the pedunculopontine

and cuneiform nuclei is commonly referred to as the mes-

encephalic locomotor region based on observations that

electrical stimulation of this region can initiate and modu-

late locomotion in animals (Shik et al., 1966; Eidelberg

et al., 1981; Skinner and Garcia-Rill, 1984; Mori et al.,

1989), and that chemical modulation (Takakusaki et al.,

2003) as well as lesioning cholinergic PPN neurons in mon-

keys (Karachi et al., 2010) impairs gait. The mesencephalic

locomotor region is modulated by changes in imagined

locomotion in healthy humans (Jahn et al., 2008; Karachi

et al., 2012), which also modulates cortical networks similar

to those involved during real gait (La Fougère et al., 2010).

Further evidence implicating the mesencephalic locomotor

region in locomotor control comes from pathophysiological

studies of gait and balance disorders, which are major causes

of chronic disability and mortality in the elderly (Snijders

et al., 2007), suggesting that PPN dysfunction may be key

to understanding the pathophysiology of gait disorders re-

sistant to dopaminergic treatment (Pahapill and Lozano,

2000; Snijders et al., 2007; Demain et al., 2014).

In Parkinson’s disease, dopamine replacement therapy

and deep brain stimulation (DBS) of the subthalamic nu-

cleus (STN) effectively treat tremor, rigidity and akinesia

caused by dopamine cell death (Limousin et al., 1998).

These interventions can also effectively treat DOPA-sensi-

tive gait and balance disorders, but as Parkinson’s disease

advances gait disorders can become resistant to dopamine

medication and STN-DBS (Grabli et al., 2012), which may

be related to degeneration of cholinergic neurons in the

PPN (Hirsch et al., 1987; Jellinger, 1988; Zweig et al.,

1989). This is associated with decreased thalamic choliner-

gic activity, and both brainstem cholinergic loss and

decreases in thalamic cholinergic activity correlate with

the history of falls in patients with advanced Parkinson’s

disease (Bohnen et al., 2009; Karachi et al., 2010).

Functional imaging in patients with Parkinson’s disease in-

dicates that PPN area activity depends on the severity of

gait disorders, where blood oxygenation level-dependent

enhancement during imaginary gait may reflect compensa-

tion for brainstem atrophy observed in patients with gait

disorders (Snijders et al., 2011; Demain et al., 2014;

Maillet et al., 2015).

Deep brain stimulation of the PPN has recently been

tested for treating severe dopamine-resistant gait disorders

in patients with Parkinson’s disease, using stimulation par-

ameters thought to stimulate the remaining neurons

(Mazzone et al., 2005; Plaha and Gill, 2005; Stefani

et al., 2007; Ferraye et al., 2010; Moro et al., 2010).

Electrophysiological recordings performed in these patients

during DBS surgery have revealed that some PPN neurons

respond to behavioural manipulations intended to elicit

locomotor contexts, including alternating leg movements

(Piallat et al., 2009) and imaginary gait (Tattersall et al.,

2014). While these results are consistent with a role for the

mesencephalic locomotor region in controlling locomotion,

it remains unclear how neural activity in the human mes-

encephalic locomotor region relates to sensory perception

and the selection, initiation and modulation of motor pro-

grams supporting locomotion.

We sought to improve understanding of the role of

the PPN in gait control by recording neural activity in

this nucleus in patients with Parkinson’s disease undergoing

DBS surgery for intractable gait disorders. We used a

validated imaginary gait task (Bakker et al., 2007;

Karachi et al., 2012) and compared PPN neural activity

to STN recordings made in a second group of patients

with Parkinson’s disease performing this same task. We

provide the first comparative analysis of the neural activity

of these two nuclei in a locomotor context, and our results

suggest distinct roles for the PPN and STN in locomotor

control.

Materials and methods

Patients

Fourteen patients with idiopathic Parkinson’s disease were
recruited at the Pitié-Salpêtrière Hospital. We included eight
patients using standard criteria for STN-DBS (Welter et al.,
2002). For PPN-DBS, we included six patients using the
same criteria except that gait and balance disorders measured
by freezing of gait and/or falling subscores were 52 ON
DOPA (Tables 1 and 2). Thus, patients in the PPN-DBS
group exhibited significantly more DOPA-resistant gait dis-
orders compared to the STN-DBS group. Patients in each
group participated in separate clinical trials that were
approved by the local ethical committee of the Salpêtrière
Hospital and the INSERM-DGOS (PPN trial
#NCT02055261, STN trial #NCT01682668). Randomization
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was not used to assign patients, and the authors were not
blinded to the group allocations. All patients agreed to partici-
pate and signed a written consent.

Imagery tasks

Imaginary gait task

Patients performed an imaginary gait task previously described
(Karachi et al., 2012). Prior to surgery, patients were trained
to walk along an 8-m long segment of a corridor. On separate
trials they were instructed to walk at normal speed and then
30% faster. After practicing walking at each speed, patients
were seated in front of a computer screen and trained to per-
form the imaginary gait task. Each trial began with the pres-
entation of a white cross at the centre of the screen. After a
delay, an image showing the corridor that the patient had
walked along was displayed, along with instructions indicating
the speed at which to imagine gait (normal or rapid, pseudo-
randomized). When the patient was ready, he closed his eyes
and initiated imaginary gait by pressing a button. Finally, the
patient terminated imagery with a second button press, and
then opened his eyes.

Imaginary object movement task

Patients in the PPN-DBS group were also trained on an ima-
ginary object movement task where they imagined an object
moving at two different speeds along the same 8-m corridor
segment. These conditions were indicated by ‘normal object’
and ‘rapid object’. The trials were otherwise identical in terms
of stimulus presentation, times and the sequence of button

pressing and eye closing the subject was instructed to perform

to initialize and terminate imagery.
During surgery, patients only performed the imaginary gait

task due to time limitations. In postsurgical sessions, four PPN
patients performed both imaginary gait and object movement

tasks (conditions pseudo-randomly interleaved).

Surgical procedure and localization of
neurons and definitive DBS
electrodes

We targeted the PPN and STN using a combination of direct

MRI targeting (Bejjani et al., 2000; Zrinzo et al., 2008) and a

3D histological atlas of the basal ganglia that were deformed
to the preoperative T1 MRI of each patient’s brain obtained

the day before surgery (Yelnik et al., 2007). We obtained a

set of coordinates with each method, aiming for the lowest
contact to be just outside the lower limit of the nucleus, and

defined a target for each side by averaging these coordinates.

We chose trajectories that avoided ventricles, the caudate
nuclei, and blood vessels, and accounted for the size of the

brainstem (for PPN surgeries). During surgery, we used a

Leksell frame (Elekta Instruments, Inc.) with X-ray imaging
to control the position of the electrodes. For PPN recordings,

we used only two microelectrodes (instead of three to five)

per side to reduce haemorrhagic risk. For STN recordings, we
used three microelectrodes for both sides. Individual neurons

were localized within the structures using preoperative MRI

and perioperative X-rays to validate microelectrode

Table 1 Demographic and clinical features of patients

Gender,

Age

Disease

duration

Activities of

daily living

(UPDRS II)

Motor

disability

(UPDRS III)

Levodopa

motor

complications

Levodopa-equivalent

dosage

Cognitive status

OFF ON OFF ON MMS MDRS Frontal

score

WCST

PPN-DBS

S01 M, 69 19 21 19 44 18 4 1700 28 132 47 12

S02 F, 70 18 26 9 45 16 9 570 25 140 52 15

S03 F, 68 23 28 19 61 30 9 700 29 130 51 12

S04 F, 64 10 22 6 38 19 4 1050 25 141 52 12

S05 M, 63 14 11 11 38 16 5 585 29 139 54 20

S06 M, 46 12 22 5 50 19 10 1300 27 139 58 20

Mean (SD) 63 (8.9) 16 (4.9) 22 (5.9) 12 (6.2) 46 (8.6) 20 (5.2) 7 (2.8) 984 (453) 27 (1.9) 137 (4.6) 52 (3.6) 15 (3.9)

STN-DBS

S07 M, 55 9 17 14 18 3 5 1000 30 143 59.5 20

S08 F, 53 7 33 7 46 11 8 1130 27 143 60 20

S09 F, 51 13 15 1 32 1 6 450 30 144 60 20

S10 M, 55 11 24 16 53 11 7 625 25 122 46 12

S11 F, 57 10 24 2 26 4 9 875 29 143 54 15

S12 M, 60 10 25 11 53 27 8 1080 28 144 58 20

S13 F, 58 11 35 11 58 17 7 400 30 144 58 20

S14 F, 67 10 18 2 37 15 5 1125 28 129 44 9

Mean (SD) 57 (4.9) 10 (1.7)* 24 (7.3) 8 (5.9) 40 (14.3) 11 (8.6)* 7 (1.5) 836 (303) 28 (1.8) 139 (8.6) 55 (6.4) 17 (4.4)

*P5 0.05 unpaired t-test comparing STN-DBS patients with PPN-DBS; MMS = Mini-Mental Status (range 0–30, higher score indicates better cognitive function); MDRS = Mattis

Dementia Rating Scale (range 0–144, higher score indicates better cognitive function); UPDRS = Unified Parkinson’s Disease Rating Scale (part II: range 0–52; part III: range 0–108;

part IV: range 0–44; higher scores indicate worse parkinsonian status); WCST = Wisconsin Card Sorting Test (range 0–20; higher scores indicate better cognitive status). OFF and

ON refer to dopaminergic medication.
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trajectories and depths. We localized the definitive DBS elec-
trodes for each patient using a postoperative helicoidal CT
scan registered to the preoperative T1-weighted MRI
(Bardinet et al., 2009).

Data collection

The patient was brought out of anaesthesia, and tungsten
microelectrodes (1M! impedance; FHC Inc.) were lowered
together using a microdrive. We started physiological record-
ings 5mm above the target. We reminded patients of the ima-

ginary gait task, which was presented on a mounted LCD
screen. When neural activity could be stably recorded, the pa-
tients performed the task for !15min, using the hand contra-
lateral to the recorded PPN or STN to press the button.

Patients were free to discontinue the experiment at any time.
After finishing the task and the clinical assessments, the patient
was re-anaesthetized and the definitive DBS electrode was im-
planted. This entire procedure was repeated for the other

hemisphere.
Neuronal activity was amplified, filtered and written to disk

for offline analysis (Guideline 4000, FHC Inc. or Leadpoint,
Medtronic). Action potentials were isolated using manual clus-

tering on the basis of several waveform parameters including
principal components, peak and trough amplitudes, as well as
the presence of a refractory period (Offline Sorter, Plexon
Instruments). We characterized over half of the unit activities

as single-unit, with signal-to-noise ratios 44 (Tattersall et al.,
2014) (PPN, n = 27, mean signal-to-noise ratio = 6.01, min
signal-to-noise ratio = 4.14; STN, n = 36, mean signal-to-
noise ratio = 6.34, min signal-to-noise ratio = 4.30). When

multiple action potentials could not be separated into well-
defined clusters, we thresholded the raw voltage signal at !3

standard deviations (SD) from the mean and labelled this

multi-unit activity (PPN, n = 22, mean signal-to-noise

ratio = 3.43, min signal-to-noise ratio = 3.01; STN, n = 31,

mean signal-to-noise ratio = 3.39, min signal-to-noise

ratio = 2.81). There was no difference in the proportion of

single-units isolated in each area (P4 0.5), nor in the signal-

to-noise ratios between areas (P-values40.4).
Postsurgical recordings were made 4 days after surgery for

PPN patients. Local field potentials were recorded bilaterally

from the definitive DBS electrodes (model 3389, Medtronic

Neurological Division), which had four cylindrical platinum-

iridium cylindrical contacts (1.27mm in diameter and 1.5mm

in length) separated by 0.5mm. Signals were amplified, low

pass filtered at 250Hz and digitized at 512Hz (Basis BE

System, EB Neuro S.p.A.). Bipolar recordings were made be-

tween adjacent contacts of each electrode, yielding six record-

ing channels per patient (three per side). Patients were on

their dopaminergic medication, and were comfortably

seated in front of a screen to perform the imagery tasks for

!30min. Five patients participated in the postsurgical local

field potential recordings. We excluded data from two of

these patients; one due to excessive signal artefacts, and the

second patient could not perform the task due to postsurgical

fatigue. Local field potentials were processed to remove

power line noise by fitting a parametric function to the

power spectral density of the raw voltage signal in the vicin-

ity of 50Hz ("2Hz). The raw voltage signal was then fil-

tered using the inverse of the fitted function so that the

resulting spectrum at 50Hz was similar to that of surround-

ing frequencies (Zanos et al., 2011). We excluded data from

individual trials when the amplitude of the raw voltage signal

exceeded 500 mV or 6 SD of the amplitude distribution across

the session.

Table 2 Gait and balance disorders of patients

Falling

(item 13-UPDRS II)

FOG

(item 14-UPDRS II)

Axial motor score

(UPDRS III)

Postural stability

(item 29-UPDRS III)

Gait

(item 30-UPDRS III)

OFF ON OFF ON OFF ON OFF ON OFF ON

PPN-DBS

S01 4 4 4 4 8 2 2 1 3 1

S02 2 2 3 2 12 6 3 2 3 2

S03 2 2 3 3 11 8 3 1 3 3

S04 2 2 3 1 8 3 2 1 3 1

S05 2 2 3 3 4 4 2 1 2 2

S06 2 2 3 2 9 1 2 2 3 0

Mean (SD) 2 (0.8) 2 (1.2) 3 (0.4) 2 (1.0) 9 (2.8) 4 (2.6) 2 (0.5) 1 (0.5) 3 (0.4) 2 (1.0)

STN-DBS

S07 0 0 0 0 0 0 0 0 0 0

S08 0 0 3 0 14 2 2 0 4 0

S09 0 0 0 0 3 0 1 0 1 0

S10 0 0 0 0 3 0 1 0 1 0

S11 0 0 3 0 3 0 0 0 1 0

S12 2 0 3 1 11 5 2 0 4 1

S13 1 0 4 1 11 3 1 0 3 1

S14 0 0 0 0 10 4 0 0 2 0

Mean (SD) 0 (0.7)* 0 (0)* 2 (1.8)* 0 (0.5)* 7 (5.2) 2 (0.1) 1 (0.8)* 0 (0)* 2 (1.5) 0 (0.5)*

*P5 0.05 unpaired t-test comparing STN-DBS patients with PPN-DBS; UPDRS = Unified Parkinson’s Disease Rating Scale [part II: Falling and freezing of gait (FOG) scores: range 0–4;

part III: axial score: range 0–20; gait and postural instability scores: range 0–4; higher scores indicate worse parkinsonian status]. OFF and ON refer to dopaminergic medication.

Activity in the human PPN during imaginary gait BRAIN 2015: 138; 1284–1296 | 1287



Data analysis

We performed all analyses using MATLAB (version 2013a,

Mathworks Inc.) and R (version 3.10, R Core Development

Team). We fit the linear mixed models described below using

the R package lme4 (version 1.1), and assessed significance

with mixed-effects ANOVAs using the R package lmerTest

(version 2.0) with Satterthwaite’s approximation for the de-

nominator degrees of freedom of the F-statistic.

Behavioural analyses

We analysed the durations between button presses initiating

and terminating imagery. Trials where this duration was 52

or 430 s were excluded, leaving 1463 (97.5%) trials of intra-

surgical data and 577 (96.7%) trials of postsurgical data for

analysis. We modelled imagination duration using a linear

mixed model, including fixed effects of target location (PPN

or STN), speed (rapid or normal) and imagery type (gait or

object movement), with an additive random effect for each

patient. Imagination time distributions were positively

skewed, and we log-transformed the data to symmetrize and

stabilize residuals. Resulting model residuals were symmetric-

ally distributed, but had heavier than Gaussian tails. We

checked that this did not affect our conclusions by fitting

robust versions of the models (robustlmm version 1.6), and

confirmed that our conclusions were unchanged.

Analysis of spiking activity

We compared activity within a trial to baseline using a

Wilcoxon rank sum test. The activity for every trial of each

neuron was first smoothed using a Gaussian kernel density

estimator with optimal bandwidth (Shimazaki and

Shinomoto, 2010). We estimated baseline rate by averaging

activity from #2.5 to #0.1 s before visual instruction onset

for each trial, and compared activity at every millisecond to

this baseline distribution. We adjusted for multiple compari-

sons using the procedure of Benjamini and Hochberg (1995) to

control the false discovery rate (FDR).
We quantified modulation strength in three time windows

(Visual, 0 to 0.5 s after visual instruction onset; Motor,

#0.5 to 0.5 s relative to button presses; Imaginary gait, 2 to

4 s after imagery was initiated), z-scoring absolute responses by

subtracting mean baseline activity and dividing by its standard

deviation (baseline from #2.5 to #0.1 s before visual instruc-

tion onset). We modelled modulation strength using a linear

mixed model, including fixed effects of target location (PPN or

STN), recording side (right or left) and recording depth, with

an additive random effect for each patient. Distributions of the

resulting model residuals were positively skewed, and we

checked that this did not affect our conclusions by power

transforming modulation strength to symmetrize and stabilize

residuals. This yielded residuals that were Gaussian (Lilliefors

test) with homogeneous variance across patients (Levene’s

test). The results from these fits agreed with those presented

in the ‘Results’ section; PPN modulation strength was signifi-

cantly greater than STN modulation strength in the Visual

(P = 0.031) and Imaginary gait (P = 0.037) epochs, but not

the Motor epoch (P = 0.367).

Comparing recording locations

We compared the anatomical localization of neurons with dif-
ferent response properties by treating the location of each
neuron (x, y, z position) as a sample, and testing for differences
between sample distributions non-parametrically using a test
based on statistical energy (Székely and Rizzo, 2013). P-values
were calculated by bootstrap.

Time-frequency analysis

We estimated spectral power as a function of time
and frequency using a multi-taper estimation algorithm
(Mitra and Bokil, 2007) implemented in the Chronux library
(version 2.10, http://chronux.org). For each bipolar local field
potential recording, power was calculated in 500ms windows
stepped by 30ms, using five orthogonal tapers with a time-
bandwidth product equal to 3. Spectrograms were normalized
to the average baseline spectrum measured #3 to #1 s before
visual instruction onset, and transformed to decibels. We
quantified changes in the same three time windows we used
to analyse spiking data, modelling spectral modulations with a
linear mixed model that included fixed effects of recording
depth (dorsal, intermediate or ventral), imagination speed
(rapid or normal), imagination type (gait or object movement)
and recording side (right or left), with an additive random
effect for each patient. Resulting model residuals were symmet-
rically distributed, but had heavier than Gaussian tails. We
checked that this did not affect our conclusions by fitting
robust versions of the models, and confirmed that our conclu-
sions were unchanged.

Results

Behavioural performance

We trained 14 patients with Parkinson’s disease to perform

an imaginary gait task 1 month before and again the day

prior to DBS surgery. Each trial consisted of viewing an

instruction on a screen and pressing a button to initiate and

terminate an epoch of gait imagination with the eyes

closed. Patients were instructed to imagine walking down

a corridor they were familiar with, and they practiced both

real and imaginary gait until they reliably produced shorter

imagination times when instructed to imagine walking

faster compared to walking at a normal speed. They per-

formed this task when brought out of anaesthesia during

DBS surgery while we recorded the spiking activity of neu-

rons in the PPN or STN using microelectrodes (intrasur-

gical), and in a subset of PPN patients 4 days later while

we recorded local field potentials from the implanted DBS

macroelectrodes (postsurgical). Patients successfully per-

formed the imagery tasks, producing shorter imagination

times when instructed to imagine walking faster compared

to normal walking speed, both intrasurgically (7.26 s versus

8.75 s, P5 0.001) and postsurgically (7.55 s versus 8.88 s,

P5 0.001). Imagination times did not depend on patient

group (PPN versus STN, P4 0.4), and all patients except
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one in the STN group produced shorter imagination times

during rapid compared to normal speed trials. For the post-

surgical recordings, patients also imagined object motion at

two different speeds, and their performance in these trials

was not different from imaginary gait trials (P4 0.8).

Thus, both patient groups performed imagery gait simi-

larly, despite differences between patient groups during

real gait (Table 2).

PPN and STN neurons respond
differently during imaginary gait

We recorded 49 single- or multi-units in the PPN of five

patients and 67 single- or multi-units in the STN of eight

patients. Figure 1A illustrates a range of task-related activ-

ity that we observed in individual neurons in the PPN and

STN, including modulations during imaginary gait, visual

instruction, and the physical movements (button presses)

initiating and terminating imaginary gait. We summarized

the prevalence of task-related changes by comparing activ-

ity at each point in time throughout the trial to baseline

activity before visual stimulus presentation, pooling signifi-

cance across neurons within each nucleus (Fig. 1B). There

were substantially more modulated neurons in the PPN

compared to the STN, which was evident beginning with

visual instruction presentation and was maintained until

patients terminated imaginary gait. In contrast, there were

relatively few modulated neurons in the STN; significant

changes from baseline occurred primarily around the time

of button presses, and significant changes during imaginary

gait were less coherent across the population. For both

PPN and STN neurons, we occasionally observed small

differences between the rapid and normal speed conditions,

but we found fewer than 5% significant differences at any

point in time when comparing these conditions, and we

therefore pooled the data for all analyses.

Individual neural responses within both the PPN and the

STN could exhibit positive or negative modulations relative

to baseline (Fig. 1C). There was no significant difference

between the proportions of neurons with each sign of re-

sponse defined by the peak response over the entire trial

(P40.30 for both PPN and STN). We quantified modula-

tion strength using the absolute response change z-scored

relative to baseline (Fig. 1D), and found that across all

neurons PPN modulation magnitudes were significantly

greater during the visual stimulus (PPN-STN = 0.541,

SE = 0.264, P5 0.05) and imaginary gait (PPN-

STN = 0.190, SE = 0.080, P5 0.05) epochs. PPN and

STN modulation magnitudes did not differ during the

button presses initiating and terminating imaginary gait

(PPN-STN = 0.085, SE = 0.106, P4 0.4).

Individual neurons could exhibit modulation during one

or more epochs of the imaginary gait task. We observed

that the proportion of neurons modulated during at least

one of three epochs (Fig. 1E; Visual, Motor, Imaginary

gait) was significantly greater in the PPN compared to

STN [57.1% versus 26.9%, 95% confidence interval (CI)

for difference = 11.1–49.5, P5 0.01]. In addition, signifi-

cantly task-related neurons more frequently exhibited

joint modulation in two or three of task epochs in the

PPN compared to the STN (62.5% versus 30.2%, 95%

CI for difference = 2.12–58.9, P5 0.05).

The location of each single- or multi-unit activity is illu-

strated in Fig. 2. We did not find any difference between

the spatial distributions of task-related neurons compared

to those without significant modulations (Fig. 2A) in either

the PPN or the STN (P-values4 0.10). Nor did we find

evidence of spatial clustering when comparing spatial dis-

tributions of neurons modulated in the visual, motor

or imaginary gait epochs (Fig. 2B) in either the PPN

(P-values40.09) or the STN (P-values4 0.5). This lack

of difference is perhaps unsurprising in the PPN, where

many individual neurons were modulated by more than

one task event.

PPN local field potentials exhibit
distinct temporally and spatially
localized frequency modulations

We further explored PPN activity during imaginary gait by

recording local field potentials from the definitive DBS

macroelectrodes in a postsurgical session (Fig. 3A).

Patients performed the same imaginary gait task as they

did intrasurgically, with two additional conditions where

they imagined an object moving down the corridor at

the two different speeds (normal and rapid). We estimated

spectrograms grouping bipolar pairs across patients by rela-

tive recording depth (Fig. 3B). PPN local field potentials

exhibited robust changes in spectral power that depended

on both task events and depth within the nucleus.

Following visual instruction onset, we observed transient

increases in theta (4–8Hz), alpha (8–13Hz), beta (13–

30Hz) and gamma (30–100Hz) power. These increases

were spatially localized, with those in the theta, beta and

gamma bands largest at the intermediate dipole, and those

in the alpha band equally strong at the dorsal and inter-

mediate dipoles but diminishing significantly at the

ventral dipole (P-values50.001, see also Supplementary

Table 1).

Aligning to the button presses that initiated and termi-

nated imagery revealed that power modulations in all

frequency bands were also greatest at the intermediate

dipole (P-values5 0.001). During imagination, sustained

changes in theta, alpha and beta power were also signifi-

cantly spatially localized; theta power decreased at all di-

poles with the smallest decrease at the intermediate dipole,

alpha power increased maximally at the intermediate

dipole, while beta power increased maximally at the

dorsal and intermediate dipoles (P-values5 0.001).

Gamma band power increased at the initiation of imagin-

ation, but then decreased below baseline in a non-spatially

localized manner until imagery ended, although this
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decrease did not reach significance (P = 0.0674). Thus,

while visual instruction and physical movement were

associated with spatially and temporally localized broad-

band increases in power, mental imagery was associated

with spatially localized sustained increases in power specif-

ically in the alpha and beta bands, with suppression

elsewhere. Local field potential power changes were similar

during both imaginary gait and imaginary object move-

ment, and none of the changes in theta, alpha, beta

or gamma band power depended on the type of imagin-

ation (gait or object) or speed (normal or rapid) in any

of the visual, motor or imagination epochs

(P-values4 0.10).

Discussion
We used locomotor imagery to explore the different contri-

butions of the PPN and STN in human gait. Our study

has two important strengths. First, we recruited homoge-

neous populations of patients with idiopathic Parkinson’s

disease, with the only notable difference between the two

surgical groups being the severity of dopamine-resistant

gait and balance disorders. All patients were cognitively

normal and extensively trained, ensuring reliable perform-

ance of the motor imagery tasks, which required focus,

particularly in the operating room. Second, we used

an imaginary gait task that has been validated in imaging

studies of healthy subjects (Jahn et al., 2008; Karachi et al.,

2012) and patients with Parkinson’s disease (Snijders et al.,

2011; Crémers et al., 2012). This task has separable phases

allowing us to correlate neural activity with distinct events.

We found that both the PPN and STN were modulated

during motor imagery, but the prevalence of PPN modula-

tions spanning multiple events supports the hypothesis

that the PPN, but not the STN, likely integrates multiple

sources of information to influence locomotor behaviour

in humans.

It is important to consider the limitations of comparing

the brain activity of two different patient groups. At our

centre, STN-DBS is contraindicated by severe

DOPA-resistant gait disorders. We note that patients in

both the PPN-DBS and STN-DBS groups exhibit gait and

balance disorders. These disorders are alleviated by DOPA-

Figure 1 Neural responses in the human PPN and STN during imaginary gait. (A) Example PPN and STN activity. Each row

represents a different neuron, with each column illustrating activity aligned to one of three different trial events. Activity was smoothed with an

optimal Gaussian kernel and averaged over trials. We pooled data from normal and rapid gait imagination since we did not observe any differences

between these conditions. (B) The PPN is more responsive than the STN during the imaginary gait task. For each neuron, we compared activity at

each point in time with the baseline activity of that neuron taken before the presentation of the instruction cue. Significance was pooled across all

neural responses after FDR correction, and smoothed with a 50ms moving average. (C) Individual activity profiles for significantly modulated

neural responses. All neurons that were significantly modulated relative to baseline are plotted, aligning to the same events as A and B. The

activity for each neural response is smoothed with an optimal Gaussian kernel and normalized to the peak absolute response across the entire

trial. In each panel, the neural responses are sorted according to the time of the peak absolute response (separately for positive and negative peak

responses). The sign of the peak absolute response is indicated to the right of the last column. (D) The PPN and STN respond differently during

imaginary gait. Population activity profile including all neurons that were significantly modulated relative to baseline. Neural activity was z-scored

relative to baseline before averaging the absolute response. (E) Neural responses in the PPN more frequently occur to different task epochs than

those in the STN. Individual neural responses were tested for significant differences during three different epochs (indicated in D): (i) Visual,

corresponding to the presentation of the instruction cue (green); (ii) Motor, corresponding to the overt button presses that indicated the

beginning and end of imaginary gait (blue); and (iii) Imaginary gait, when patients had their eyes closed and were imagining walking (orange). ‘Pos’

and ‘neg’ indicate the number of neurons exhibiting positive or negative modulations of activity for each epoch.
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Figure 3 Task-related local field potential activity is spatially localized within the PPN. (A) Sagittal view of post-surgical localization of

PPN electrodes in T1-weighted MRI image from one patient (top). Illustration of dipole centres for all patients in the histological atlas of Yelnik et al.

(2007) (bottom). Each sphere represents the midway point between adjacent contacts contributing to each bipolar recording. (B) Spectrograms of

local field potentials recorded from definitive DBS contacts. Recordings from each patient were averaged by dorsal-ventral arrangement along the

electrode shaft (rows). The panels within each row are aligned to presentation of the visual instruction cue, initiation and termination of imaginary gait.

Spectral power is normalized relative to prestimulus power (#3 to #1 s before instruction onset). IC = inferior colliculus; SC = superior colliculus.

Figure 2 Localization of neurons in the STN and PPN. (A) Sagittal views of task-related (black) and non-task-related (white) neurons. (B)

Localization within the STN (top row) or cuneiform nucleus (CuN)/PPN (bottom row) of neurons with significant modulations in activity during

visual instruction (first column, green spheres), imaginary gait (second column, orange spheres), and button press (third column, blue spheres).

White spheres represent the remaining neurons. The STN and CuN/PPN figures include axial and coronal T1-weighted MRI sections of the

histological atlas of Yelnik et al. (2007). IC = inferior colliculus; SC = superior colliculus.
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therapy in both groups, although the PPN group exhibited

significantly more severe DOPA-resistant gait symptoms. It

is ours and others experience that most patients with

Parkinson’s disease eventually develop DOPA-resistant

gait and balance disorders, with these disorders signifying

the evolution of the same disease (Grabli et al., 2012). This

suggests that the STN-DBS group is a reasonable compari-

son group for the PPN-DBS patients. The differences in real

gait led us to use a locomotor imagery task, a useful para-

digm in part because patients with Parkinson’s disease have

preserved locomotor imagery (Snijders et al., 2011;

Crémers et al., 2012), despite being impaired during

actual movements. Thus we are not comparing activity

related to abnormal movements, but rather to processes

related to locomotor imagery that are preserved in both

patient groups. Indeed, despite differences in real gait

between the PPN and STN cohorts, there was no difference

in the duration of imaginary gait between PPN and STN

groups, nor was there any correlation between step length

during real gait and the duration of imaginary gait. This

suggests that while the cohorts differed in terms of real gait,

they performed locomotor imagery similarly, suggesting our

conclusions are reasonable in the context of previous work

in healthy humans and animal models discussed in

detail below.

We found that the majority of PPN neurons were modu-

lated during imaginary gait. Our post-surgical recordings

further revealed that changes in spiking activity were par-

alleled by sustained increases in alpha- and beta-band

power in the PPN during imaginary gait. These changes

in spiking and local field potential activity may be relevant

for real gait, strengthening observations that mimicking

stepping with alternating movements of the legs (passive

or active) during DBS surgery (Piallat et al., 2009;

Tattersall et al., 2014) and locomotion in animals

(Garcia-Rill et al., 1983; Lee et al., 2014) can elicit activity

changes in PPN neurons. Furthermore, in patients with

Parkinson’s disease, prominent alpha-band oscillations

within the PPN (Androulidakis et al., 2008) are enhanced

during stepping in place (Fraix et al., 2013) and correlate

with speed during actual walking (Thevathasan et al.,

2012). Our results agree on certain points with the recent

report by Tattersall et al. (2014), who also observed that

the majority of PPN neurons are modulated during imagin-

ary gait. However, they did not find that imagery modu-

lated alpha- or beta-band oscillations, which contrasts with

our observations of sustained power increases in these

frequency bands. This difference may be due to targeting

differences, as we showed that task-related modulations are

spatially restricted within the PPN. Taken together, these

results suggest that the PPN area is normally active during

locomotion in humans. The specific roles remain unclear,

although functions including motor planning and attention

that are common to both real and imaginary gait are likely

possibilities.

Our data support the hypothesis that the PPN may be an

appropriate DBS target for treating DOPA-resistant gait

disorders. We demonstrated a marked spatial specificity

of task-related responses during locomotor imagery within

the PPN, which may be useful for targeting this structure

during surgery as it has poorly defined boundaries that are

not visible using current imaging techniques. Moreover, the

diversity of responses in the PPN suggests that DBS of this

area likely influences a wide range of functions, which may

account for the heterogeneity of clinical results from PPN-

DBS obtained thus far. Currently, the best strategy for se-

lecting patients that could benefit from PPN-DBS remains

unknown. Low-frequency stimulation of the PPN is

thought to activate neurons, and one possibility is that

PPN-DBS is effective in those patients with less severe de-

generation of the PPN cholinergic neurons. It will be im-

portant in the future to understand the relationship

between preserved cholinergic function and PPN-DBS

effectiveness.

The PPN modulations we observed are potentially related

to processes common to both gait and visuomotor imagery.

Indeed, we did not observe significant differences in PPN

spiking activity according to changes in imaginary gait

speed, nor did we observe significant differences in local

field potential modulations between imaginary gait and

object motion. This raises the intriguing possibility that

PPN activity changes signify processes including visual or

kinaesthetic imagery, or sustained attention (Kinomura

et al., 1996; Paus et al., 1997; Androulidakis et al.,

2008) involved in imagining movement. This is in line

with evidence implicating the PPN in a number of general

functions, including regulating arousal and sleep (Steriade

and McCarley, 1990; Urbano et al., 2012) and linking

appetitive and aversive outcomes with behavioural re-

sponses (Bechara and van der Kooy, 1989; Winn, 2008;

Okada and Kobayashi, 2013; Hong and Hikosaka,

2014), which may be mediated via rich connectivity with

non-motor brain areas (Chiba et al., 2001). For example,

manipulating mesencephalic locomotor region activity can

induce startle and escape responses in addition to locomo-

tion (Mori et al., 1989; Condé et al., 1998), and PPN

lesions can disrupt performance in certain associative learn-

ing tasks despite leaving abilities such as feeding and basic

movement intact (Condé et al., 1998; Winn, 2008). These

results indicate that PPN functions extend beyond driving

locomotor pattern generation or regulating postural tonus,

and suggest that the PPN supports processes that are

necessary for adaptive locomotion but that may not be

gait-specific per se.

We also showed, for the first time in humans to our

knowledge, that PPN neurons can be strongly activated

by visual stimuli, which in our case were task instructions.

In postsurgical recordings, these visual stimuli induced tran-

sient broad-band changes in local field potential power that

extended well into the gamma band. Similarly sharp

responses have been observed in the PPN of monkeys per-

forming visually guided saccades (Okada and Kobayashi,

2009; Hong and Hikosaka, 2014), and may be mediated

by direct projections from cortical areas such as the frontal
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or supplementary eye fields (Matsumura et al., 2000), or

from subcortical structures like the superior colliculus

(Redgrave et al., 1988). These visual responses appeared

distinct from overt motor modulations, which we also

observed in spiking activity and local field potentials

during button pressing, in agreement with observations

that PPN neurons can be modulated during movements

outside of any locomotor context (Matsumura et al.,

1997; Weinberger et al., 2008; Okada and Kobayashi,

2009; Shimamoto et al., 2010; Tsang et al., 2010;

Thompson and Felsen, 2013; Hong and Hikosaka, 2014;

Tattersall et al., 2014). PPN visual activity may play a role

in increasing alertness or attention to visual stimuli relevant

for task performance by influencing cortical processing via

ascending projections (Steriade and McCarley, 1990; Lee

et al., 2014). These ascending projections may account

for reports that PPN-DBS patients experience enhanced

alertness during stimulation (Stefani et al., 2013). Such a

function likely extends beyond the visual modality, as PPN

neurons can also be modulated at short latency by auditory

(Reese et al., 1995; Dormont et al., 1998), vestibular

(Aravamuthan and Angelaki, 2012), nociceptive (Carlson

et al., 2004) and somatosensory (Yeh et al., 2010) stimuli,

suggesting that this structure integrates a variety of ongoing

sensory information that may be useful for adapting loco-

motor behaviour to environmental demands (Rossignol

et al., 2006). Further experiments are necessary to deter-

mine whether individual neurons integrate multimodal sen-

sory information, and how these responses are related to

preparatory, associative or cognitive processes linking sen-

sory stimuli and movement.

We used a locomotor imagery task with the eyes closed

to isolate the activity changes from potentially confounding

visual stimuli. Importantly, the visual responses we

observed in the PPN when the eyes were open were tran-

sient, and we observed task-related changes that were sus-

tained throughout imaginary gait with the eyes closed, well

after the transient visual responses. Moreover, our postsur-

gical recordings showed that sustained task-related changes

were primarily in the alpha and beta bands that were spa-

tially localized within the PPN area. Together with the fact

that the patients performed the imaginary gait task cor-

rectly, these results argue against the interpretation that

the activity changes exclusively from closing the eyes.

Supporting this are functional imaging results using imagin-

ary gait with the eyes closed showing blood oxygenation

level-dependent changes in the PPN area in healthy volun-

teers (Jahn et al., 2008; Karachi et al., 2012) and patients

with Parkinson’s disease (Snijders et al., 2011; Crémers

et al., 2012). In these experiments, all conditions contrasted

were performed with the eyes closed, indicating that the

PPN was modulated by locomotor imagery.

The involvement of the STN during gait appears differ-

ent, with most task-related modulations occurring during

button pressing. This agrees with observations that STN

neurons are modulated during voluntary movements,

which reflects regulation of basal ganglia inhibition

around movement initiation (Matsumura et al., 1992;

Wichmann et al., 1994; Hutchison et al., 1998; Williams

et al., 2005; Hanson et al., 2012). Few STN neurons were

modulated during the imaginary gait epoch, suggesting that

the STN may not be specifically active during gait, consist-

ent with the lack of STN modulation during functional

imaging of imaginary (Snijders et al., 2011; Crémers

et al., 2012; Karachi et al., 2012) or real gait (Hanakawa

et al., 1999; La Fougère et al., 2010). Note that the STN is

active during imaginary arm movements in patients with

Parkinson’s disease (Kühn et al., 2006), suggesting that

we might have observed STN modulation during imaginary

gait if this structure is involved during real gait. The fact

that we observed little activity in the STN during imaginary

gait constitutes indirect evidence that the STN may not be

involved in gait per se. However, in the locomotor imagery

experiments cited above, gait was relatively automatic, with

subjects walking or imagining gait at constant speed with-

out obstacles. Thus, we may have observed relatively few

responsive STN neurons as our task did not involve motor

or cognitive conflict or a need to switch from automatic

behaviour, situations that may specifically engage the STN

(Aron and Poldrack, 2006; Frank et al., 2007; Isoda and

Hikosaka, 2008). Indeed, the STN is differentially activated

in Parkinsons’s disease patients with freezing of gait

(Vercruysse et al., 2014) as well as in patients with

Parkinson’s disease navigating a virtual environment with

cognitive loading that induced motor arrests (Shine et al.,

2013). Such complex situations likely arise during natural

locomotion, raising the possibility that the PPN and STN

can interact during natural locomotor behaviour to adapt

automatic gait programs to internal and external needs.

There is strong evidence that the PPN and STN interact.

In Parkinson’s disease, high frequency STN stimulation

(4100 Hz) alleviates dopamine-sensitive motor symptoms

(tremor, rigidity and akinesia), likely through a combin-

ation of effects local to the STN as well as effects distrib-

uted across brain networks (Kringelbach et al., 2007;

Lozano and Lipsman, 2013). Curiously, at these frequen-

cies dopamine-resistant gait disorders can be aggravated,

whereas reducing the STN stimulation frequency (5100

Hz) can mildly improve these gait disorders while worsen-

ing dopamine-sensitive motor symptoms in certain patients

(Moreau et al., 2008). The mechanisms underlying this re-

versal are not understood, but one possibility is that high

frequency STN stimulation worsens dopamine-resistant gait

disorders in patients with Parkinson’s disease by aggravat-

ing PPN dysfunction, possibly through direct projections

(Lavoie and Parent, 1994; Neagu et al., 2013). Moreover,

PPN lesions in parkinsonian monkeys mitigate dopamine-

sensitive motor symptoms while at the same time inducing

gait disorders (Grabli et al., 2013). These results highlight

a close relationship between these two nuclei in Parkinson’s

disease, and suggest that the PPN and STN likely interact

during natural locomotion, perhaps providing a route for

the state of the locomotor system to influence the basal

ganglia.
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et al. A three-dimensional, histological and deformable atlas of the

human basal ganglia. I. Atlas construction based on immunohisto-

chemical and MRI data. Neuroimage 2007; 34: 618–38.

Zanos TP, Mineault PJ, Pack CC. Removal of spurious correlations between

spikes and local field potentials. J Neurophysiol 2011; 105: 474–86.

Zrinzo L, Zrinzo L V, Tisch S, Limousin PD, Yousry TA, Afshar F,

et al. Stereotactic localization of the human pedunculopontine nu-

cleus: atlas-based coordinates and validation of a magnetic resonance

imaging protocol for direct localization. Brain 2008; 131: 1588–98.

Zweig RM, Jankel WR, Hedreen JC, Mayeux R, Price DL. The peduncu-

lopontine nucleus in Parkinson’s disease. Ann Neurol 1989; 26: 41–6.

1296 | BRAIN 2015: 138; 1284–1296 B. Lau et al.



AXE 1. IMPLICATION DE LA MLR A UN 

STADE AVANCEE DE LA MALADIE DE          

PARKINSON 



CADRE THÉORIQUE 

A.  ATTEINTES NEURONALES DANS LA MALADIE DE PARKINSON 

La maladie de Parkinson est caractérisée par des symptômes moteurs bien connus: la 

rigidité, l’akinésie et le tremblement de repos (Lang et Lozano, 1998a,b). Sur le plan 

physiopathologique, ces manifestations cliniques sont directement liées à la dégénérescence 

des neurones dopaminergiques de la SNc. Cette évolution est lente, et les symptômes 

apparaissent généralement lorsque la perte neuronale dopaminergique est supérieure à 80%. 

La Levodopa (L-dopa), permettant de corriger le déficit dopaminergique, reste le traitement 

médicamenteux de référence afin d’améliorer les symptômes de la MP. La réponse clinique à 

la L-dopa est en général très satisfaisante au début de la maladie, pendant une période 

d’environ 5 à 7 ans (considérée comme la « lune de miel thérapeutique »). Puis apparaissent 

fréquemment des complications motrices à long terme, telles que les fluctuations motrices et 

les dyskinésies. L’administration d’agonistes dopaminergiques est proposée comme traitement 

précoce de la maladie avec un plus faible risque de développer des dyskinésies, mais pouvant 

induire une aggravation des troubles du comportement. Aussi chez les patients souffrant d’une 

maladie sévère et de complications de la dopa-thérapie, la stimulation cérébrale profonde 

(SCP) du NST est proposée avec de très bons résultats améliorant considérablement la qualité 

de vie (Benabid et al., 1994; Limousin et al., 1995a,b; Welter et al., 2014). 

Des atteintes du système nerveux central autres que celle des neurones dopaminergiques 

ont été mises en évidence. Les neurones noradrénergiques du locus coeruleus (Mann, 1983; 

Chan-Palay et Asan, 1989; Gesi et al., 2000), les neurones sérotoninergiques des noyaux du 

raphé (Halliday et al., 1990), les neurones cholinergiques du nucleus basalis de Meynert 

(Arendt et al., 1983; Nakano et Hirano, 1984; Rogers et al., 1985), les neurones 

orexinergiques de l’hypothalamus (Fronczek et al., 2007; Thannickal et al., 2007), les 

neurones glutamatergiques des noyaux parafasciculaire et centro-median du thalamus 

(Henderson et al., 2000), font partie des nombreux systèmes pouvant être altérés. 

Les lésions histologiques décrites au sein des neurones dopaminergiques sont des 

inclusions appelées anciennement Corps de Lewy, et qui correspondent à une accumulation 
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d’alpha-synucleine phosphorylée, entraînant une altération du cytosquelette des neurones 

atteints. Différents stades de la maladie ont été décrits (Braak et al., 2003; Braak et al., 2004; 

Jellinger, 2012), en fonction des systèmes neuronaux atteints. Selon Braak, la MP évoluerait 

en 6 stades par une progression lente avec un gradient caudo-rostral (Braak et al., 2004) 

(figure 7). Les deux premiers touchent particulièrement les noyaux olfactifs et le tronc 

cérébral inférieur, responsables des syndromes prodromiques (anosmie, troubles du sommeil, 

troubles digestifs et dépression). A partir de l’étape 3 les symptômes moteurs apparaissent 

avec la dégénérescence des neurones DA de la SNc, et l’atteinte du tronc cérébral supérieur 

(PPN). Au stade 4, d’autres structures sous-corticales, limbiques et associatives, telles que 

l’amygdale et l’hippocampe ainsi qu’une partie du cortex, sont atteintes. A ce stade les 

neurones DA de la SNc sont très sévèrement touchés avec la triade des symptômes moteurs 

(akinésie, tremblement et rigidité). Enfin dans les stades finaux 5 et 6, les lésions se propagent 

sur l’ensemble du cortex (cortex prémoteur, moteur, préfrontal), et vers l’ensemble du tronc 

cérébral (dont la MLR), avec le tableau symptomatique clinique complet de la MP très 

évoluée. 

Figure 7: Description des stades de la Maladie de Parkinson  

d’après Braak et al (2004)



B. DÉGÉNÉRESCENCE DES NEURONES CHOLINERGIQUES DU PPN 

Les troubles de la marche et de l'équilibre survenant à un stade avancé de la maladie 

sont généralement dopa-résistants, et ne répondent pas à la SCP du NST. Ceci renforce l’idée 

d’une atteinte des systèmes non-dopaminergiques dans la pathogénèse de ces symptômes. 

Dans ce contexte, de nombreuses études se sont intéressées à la MLR et plus particulièrement 

au PPN, du fait de ses connexions avec les GB et de son rôle dans la locomotion (Pahapill et 

Lozano, 2000).  

Nous avons vu en introduction qu’il existe une perte neuronale cholinergique 

importante du PPN prédominant dans la pars compacta (Hirsch et al., 1987; Jellinger, 1988) 

(figure 8). L’importance de cette perte est corrélée à la sévérité de la perte des neurones 

dopaminergiques de la SNc (Zweig et al., 1989), et à la sévérité de la maladie (selon la 

classification de Hoehn et Yahr) (Rinne et al., 2008). Nous avons montré dans notre équipe 

que cette perte est plus marquée de façon significative chez les patients parkinsoniens 

chuteurs (Karachi et al., 2010) (figure 9).  

Par ailleurs il a été mis en évidence une perte modérée associée des neurones 

GABAergiques du PPN chez les patients parkinsoniens (Pienaar , 2013).  

Ces données peuvent permettre de mieux comprendre la physiopathologie de ces 

symptômes, dont les conséquences physiques et psychosociales sont majeures sur la qualité 

de vie des patients parkinsoniens et sur l’espérance de vie (Kempster et al., 2010; Moore et 

al., 2007), avec en première ligne la perte d’autonomie et l’institutionnalisation (Bloem et al., 

2004). 

  

!26





Complétant ces résultats histologiques, des études en PET chez les patients 

parkinsoniens ont mis en évidence une altération de l’activité cholinergique au niveau 

thalamique uniquement chez les patients chuteurs, et au niveau cortical prédominant chez ces 

mêmes patients (Bohnen et al., 2009). Par contre il n’y avait pas de différences sur 

l’innervation dopaminergique chez les 2 groupes de patients, chuteurs et non chuteurs. Sur 

une étude similaire en PET, la diminution de l’innervation cholinergique était de plus corrélée 

à la diminution de la vitesse de marche chez les patients parkinsoniens (Bohnen et al., 2013). 

Aussi, des agonistes cholinergiques ont été testés chez les patients parkinsoniens, mais 

leurs effets sur les symptômes restent modestes, y compris sur la fréquence des chutes 

(Katzenschlager et al., 2003) (Li et al., 2015). De plus, ils sont associés à un ensemble d’effets 

secondaires périphériques qui limitent leur utilisation. Le développement d’agents ayant une 

action spécifique positive sur les récepteurs cholinergiques muscariniques pourrait apporter 

un réel bénéfice et améliorer les troubles de la marche et de la posture. Par ailleurs il pourrait 

aussi y avoir un effet potentiel sur le système dopaminergique en stimulant les neurones 

dopaminergiques de la SNc via les projections cholinergiques du PPN (Mena-Segovia et al., 

2008). 
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C. RÔLES DU PPN DANS LA POSTURE ET LA LOCOMOTION À L’ÉTAT PARKIN-

SONIEN 

1.  Données expérimentales chez l’animal rendu parkinsonien 

Une lésion dopaminergique chez l’animal, le plus souvent sélectionné jeune, n’entraine 

pas de mort neuronale au sein du PPN. Elle peut néanmoins modifier l’activité métabolique 

des neurones du PPN, même si les données de la littérature sont contradictoires sur l’effet 

induit. En effet, une augmentation de l’activité neuronale dans le PPN a été montrée chez les 

rats 6-OHDA (Breit et al., 2001; 2005; Jeon et al., 2003), alors qu’une diminution a été 

observée chez le singe intoxiqué par le MPTP (Gomez-Gallego et al., 2007). Par ailleurs, chez 

des singes âgés rendus parkinsoniens, des troubles de la posture et de l’équilibre sont présents, 

et de plus associés à une perte modérée de neurones cholinergiques dans le PPN, 

contrairement aux singes jeunes rendus parkinsoniens (Karachi et al., 2010). 

Chez le singe intoxiqué par le 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), la 

modulation des neurones du PPN par des micro-injections d’un antagoniste GABA (bicucul-

line) (Nandi et al., 2002a), ou par stimulation unilatérale à basse fréquence du PPN, induit une 

amélioration de l’akinésie observée, celui-ci étant additif s’il est associé à un traitement do-

paminergique (Jenkinson et al., 2004). La même stimulation unilatérale du PPN chez un singe 

à l’état contrôle a montré des résultats variables sur le tonus musculaire (Nandi et al., 2002b). 

Les symptômes induits diffèrent en fonction de la fréquence de stimulation: à haute fréquence 

(>100 Hz) il existe un trouble du contrôle postural et une akinésie, alors qu’à des fréquences 

plus basses (<45 Hz) on observe un tremblement sans anomalie posturale. 

Enfin, permettant d’obtenir un modèle au plus proche d’un stade avancé de la MP, un 

modèle primate a été développé au sein de l’équipe (Grabli et al., 2013) associant chez un 

même singe des lésions dopaminergiques par injection de MPTP à des lésions cholinergiques 

du PPN par injection de toxine spécifique. Les animaux présentaient à la fois un syndrome 

parkinsonien classique, et des troubles de la posture et de l’équilibre surajoutés ne répondant 

pas au traitement dopaminergique. Ces troubles posturaux étaient similaires à ceux observés 

chez les singes avec une lésion du PPN cholinergique seule (Karachi et al., 2010). Ces résul-



tats soulignent le rôle complexe des systèmes dopaminergiques et cholinergiques dans la ge-

nèse des troubles de la posture et de l’équilibre, qui sont interconnectés mais fonctionnent 

aussi indépendamment l’un de l’autre. En parallèle, nous avons montré que seuls des singes 

âgés présentaient une perte de neurones cholinergiques du PPN après injections de MPTP 

(Karachi et al., 2010; Grabli et al., 2013). Ainsi l’association de ces 2 lésions permet d’avoir 

un modèle primate se rapprochant d’un stade avancé de la MP, qui pourrait permettre d’étudi-

er la physiopathologie des différents symptômes dopa-résistants présents à ce stade de la ma-

ladie et surtout servir de modèle pré thérapeutique.  

2.  Stimulation de la MLR chez les patients parkinsoniens 

a)  Résultats cliniques 

La cible du PPN a été proposée par plusieurs équipes afin de traiter les troubles de la 

marche et de la posture dopa-résistants. Les premières études ont rapporté des effets cliniques 

prometteurs. L’équipe de Mazzone a été la première à montrer un bénéfice sur les scores 

moteurs (signes cardinaux et signes axiaux) par la stimulation bilatérale à basse fréquence du 

PPN (10Hz) chez deux patients parkinsoniens, associée à une implantation bilatérale dans le 

NST (Mazzone et al., 2005). A la même période a été publiée une seconde étude après 

implantation bilatérale dans le PPN chez deux patients parkinsoniens, avec un effet spécifique 

sur les troubles posturaux et de la marche pour une stimulation à basse fréquence (20-25Hz), 

en ON et OFF médication (Plaha et Gill, 2005).  

Par la suite différentes équipes ont observé des résultats plus mitigés, avec un faible 

nombre de patients inclus. De plus cette population de patients est hétérogène et diffère entre 

les études: implantation unilatérale dans le PPN (Moro et al., 2010), bilatérale associée avec 

des électrodes dans le NST (Stefani et al., 2007; Ferraye et al., 2010; Khan et al., 2011) ou 

bilatérale dans le PPN (Thevathasan et al., 2011; 2012; Welter et al., 2015). Ces deux 

dernières études, réalisées en aveugle, ont cependant mis en évidence un effet objectif de la 

stimulation à basse fréquence sur les paramètres spécifiques de freezing et d’instabilité 

posturale. Une autre étude plus récente a analysé les effets à plus long terme de la stimulation 

unilatérale du PPN, à 2 ans et 4 ans (Mestre et al., 2016). Si l’équipe conclut à un effet positif 
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à 2 ans sur le freezing et les chutes, cet effet ne perdurerait pas lors de l’évaluation à 4 ans. 

Concernant la stimulation uni ou bilatérale, il apparaît que la stimulation bilatérale à basse 

fréquence soit la plus efficace (Thevathasan et al., 2012; Nosko et al., 2014).  

Une des difficultés majeures d’interprétation de ces études est que la cible stimulée 

n’est pas similaire entre les équipes comme nous l’avons vu en introduction. Certaines 

décrivent en effet le noyau sub-cunéiforme comme la principale région impliquée dans la 

locomotion (Piallat et al., 2009), ou la région dorsale au PPNc (Ferraye et al., 2010), d’autres 

des cibles nettement plus profondes que le PPN, se situant sous la jonction ponto-

mésencéphalique (Thevathasan et al., 2011; Thevathasan et al., 2012) (figure 10). 

Il est ainsi difficile d’interpréter les résultats de la littérature, d’autant qu'il n’existe pas 

encore de paramètre prédictif de réponse positive à la stimulation du PPN, équivalent au test à 

la L-dopa pour la stimulation du NST. Un outil prédictif permettrait évidemment une 

meilleure sélection des patients pouvant bénéficier de cette chirurgie. Enfin, compliquant 

particulièrement l’analyse des résultats, les troubles de la marche et de la posture sont 

épisodiques et dépendent fortement du contexte et de l’environnement (Giladi et Nieuwboer, 

2008; Giladi et al., 2013), rendant l’évaluation pertinente difficile en milieu hospitalier 

d’autant plus que les protocoles de recherche nécessitent une certaine rigidité et une 

évaluation aveugle (Chee et al., 2009). 



En conclusion, les dernières études montrent que 50% des patients ayant des troubles 

de la marche dopa-résistants avec freezing et chutes, implantés dans le PPN, ont une 

diminution de la fréquence des chutes d’environ 30% et une amélioration objective de leur 

qualité de vie. 
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Figure 10: Localisation des électrodes de SCP dans le PPN selon les équipes 

respectivement d’après Mazzone et al (2005), Plaha et Gill (2005)  
et Thevathasan et al (2011)



b)  Données électrophysiologiques 

Chez l’homme, des enregistrements électrophysiologiques de la région du PPN ont pu 

être réalisés au cours des procédures chirurgicales d’implantation d’électrode de stimulation 

profonde chez les patients parkinsoniens. Les premières descriptions rapportent une 

modification de l’activité neuronale lors des mouvements passifs ou actifs du membre 

supérieur controlatéral (Weinberger et al., 2008). La marche réelle ne pouvant être réalisée au 

cours de la procédure opératoire, des conditions de marche mimée ou imaginaire ont été 

effectuées. Ainsi l’équipe de Grenoble a montré une augmentation de la fréquence de 

décharge au cours de la tâche de marche mimée pour les neurones localisés dans le noyau 

sub-cunéiforme (Piallat et al., 2009). Cependant la localisation anatomique réelle des 

neurones enregistrés reste difficile à déterminer, notamment entre le noyau sub-cunéiforme et 

la limite dorsale du PPN. Plus récemment, des enregistrements ont mis en évidence des 

neurones au sein du PPN s’activant différemment en fonction des tâches: mobilisation passive 

du membre supérieur ou marche imaginaire (Tattersall et al., 2014). Cela suggère la mise en 

jeu de circuits différents activant soit l’intégration sensorielle et proprioceptive (tâche de 

mobilisation passive), soit l’initiation de la locomotion (marche imaginaire).  

De façon similaire, les analyses électrophysiologiques réalisées chez les patients 

implantés dans notre centre sont en faveur d’une implication du PPN dans la locomotion 

allant au-delà du simple générateur de pattern de marche (Lau et al., 2015). En effet, lors des 

enregistrements du PPN au bloc opératoire, des neurones différents vont s’activer lors de la 

marche imaginaire, pendant la mobilisation active du membre supérieur, ou lors de la 

stimulation visuelle (figure 11). Il apparait donc que la majorité des neurones au sein du PPN 

répondent à plusieurs événements distincts de la tâche confirmant le rôle intégrateur de cette 

région. 

    



!34

  Visuelle Marche imaginaire  Motricité 

Figure 11: Localisation des neurones du PPN activés 

au cours des différentes tâches (visuelle, marche imaginaire, motrice) 

d’après Lau et al (2015)



D. RÔLE DU PPN DANS LES TROUBLES DU SOMMEIL À L’ÉTAT PARKINSONIEN 

Chez les patients parkinsoniens, les troubles du sommeil sont présents dans plus de 75% 

des cas, et sont plus fréquents chez les patients ayant une atteinte sévère (Lees et al., 1988). 

Ils associent principalement une somnolence diurne excessive (voire des attaques de 

sommeil), une diminution du temps et de l’efficacité du sommeil, un nombre accru de réveils 

nocturnes, et des parasomnies dont les troubles du comportement pendant le sommeil 

paradoxal (RBD) (Gagnon et al., 2002; Hobson et al., 2002; Rye, 2006; Wailke et al., 2011; 

Yong et al., 2011). Leur origine est multifactorielle, mais inclus en grande partie une 

dégénérescence des centres régulateurs du sommeil. En particulier, comme nous l’avons 

détaillé précédemment, de nombreuses données de la littérature convergent vers un rôle clé 

des neurones cholinergiques du PPN dans la régulation du sommeil paradoxal et de l’éveil. 

De plus, les études cliniques récentes chez les patients parkinsoniens implantés dans le 

PPN montrent une amélioration nette des troubles du sommeil et de la vigilance diurne avec 

une stimulation à basse fréquence (Arnulf et al., 2010; Peppe et al., 2012). Cet effet 

prédomine sur l’architecture du sommeil et sur le sommeil paradoxal. Il est spécifique de la 

stimulation du PPN, et n’est pas reproduit avec la stimulation du NST. Par ailleurs, 

l’évaluation en journée a montré chez un patient qu’un arrêt brutal de la stimulation à basse 

fréquence était systématiquement suivi d’un très bref épisode de sommeil paradoxal (Arnulf 

et al., 2010). Au contraire, la stimulation à haute fréquence du PPN induit une phase de 

sommeil lent chez les patients (Arnulf et al., 2010) et semble majorer la somnolence diurne 

(Nosko et al., 2014). 

Dans notre centre, l’étude du sommeil des patients parkinsoniens implantés dans le PPN 

a montré aussi un effet sur le sommeil paradoxal, en particulier chez un patient. La 

stimulation à basse fréquence du PPN entraîne chez ce patient une augmentation significative 

du temps passé en sommeil paradoxal en comparaison avec la condition OFF stimulation 

(passant de 0% en OFF à 49% ON stimulation). De plus, ceci correspond au double du temps 

de sommeil paradoxal habituel chez un sujet contrôle (Floyd et al., 2007). Ce phénomène de 

sommeil paradoxal supra-normal a été décrit transitoirement après privation de sommeil 

(Hornung et al., 2006), mais n’a encore jamais été rapporté chez les patients parkinsoniens. 

Nous pouvons faire l’hypothèse que la stimulation à basse fréquence du PPN active les 





Figure 13: Evolution du score moteur et du freezing  

chez un même patient (triangle noir) après SCP du PPN 

d’après Welter et al (2015)



OBJECTIFS DE L’APPROCHE COMPORTE-
MENTALE  

Nous avons précédemment montré dans l’équipe l’implication des neurones 

cholinergiques du PPN dans la survenue des troubles de la marche et de la posture en utilisant 

un modèle primate de maladie de Parkinson à un stade avancé. En utilisant ce même modèle, 

nous avons cherché à montrer l’implication des neurones cholinergiques dans la genèse des 

troubles du sommeil à l’état parkinsonien. 

L’objectif principal de notre étude a été d’analyser les troubles du sommeil développés 

chez le singe rendu parkinsonien, puis l’effet des traitements dopaminergiques, et enfin l’effet 

que provoquerait une lésion cholinergique du PPN surajoutée.  

L’objectif secondaire de ce travail a été d’analyser l’effet de l’administration de la 

mélatonine sur les troubles du sommeil induits chez le singe à l’état parkinsonien.  

Les résultats de ce travail ont fait l’objet de deux publications (Belaid et al., 2014; 

Belaid et al., 2015), et sont résumés ici. 
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SYNTHÈSE DES RÉSULTATS OBTENUS  

A. INTRODUCTION 

L’origine des troubles du sommeil des patients parkinsoniens est probablement 

multifactorielle, impliquant à la fois la maladie elle-même, mais aussi des lésions non-

dopaminergiques des centres régulateurs du sommeil, et enfin les effets des traitements 

dopaminergiques et agonistes dopaminergiques (Arnulf et al., 2002). Les conséquences des 

traitements DA sur le sommeil et la vigilance chez les patients parkinsoniens sont en effet 

variables et parfois opposées en fonction de la sévérité de la bradykinésie nocturne, de 

l’horaire de prise et de la nature de la molécule (levodopa vs agonistes DA). Ainsi les 

agonistes DA pris au cours de la journée peuvent induire une somnolence importante voire 

des attaques de sommeil, avec un effet majoré en fonction du dosage (Hobson et al., 2002; 

Arnulf, 2005), alors que la L-dopa va avoir un effet opposé (Bliwise et al., 2012). Chez le 

singe rendu parkinsonien, un agoniste sélectif D1 peut améliorer le sommeil paradoxal et la 

somnolence diurne excessive, alors qu’un agoniste D2 n’aura aucun effet (Hyacinthe et al., 

2014). De plus, des lésions non dopaminergiques entrainent une dégénérescence des centres 

impliqués dans la régulation veille-sommeil et du sommeil paradoxal, principalement le locus 

coeruleus et les neurones cholinergiques du PPN (Hirsch et al., 1987; Jellinger, 1988). Dans 

cette hypothèse, des études ont montré une amélioration des troubles du sommeil par SCP 

chez les patients parkinsoniens implantés dans le PPN pour traiter les troubles de la marche 

dopa-résistants (Arnulf et al., 2010; Peppe et al., 2012). Ces résultats soulèvent la question du 

rôle de la dégénérescence des neurones cholinergiques dans la genèse des troubles du 

sommeil du patient parkinsonien. Les données de la littérature à partir des modèles animaux 

sont insuffisantes, et aucune étude n’a analysé l’effet spécifique d’une lésion cholinergique du 

PPN sur les troubles du sommeil dans un modèle de MP. Le modèle primate intoxiqué au 

MPTP a déjà été utilisé pour explorer les troubles du sommeil dans le cadre de la MP 

(Barraud et al., 2009), et par ailleurs un modèle primate de MP avancé associant des lésions 

DA et des lésions cholinergiques du PPN a été développé dans notre équipe (Grabli et al., 

2013). En utilisant ce modèle, notre objectif est ainsi d’analyser les troubles du sommeil 

induits chez le singe MPTP, puis l’effet des traitements dopaminergiques, et enfin l’effet 



d’une lésion cholinergique du PPN surajoutée. 

Parallèlement, nous avons étudié l’effet de la mélatonine administrée en association 

avec le traitement dopaminergique sur les troubles du sommeil. En effet la mélatonine, 

synthétisée principalement par la glande pinéale, est connue pour jouer un rôle clé dans la 

régulation du rythme circadien veille-sommeil. L’administration de mélatonine chez l’homme 

peut modifier le cycle circadien (Zhdanova et al., 1997; Arendt et Skene, 2005), et améliorer 

la qualité du sommeil dans diverses pathologies chroniques (Campos et al., 2004; Pandi-

Perumal et al., 2005). Chez les patients parkinsoniens, la sécrétion de mélatonine est diminuée 

(Breen et al., 2014; Videnovic et al., 2014), de même que l’expression des récepteurs de la 

mélatonine dans la SN (Adi et al., 2010). La supplémentation en mélatonine chez ces patients 

permet d’améliorer l’efficacité du sommeil ainsi que la qualité du sommeil (Dowling et al., 

2005), bien qu’il n’y ait pas toujours de modification polysomnographique (Medeiros et al., 

2007). De plus certaines études de modèles animaux ont montré un effet de la mélatonine 

dans la prévention de la mort  des neurones dopaminergiques (Absi et al., 2000; Dabbeni-Sala 

et al., 2001) bien que cet effet ne soit pas toujours retrouvé (Morgan et Nelson, 2001; van der 

Schyf et al., 2000). L’objectif de cette étude est donc aussi d’étudier l’effet de la mélatonine 

associée au traitement dopaminergique sur les troubles du sommeil chez ce même modèle 

primate de MP, comparativement au traitement dopaminergique seul (résumé du protocole 

expérimental figure 15). 

B. MÉTHODOLOGIE 

1. Enregistrement polysomnographique  

 L’étude a été réalisée chez 4 macaques hébergés selon les conditions standards (12 h 

cycle lumière/obscurité, extinction des lumières à 20h). Des enregistrements 

polysomnographiques sur des périodes de 24h ont été obtenus grâce à un transmetteur par 

radio-télémétrie qui permet de mesurer les signaux d’électroencéphalographie (EEG), 

d’électro-oculographie (EOG) et d’électromyographie (EMG). Nous avons obtenu des 

enregistrements à l’état contrôle, à l’état parkinsonien, pendant le traitement dopaminergique, 

avec traitement dopaminergique associé à la mélatonine, et enfin après lésion du PPN. Des 
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hypnogrammes permettent l’identification de l’éveil actif et avec ondes alpha, du sommeil 

léger (stades 1 et 2), du sommeil profond (stades 3 et 4) et du sommeil paradoxal. Différents 

paramètres ont ensuite été calculés pour chaque période nocturne de 12h: le temps de sommeil 

total (TST), la durée de chaque stade, le temps d’éveil après endormissement (WASO), 

l’efficacité du sommeil, et la latence de survenue du sommeil paradoxal (temps entre 

l’endormissement et le premier stade de sommeil paradoxal). De plus, des enregistrements 

vidéo étaient effectués simultanément aux enregistrements polysomnographiques.  

2. Lésions dopaminergique et cholinergique 

Une administration progressive de MPTP (0.2 à 0.4 mg/kg en IM) a été réalisée jusqu’à 

l’apparition de l’ensemble des symptômes parkinsoniens. La sévérité des symptômes a été 

évaluée par une échelle motrice (Herrero et al., 1993) et l’activité spontanée a été quantifiée 

en utilisant un système digitalisé automatique de mesure d’activité (VigiePrimates, 

Viewpoint). Après évaluation du sommeil à l’état parkinsonien, avec traitement 

dopaminergique seul puis associant la mélatonine, des lésions stéréotaxiques du PPN ont été 

réalisées par injection de toxine afin de léser spécifiquement les neurones cholinergiques 

(Clark et al., 2007) (figure 14). Les injections ont été unilatérales chez 2 singes et bilatérale 

chez un 3ème animal. 

CPCA

Figure 14: Injection stéréotaxique de toxine dans le PPN chez un singe 



3. Traitement dopaminergique et administration de mélatonine 

La L -dopa (Modopar Dispersible, 20 mg/kg) a été administrée oralement 2 fois par jour 

pendant une période de 8 à 12 jours. L’enregistrement polysomnographique a été démarré 

après avoir obtenu un effet optimal et stable. L’administration de mélatonine (10 µg/kg) 

associée à la L-dopa a été effectuée durant 5 jours consécutifs (2h avant l’extinction des 

lumières). L’enregistrement polysomnographique n’a été réalisé qu’après cette période. 

Un test de Kruskal–Wallis puis de Mann–Whitney U a été appliqué pour la comparaison 

des paramètres du sommeil enregistrés dans chaque condition expérimentale. 
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Figure 15: Protocole expérimental d’étude du sommeil chez un même singe 

(nombre de sessions à l’état contrôle, après injection de MPTP,  
avec L-dopa /mélatonine et après lésion du PPN)

L-dopa + 
mélatonine



4. Immunohistochimie et analyse des données 

Après euthanasie, prélèvement et coupe des cerveaux, un immunomarquage à la 

tyrosine hydroxylase (TH) a été réalisé sur une série de coupes au niveau de la SN et un 

marquage à la nicotinamide adénine dinucléotide phosphate diaphorase (NADPH) a été réalisé 

sur une autre série de coupe au niveau du PPN. La quantification des neurones TH positifs, 

NADPH positifs a été réalisée par stéréologie semi-automatique Ces données ont ensuite été 

comparées à celles de 5 macaques contrôles précédemment analysées selon la même 

technique (Karachi et al., 2010; Grabli et al., 2013). Nous avons obtenu une perte de 85% de 

corps cellulaires TH+ dans la SNc après intoxication des animaux par le MPTP (p<0.001 test 

de Mann-Whitney).  

C. RÉSULTATS APRÈS LÉSIONS DOPAMINERGIQUES ET DU PPN 

1.  Cycle veille-sommeil à l’état contrôle puis parkinsonien 

Le temps de sommeil des macaques à l’état basal était en moyenne de 42% sur 24h. Le 

sommeil paradoxal représentait 21.9% et le sommeil lent 23.8% du temps de sommeil total.  

La première injection de MPTP a provoqué une réduction majeure du sommeil 

paradoxal, une diminution du sommeil lent, et une fragmentation du sommeil. Après 

stabilisation du syndrome parkinsonien, de nombreux épisodes de somnolence diurne sont 

apparus, avec une diminution de l’efficacité du sommeil et une augmentation du nombre de 

réveils nocturnes.  



2. Cycle veille-sommeil après administration de L-dopa/mélatonine  

L’administration de L-dopa seule a partiellement amélioré les symptômes parkinsoniens 

ainsi que l’ensemble des troubles du sommeil (figure 16).  

L’administration de la mélatonine associée à la L-dopa durant 5 jours a eu un effet 

globalement bénéfique sur de nombreux paramètres du sommeil par rapport à la L-dopa seule. 

On a noté en particulier une réduction significative du temps d’éveil nocturne et de la latence 

d’endormissement et tendance à une amélioration du TST et de l’efficacité du sommeil. 

Cependant, aucun effet n’a été noté sur la somnolence diurne ou sur l’architecture du sommeil 

comparé à la L-dopa seule. 
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Figure 16: Modification du sommeil à l’état parkinsonien  

et après administration de L-dopa



3. Cycle veille-sommeil après lésion cholinergique du PPN 

Une lésion des neurones cholinergiques du PPN chez les 3 singes a provoqué une 

fragmentation du sommeil avec une augmentation du nombre de réveils nocturnes, une 

diminution de l’efficacité du sommeil, du sommeil lent et du sommeil paradoxal par rapport à 

l’état parkinsonien. Ces troubles du sommeil se sont améliorés progressivement environ 1 à 3 

semaines après la lésion, parallèlement à la récupération des symptômes posturaux et de la 

marche, pour revenir à l’état antérieur à la lésion du PPN. Une discrète amélioration de 

l’efficacité du sommeil et une diminution des réveils nocturnes a même été constatée 3 

semaines après la lésion (figure 17). 

Figure 17: Résumé des hypnogrammes pour chaque  

condition expérimentale chez un même singe



D. DISCUSSION ET CONCLUSIONS 

L’étude longitudinale du sommeil chez un même singe a permis de mettre en évidence 

les troubles induits par une lésion dopaminergique et leur amélioration par l’administration de 

L-dopa et de mélatonine. Une discrète amélioration du sommeil a également été observée à 

distance d’une lésion cholinergique du PPN surajoutée. 

 A l’état contrôle, les caractéristiques du sommeil que nous avons enregistré chez les 

macaques adultes sont similaires à ceux décrits dans la littérature (Hsieh et al., 2008; Barraud 

et al., 2009) et peu différents de celles décrites chez l’homme. L’état parkinsonien est 

caractérisé par une diminution de l’efficacité du sommeil, avec une réduction majeure du 

sommeil lent et du sommeil paradoxal, et une majoration de l’insomnie et du nombre de 

réveils nocturnes, confirmant les données de la  littérature chez les singes intoxiqués au MPTP 

(Almirall et al., 1999; Barraud et al., 2009; Hyacinthe et al., 2014) et chez les patients 

parkinsoniens à un stade avancé de la maladie (Wailke et al., 2011; Yong et al., 2011). Ces 

données suggèrent qu’une atteinte dopaminergique pure entraine une altération du sommeil, et 

que le système dopaminergique est directement impliqué dans la régulation du cycle veille-

sommeil et du sommeil paradoxal. Par ailleurs, nos résultats montrent que les singes 

parkinsoniens développent une somnolence diurne excessive (Rye, 2010), dont l’importance 

est corrélée à la sévérité des symptômes parkinsoniens. Les troubles du sommeil précédant 

souvent les symptômes moteurs de la maladie (Abbott et al., 2005), la somnolence diurne 

pourrait ainsi être un marqueur précoce du déficit dopaminergique (Arnulf et al., 2002).  

L’administration de L-dopa améliore les symptômes moteurs, diminue les réveils 

nocturnes, et a un effet positif sur l’architecture du sommeil. Une réduction de la bradykinésie 

au cours des réveils nocturnes a également été rapportée chez les patients parkinsoniens sous 

traitement dopaminergique, mais sans impact sur l’altération de l’architecture du sommeil, 

(Wailke et al., 2011). Le fait que les macaques utilisés soient jeunes, avec une durée de 

traitement dopaminergique courte, et sans atteinte des autres systèmes impliqués dans le 

sommeil après injections de MPTP, pourrait expliquer ces différences.  

Par ailleurs nous avons montré que l’association de la mélatonine avec la L-dopa avait 

un meilleur effet sur les troubles du sommeil que l’administration de L-dopa seule. Ces 
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résultats sont en accord avec les données chez les patients parkinsoniens montrant une 

amélioration de la qualité et du temps de sommeil avec une prise de mélatonine au coucher 

(Dowling et al., 2005). De même, un bénéfice a été rapporté pour les patients souffrant de 

RBD (Kunz et Bes, 1997; Takeuchi et al., 2001). La mélatonine jouant un rôle de promoteur 

de sommeil, nous avons effectivement observé un endormissement plus rapide chez nos 

animaux parkinsoniens, comme rapporté chez les singes à l’état contrôle (Zhdanova et al., 

2002), et chez l’homme (Stone et al., 2000). L’absence d’effet de la mélatonine sur 

l’architecture du sommeil chez nos singes parkinsoniens, contrairement à ce qui est décrit 

chez les patients parkinsoniens (Medeiros et al., 2007), pourrait être due à un traitement de 

trop courte durée.  

Une lésion cholinergique surajoutée du PPN chez les singes intoxiqués par le MPTP a 

induit des troubles du sommeil aigus et transitoires, ainsi qu’une activité oscillatoire pendant 

la période d’éveil similaire à celle rapportée après lésion de la formation réticulée chez le chat 

(Denoyer et al., 1991) ou après administration d’un agent anticholinergique (Longo, 1956). 

Les troubles du sommeil induits se sont ensuite progressivement améliorés avec un retour aux 

valeurs antérieures à la lésion du PPN, impliquant l’existence de processus de compensation 

qui restent peu connus. Les neurones cholinergiques résiduels du PPN ou du noyau segmental 

latéro-dorsal adjacent jouent probablement un rôle dans ces processus de compensation. Les 

systèmes noradrénergique du locus coeruleus et sérotoninergique du raphé, qui participent 

également à la régulation du sommeil, pourraient contribuer à la normalisation des 

symptômes. 

Enfin, un des principaux résultats obtenus est l’amélioration de la qualité du sommeil 

des singes parkinsoniens 3 semaines après la lésion du PPN. L’hypothèse avancée serait que 

la lésion du PPN induise une réduction des projections excitatrices vers le NST, qui est 

hyperactif dans la MP. Une réversion de l’hyperactivité du NST chez le rat 6-OHDA après 

lésion du PPN a en effet déjà été mise en évidence (Breit et al., 2006).  

Les résultats cliniques chez les patients implantés dans le PPN ont montré qu’une 

stimulation à haute fréquence induisait un état de sommeil profond, alors qu’une stimulation à 

basse fréquence améliorait l’éveil avec un effet bénéfique sur la qualité du sommeil (Arnulf et 

al., 2010; Peppe et al., 2012). Bien que la comparaison soit difficile, nos résultats suggèrent 



néanmoins que l’effet obtenu chez les patients parkinsoniens implantés dans le PPN 

résulterait de la stimulation à la fois des neurones cholinergiques et non cholinergiques. Des 

études expérimentales supplémentaires restent nécessaires afin de déterminer l’ensemble des 

circuits neuronaux responsables des troubles du sommeil chez les patients parkinsoniens. 

En conclusion, l’association de lésions dopaminergiques et cholinergiques du PPN chez 

le singe a permis de caractériser les troubles du sommeil dans un modèle primate de MP 

avancée. Cette approche a montré l’amélioration du sommeil après traitement par L-dopa et 

par la mélatonine, et l’implication du PPN cholinergique dans la régulation du cycle veille-

sommeil. 
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Sleep Disorders in Parkinsonian Macaques: Effects of L-Dopa
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Patients with Parkinson’s disease (PD) display significant sleep disturbances and daytime sleepiness. Dopaminergic treatment dramatically

improves PD motor symptoms, but its action on sleep remains controversial, suggesting a causal role of nondopaminergic lesions in these

symptoms. Because the pedunculopontine nucleus (PPN) regulates sleep and arousal, and in view of the loss of its cholinergic neurons in PD, the

PPN could be involved in these sleep disorders. The aims of this study were as follows: (1) to characterize sleep disorders in a monkey model of

PD; (2) to investigate whether L-dopa treatment alleviates sleep disorders; and (3) to determine whether a cholinergic PPN lesion would add

specificsleepalterations.Tothisend, long-termcontinuouselectroencephalographicmonitoringofvigilancestateswasperformedinmacaques,

using an implanted miniaturized telemetry device. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment induced sleep disorders that com-

prised sleep episodes during daytime and sleep fragmentation and a reduction of sleep efficiency at nighttime. It also induced a reduction in time

spent in rapid eye movement (REM) sleep and slow-wave sleep and an increase in muscle tone during REM and non-REM sleep episodes and in

the number of awakenings and movements. L-Dopa treatment resulted in a partial but significant improvement of almost all sleep parameters.

PPN lesion induced a transient decrease in REM sleep and in slow-wave sleep followed by a slight improvement of sleep quality. Our data

demonstrate the efficacy of L-dopa treatment in improving sleep disorders in parkinsonian monkeys, and that adding a cholinergic PPN lesion

improves sleep quality after transient sleep impairment.

Key words: cholinergic neurons; L-dopa; macaques; Parkinson’s disease; pedunculopontine nucleus; sleep disorders

Introduction
Patients with Parkinson’s disease (PD) experience a range of
symptoms, including significant sleep disturbances, with exces-
sive daytime sleepiness and “sleep attacks,” insomnia, reduced
total sleep time and sleep efficiency, rapid eye movement (REM)
sleep behavior disorder, and a marked increase in the number of
nocturnal awakenings compared with healthy controls (Gagnon
et al., 2002; Hobson et al., 2002; Rye, 2006; Wailke et al., 2011;
Yong et al., 2011). Whether sleep disorders are generated by the
disease itself, dopaminergic (DA) treatment, or non-DA lesions is
incompletely known (Arnulf et al., 2002). The effects of DA drugs
on sleep and alertness in PD patients are variable and sometimes
opposite, depending on the level of nocturnal bradykinesia, the
time of intake, and the nature of the drug (i.e., levodopa vs DA

agonist). DA agonists taken during daytime may cause severe
sleepiness and sleep attacks (Arnulf, 2005, Hobson et al., 2002),
with sleepiness increased by increasing dosage, whereas L-dopa
has the opposite effect (Bliwise et al., 2012). In parkinsonian
macaques, selective D1 receptor agonist was recently reported to
improve REM sleep and excessive daytime sleepiness, whereas D2
receptor agonist revealed no effect (Hyacinthe et al., 2014).

Degenerative changes in PD also affect non-DA structures
involved in the regulation of arousal and REM sleep, such as the
noradrenergic locus ceruleus system and the cholinergic pedun-
culopontine nucleus (PPN) system, known to degenerate in ad-
vanced PD (Hirsch et al., 1987; Jellinger, 1988). Recently, changes
in sleep quality were reported in patients with PD with severe gait
disorders, who had been implanted with electrodes for deep brain
stimulation applied to the PPN (Arnulf et al., 2010; Peppe et al.,
2012), thus raising the question of a role of PPN neuronal loss in
the sleep abnormalities associated with PD. However, data in the
literature on animal models are not conclusive, and no study has
evaluated the effect of a specific cholinergic PPN lesion on sleep
disorders observed in parkinsonian models. The development of
animal models, such as the monkey rendered parkinsonian with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is a key
element to understanding the pathophysiology of sleep disorders
in patients with PD. The relevance of MPTP-treated macaques
for exploring the sleep deficits that occur in PD has already been
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demonstrated (Barraud et al., 2009). Moreover, we reported that
the combination of DA and PPN lesions in monkeys enabled us
to reproduce a close model of advanced PD (Grabli et al., 2013).
Using this approach, our aim was to investigate whether sleep
deficits in PD reflect the disease itself or the side effects of DA
medications, or other degenerative features, such as cell loss in
non-DA structures. For this purpose, we implanted a miniatur-
ized telemetry device to perform long-term continuous electro-
encephalographic monitoring of vigilance states in unrestrained
macaques at baseline (control state), after MPTP intoxication,
with L-dopa treatment, and then after cholinergic PPN lesion.

Materials and Methods
Animals. The study was performed on 4 adult male macaque monkeys
(Macaca fascicularis) and was performed in strict accordance with the
European Union Directive of 2010 (Council Directive 2010/63/EU) for
the care and use of laboratory animals. The authorization for conducting
our experiments was approved by the Committee on the Ethics of Animal
Experiments (agreement Ce5/2012/049). The animals were kept under
standard conditions (12 h light/dark cycle [light off at 20:00 h], 23°C, and
50% humidity). Monkeys weighed 4 – 6 kg and were 3–5 years of age.

Apparatus. Macaques were chronically implanted with a radio-telemeter
transmitter for continuous and long-term recording. The transmitter
implant consisted of a sterile, disk-shaped, three-channel biopotential
device (D70-EEE, Data Sciences International) for measuring electroen-
cephalography (EEG), electro-oculography (EOG), and electromyogra-
phy (EMG) signals. Extending from the transmitter body were flexible
leads consisting of one ground lead and 3 channels. Biopotential signals
were transmitted to two receivers mounted on the primate cage and
then forwarded to a data exchange matrix serving as a multiplexer and
connected through a ribbon cable to a computer for data recording
and storage.

Transmitter implantation. After premedication with 0.05 ml/kg Rob-
inul and 10 mg/kg ketamine given intramuscularly, animals were intu-
bated and anesthetized with isoflurane (1%–2%). Analgesia was
provided on the day of surgery by a single intramuscular injection of 2
mg/kg Tolfedine (tolfenamic acid, 4%). The transmitter was implanted
within the abdominal muscle layers. The electrode biopotential leads
were tunneled subcutaneously to the skull. Two EEG electrodes were
screwed unilaterally into the skull 10 mm lateral to the midline: one
above the frontal cortex and the other 30 mm more posterior (EEG
channel). Two electrodes for EOG were affixed at the level of the orbital
arch bone unilaterally: one at the top and the other on the external side
(EOG channel). The two EMG leads were sutured to the neck muscula-
ture. After surgery, animals were returned to their home cage and al-
lowed to recover for 3 weeks. Buprenorphine (Buprecare, 0.02 mg/kg
i.m.) and prophylactic antibiotic cover (Clamoxyl, 20 mg/kg) were pro-
vided for 2 weeks postoperatively.

MPTP intoxication. All MPTP injections (0.2– 0.4 mg/kg, in NaCl
0.9%) were intramuscular and were performed under light anesthesia
(ketamine 0.4 – 0.5 mg/kg). A progressive administration protocol was

used, with injections performed at an interval of 3–7 d until the emer-
gence of all parkinsonian symptoms. Intoxication was stopped once all
the motor parkinsonian symptoms had appeared.

Dopaminergic therapy. For levodopa (L-dopa) testing, doses of
levodopa with benserazide at a ratio of 4:1 (Modopar Dispersible, Roche)
were given orally. The dosage required to alleviate motor abnormalities
in the MPTP-treated monkeys was 20 mg/kg, as already reported in the
literature (Bezard et al., 1997), and was given twice per day (at 10:00 h
and at 14:00 h), with an effect that lasted for between 3 h 30 min and 4 h
after administration. As L-dopa has a long bioavailability at the beginning
of the disease, no medication was given after 18:00 h. Our aim was to
obtain a long duration benefit of L-dopa after some days of treatment, as
that reported in PD patients, who gradually improve on L-dopa therapy.
Such an improvement generally requires 9 d to achieve a maximum
response (Barbato et al., 1997). Specifically, each animal received L-dopa
treatment twice daily for 8 –12 d, and the sleep recording was only per-
formed afterward.

Motor score. The severity of parkinsonism before, during, and after
MPTP intoxication and after L-dopa treatment was evaluated in the
home cage using a rating scale. This scale includes 7 items (spontaneous
activity, bradykinesia, tremor, freezing, posture, balance deficit, and
feeding) (Herrero et al., 1993b), rated between 0 (normal) and 3 (max-
imal disability), with a total score out of 21. Evaluations were per-
formed by the same observer every 2 d after the first injection of
MPTP and until the day the animal was killed. Spontaneous activity
was also quantified using an automated activity digitalizing system
(VigiePrimates, Viewpoint).

PPN lesion. We performed PPN lesions stereotaxically on three MPTP-
treated monkeys according to the procedure previously described (Kara-
chi et al., 2010). We used injections of a fusion of diphtheria toxin and the
peptide urotensin II (10 !l, 20%). This fusion toxin was developed to
specifically kill cholinergic neurons of the PPN (Clark et al., 2007), which
have previously been shown in rodents to express the urotensin II recep-
tor (Clark et al., 2001). Lesions were performed unilaterally in a total of
three macaques, and in one of these macaques a second PPN lesion was
added in the other hemisphere.

Sleep data. For each of the four animals, sleep recordings were per-
formed in the home cage during a 24 h period, always starting at 10:00 h.
During this 24 h period, the light was on from 8:00 h to 20:00 h. Two 24 h
recording sessions per week were performed over several weeks in each
experimental condition: 5 recordings at baseline (i.e., control state, 3
weeks after surgery), one recording at day 1 after the first MPTP injec-
tion, 5 recordings after MPTP treatment (2 months after the last MPTP
injection), and 4 or 5 recordings during L-dopa therapy (sleep recordings
starting 8 –12 d after the beginning of L-dopa therapy). Two 24 h record-
ing sessions were also performed in three MPTP-treated animals 1, 2, and
3 weeks after each PPN lesion.

The polysomnographic signals were transmitted to a receiver and then
to an acquisition device (Dataquest A.R.T., Data Sciences International).
Software (Neuroscore, Data Sciences International) was used for sleep
scoring to obtain hypnograms. Sleep–wake stage scoring was performed
in 20 s epochs so that the whole epoch was assigned to one stage. The

Table 1. Summary of the effect of MPTP intoxication and of subsequent L-dopa treatment on sleep parametersa

Treatment TST min
Sleep
efficiency

Night
TST (100%)

WASO
(%)

Wake
(%)

Sleep onset
to REM (min)

Daytime
sleep (%)Stage 1–2 SWS REM

Control mean 595.8 83.0 54.5 23.8 22.0 14.2 17.0 49.6 1.6
SEM 7.0 2.0 4.0 3.0 1.0 2.0 1.5 10.0 1.0
MPTP mean 410.5*** 57.1*** 67.4** 12.5*** 17.3*** 40.0*** 42.9*** 101.5* 12.8***
SEM 25.0 3.6 3.2 2.8 1.7 4.9 3.8 10.1 2.7
L-Dopa mean 452.9* 63.1* 64.9 13.2 19.1* 32.4 37.0* 98.8 5.8**
SEM 18.1 2.6 4.1 3.4 1.3 3.7 2.6 10.8 1.6
PPN 3w mean 489.4 69.3 66.2 14.2 18.2 35.8 30.7 127.0 4.7
SEM 36 6.5 4.4 2.2 3.5 14.9 6.5 15.1 1.6
aMean values of sleep parameters were calculated in 4 macaques in the control state, after MPTP intoxication, and then after L-dopa treatment, in 3 macaques 3 weeks (3w) after a unilateral PPN lesion and in one of these macaques after
a second PPN lesion in the other hemisphere. MPTP values were compared with control values, and L-dopa values with MPTP values. Level of significance was given only in the case of statistical significance for each individual.

*p ! 0.05; **p ! 0.01; ***p ! 0.001: Kruskal–Wallis test followed by Mann–Whitney U test in the event of statistically significant differences.
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vigilance stages identified were “active wake,”
“wake” (with " waves), “light sleep” (Stage 1
and Stage 2 pooled together), “slow-wave
sleep” (SWS) (Stage 3 and Stage 4 pooled to-
gether) and “rapid eye movement” (REM)
sleep. Non-REM sleep (NREM) included sleep
Stages 1– 4. As unconventional sleep stages, also
named dissociate sleep stages (e.g., NREM sleep
with rapid eye movements, or REM sleep without
atonia) may occur in parkinsonism, sleep record-
ings were reviewed by clinicians (I.A., X.D.)
trained to score PD sleep in humans. Two cate-
gories of muscle tone during REM sleep time
were distinguished for the 20 s REM epochs:
complete atonia and increased muscle tone for
"50% of the epoch.

Artifacts, occasionally produced by exces-
sive movements during wakefulness, were ex-
cluded from analyses. They represented no
more than 2% of total recording time. The fol-
lowing parameters were calculated for each 12-
hour period of darkness: total sleep time
(TST), duration of each stage, wake time after
sleep onset (WASO), sleep efficiency, REM
sleep latency (time from nighttime start to
REM sleep onset), and daytime sleep. The
number of sleep transitions between wake,
NREM, and REM stages was also quantified.
All macaques were videotaped during the
24 h sleep recordings, video and sleep data
being recorded synchronously.

Immunohistochemistry. All macaques were
deeply anesthetized and intracardially perfused
with 4% PFA in PBS. Brains were removed,
immersed in 30% sucrose in PBS, and then fro-
zen and cut into 50-!m-thick sections transver-
sally. Series of regularly interspaced (500 !m
apart) fresh-frozen sections of macaque brains
were processed for tyrosine hydroxylase (TH)
immunohistochemistry (François et al., 1999).
Another series of regularly interspaced (500 !m
apart) sections were processed for NADPH di-
aphorase histochemistry as previously described
(Hirsch et al., 1987).

Data analysis. The extent of DA denervation
was assessed by counting TH # neurons on 8
regularly interspaced nigral sections (every 500
!m) covering the anteroposterior extent of the structure. The sections
were matched anatomically in each of the brains while verifying that the
cross-sections of the substantia nigra were similar in all individuals. Es-
timation of the total number of DA neurons was performed using a
semiautomatic stereology system with a computer-based system (Mer-
cator, ExploraNova). The number of TH # neurons in the locus coer-
uleus and the number of NADPH #, non-NADPH #, and Nissl-stained
neurons in both the PPN and the adjacent cuneiform nucleus were also
counted using the same method and were expressed as the number of
cells per mm 3. These data were compared with those obtained from 5
intact macaques (M. fascicularis) from previous studies (Karachi et al.,
2010; Grabli et al., 2013) and whose brain sections were processed under
the same conditions.

Statistical analysis. A Mann–Whitney rank-sum test was performed to
determine the loss of TH # neurons between MPTP-treated animals and
controls. A Kruskal–Wallis test, followed by a Mann–Whitney U test in
the event of statistically significant differences, was applied for the com-
parison of sleep parameters at baseline, after MPTP intoxication, and
after L-dopa treatment for each animal. Level of significance was given
only in case of statistical significance for each individual. Results with p #

0.05 were considered significant for all the analyses. Data are presented as
mean $ SEM.

Results
Basal sleep–wake states
Sleep parameters were recorded for 3– 4 weeks to assess the base-
line sleep/wakefulness patterns and features. Sleep measures are
shown in Table 1. During wakefulness, " waves (8 –12 Hz), com-
monly occurring in relaxed wakefulness in humans, were rarely
observed (Fig. 1A). Sleep spindles of 14–16 Hz and high-amplitude
K-complexes were common in Stage 2 NREM sleep. Rapid eye
movements were frequently present in the EOG. The EMG activ-

Figure 1. Examples of 1 min polysomnographic recordings. A, At baseline (control state, CTL). B, After MPTP intoxication. C, At

1 week after further PPN lesion. Blue represents EEG; red represents EOG; black represents EMG. Note the existence, after MPTP, of

eye movements during Stage 2 (top right: Stage 2 # REM), and of movements during Stage 2 and REM sleep, and the occurrence,

after PPN lesion, of ample $ frequencies on EEG and increased muscle tone.

Table 2. Motor scores obtained after MPTP intoxication (n ! 4), under L-dopa

treatment (n ! 4), and 3 weeks after PPN lesion (n ! 3)a

Monkey ID MPTP L-Dopa PPN lesion

1 10 2.5 —

2L 13 2.5 NR

3R 8,5 2 6,5

3L 8,5 2 6

4L 10 2 7,5
aThe motor score of the most severely disabled macaque (2) was not recorded (NR) after PPN lesion in the left (L)
hemisphere because of severe disequilibrium and falls. No PPN lesion was performed for animal 1. R, right.
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ity recorded from posterior neck muscles was at its lowest level
during REM sleep.

The macaques slept for 42% of the 24 h, mostly during the
night. During the dark period, REM sleep occupied 21.9 $ 1.0%
of the TST and was more abundant at the end of the night. SWS
represented 23.8 $ 3.0% of the TST, was more frequently ob-
served at the beginning of the night, and was more abundant in
the 2 young animals (3.5 years) than in the older ones (5 years). A
reduced amount of sleep, consisting exclusively of light sleep ep-
isodes (Stages 1 and 2), was observed during the daytime (1.6 $

1.0% of the 12 h).

Parkinsonian symptoms and DA cell loss
After MPTP intoxication, monkeys progressively developed mo-
tor symptoms: hypokinesia (freezing, bradykinesia, and reduc-
tion of spontaneous activity), rigidity, tremor, and postural
disturbances. After stabilization of symptoms (6 weeks after the
last MPTP injection), all the monkeys developed severe parkin-
sonism and scored between 8 and 13 on a scale of 21 (Table 2).
For example, the spontaneous activity of the animals was reduced
by %85% (Fig. 2A). L-Dopa treatment partially reversed parkin-
sonism, with a decrease of the scores on the parkinsonian rating
scale and an increase in spontaneous activity in all MPTP-treated
monkeys (Fig. 2A).

Microscopic examination showed that the number of TH-
immunoreactive cell bodies was dramatically reduced in the sub-
stantia nigra pars compacta of MPTP-treated macaques (Fig. 2B)
compared with 5 control animals. Quantitative assessment re-
vealed a statistically significant loss of 85% (105,187 $ 5193 neu-

rons vs 15,512 $ 2995 neurons, p ! 0.001, Mann–Whitney U
test) (Fig. 2C). A statistically significant loss of 19% of TH#

neurons was also observed in the ventral tegmental area
(19,024 $ 7572 neurons vs 13,171 $ 3290 neurons, p & 0.015,
Mann–Whitney U test). Because the locus ceruleus has a role in
sleep–wake control and its noradrenergic neurons degenerate in
PD, we quantified TH# neurons in the locus coeruleus of our
animals. No statistically significant loss of TH# neurons oc-
curred in the locus coeruleus (7906 $ 89 neurons vs 7307 $ 259
neurons, p & 0.28, Mann–Whitney U test).

Effects of MPTP intoxication and then of L-dopa treatment
upon sleep architecture
Major sleep impairments appeared during the night after the first
MPTP injection (data not shown). The most striking changes ob-
served consisted of a drastic reduction of REM sleep (3.9 $ 4.6% vs
21.9 $ 1.0%, p ! 0.01), with large variations between animals (loss
ranging from 32% to 99%), a decrease of 15% in TST and of 48% in
SWS stage, and an increase in sleep fragmentation.

After stabilization of PD symptoms, thus 1–2 months after the
last MPTP injection, sleep parameters were modified both quan-
titatively (Table 1) and qualitatively (Figs. 2, 3, and 4) compared
with baseline. Episodes of sleepiness occurred in daytime (from
1.6 $ 1.0% of light NREM sleep to 12.8 $ 2.5% of the 12 daytime
hours, p ! 0.001), appearing less frequently in the less disabled
macaques. During the night, MPTP-treated monkeys exhibited
decreased sleep efficiency (from 83.2 $ 2.0% to 58.9 $ 3.5%, p !

0.001), and increased sleep fragmentation, as assessed by the in-
crease in the number of stage transitions and of awakenings (Fig.

Figure 2. Measurement of motor disability and assessment of DA lesion within the mesencephalon of MPTP-treated macaques. A, Examples of 10 h daytime recording of spontaneous activity of

MPTP-treated Macaque 3 during the control (CTL) state, after MPTP intoxication, then after L-dopa medication. L-Dopa treatment (bottom graph) was given at 10 h and at 14 h. B, Example of TH

immunostaining in the mesencephalon of a control macaque and an MPTP-treated macaque. Scale bar, 2 mm. C, Graphic representation of the number of TH # neurons in the substantia nigra pars

compacta (SNc) in the 4 MPTP-treated macaques and 5 controls. ***p ! 0.001 (Mann–Whitney rank-sum test).
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4C). The time spent in SWS and in REM sleep was reduced (from
23.8 $ 3.0% to 12.2 $ 2.8% of the TST, p ! 0.001; and from
21.9 $ 1.0% to 16.8 $ 1.5% of the TST for REM sleep, p ! 0.001).
REM sleep latency increased from 50 $ 10 min to 105 $ 10 min
(p ! 0.05) (Fig. 4A).

L-Dopa given at a therapeutic dose (20 mg/kg twice daily) and
after habituation over 8 –12 d of treatment alleviated the motor
symptoms during 3– 4 h after treatment and induced in parallel a
significant sleep improvement (Fig. 3). Daytime sleepiness was
reduced from 12.8 $ 2.5% before L-dopa to 4.8 $ 1.6% of the
12 h (p ! 0.01) (Table 1). L-Dopa treatment induced slight but
significant effects in the number of stage transitions and awaken-
ings, the relative time awake, WASO, TST, and REM sleep time
(p ! 0.05) (Fig. 4A–C), the effects being more pronounced in the
most severely disabled macaque. Improvement was also observed
for NREM sleep, but the effect was not statistically significant.

Effects of MPTP intoxication and then of L-dopa treatment on
muscle tone and movements during sleep
Muscle tone increased during nighttime and daytime sleep after
MPTP intoxication (Figs. 2B and 5). This increase developed
progressively during the first month after the last MPTP injection
and then decreased slightly after stabilization of symptoms but
never disappeared. It was characterized by the occurrence of
high-amplitude EMG bouts during REM and NREM sleep. REM
with muscle tone during "50% of an epoch occupied 17 $ 2% of
the REM sleep time (which was never observed during the con-
trol state). Abnormal epochs containing rapid eye movements
during light NREM sleep (indicative of a dissociate stage between
NREM and REM sleep) were observed during 7 $ 2% of light
NREM sleep. They most often occurred before the onset of REM
sleep episodes (Figs. 2B, top, and 5).

MPTP also increased the number of movements and the num-
ber of awakenings during sleep. Loss of balance during sleep was
observed, which sometimes led monkeys to sleep lying on the
floor (which never happened in the control state), and even to fall
from their nest. Although falls were observed in one animal on
awakening from REM sleep, no abnormal movements or behav-
iors could be detected during REM sleep. Enhanced muscle tone
during REM sleep and an increased number of movements were
obvious 1 month after stabilization of parkinsonian symptoms
and were slightly decreased but still visible up to 6 months
after MPTP intoxication. Daytime L-dopa treatment tended to
restore normal sleep-related hypotonia during both nighttime
and daytime sleep (Fig. 5), but this finding was not statistically
significant.

Effects of PPN lesion on sleep architecture
A PPN lesion was performed unilaterally in three MPTP-treated
macaques. Quantitative assessment revealed a loss of 17% of
NADPH# neurons in the first macaque, 27% in the second, and
26% in the third compared with 5 control animals (Fig. 6A). The
loss of noncholinergic neurons in the PPN was 5%, 15%, and 7%,
respectively, and in the adjacent cuneiform nucleus was 5%, 11%,
and 10%, respectively. These lesions impaired gait and worsened
postural parameters, beginning 2 d after the lesion and being
maximal 4 –7 d after the lesion. When axial motor symptoms
were maximal, muscle tone of limbs was markedly decreased on
the side contralateral to the lesion but increased on the side ipsi-
lateral, as previously described (Grabli et al., 2013).

Sleep was evaluated without L-dopa medication. We observed
an increase in sleep fragmentation compared with the MPTP
state (data not shown) and in nighttime wake, and a decrease in
sleep efficiency, SWS, and REM sleep (Fig. 6B). Moreover, PPN

Figure 3. Examples of hypnograms of 24 h recordings in Macaque 3 at baseline (CTL), 1 month after MPTP intoxication, after 1 week of L-dopa treatment, and 3 weeks after subsequent PPN lesion.

MPTP intoxication induced sleep episodes during the day and the impairment of sleep organization with marked sleep fragmentation and awakenings during the night. L-Dopa had a beneficial effect

on daytime and nighttime sleep. A subsequent PPN lesion resulted in a better sleep quality 3 weeks after the lesion than after MPTP intoxication alone.
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lesion induced $ wave activity occurring during wake time in the
three animals (Fig. 2C), as assessed on videotapes. These sleep
disorders progressively improved from 1 to 3 weeks after PPN
lesion (Fig. 3), similarly to the partial recovery from gait disor-
ders. Three weeks after PPN lesion, all sleep parameters had re-
turned to values before the PPN lesion, with a slight increase in
sleep efficiency, and a decrease of awakenings during the night.
However, the most severely disabled macaque was still unable to
sleep in his usual sitting position, which most likely interfered
with the sleep–wake cycle. Because of severe disequilibrium and
falls, he was killed 3 weeks after PPN lesion. A second PPN lesion
was performed contralaterally in one of the two other macaques.
This second lesion induced a statistically significant and specific
loss of 77% of NADPH# neurons compared with control ani-
mals, accompanied by a negligible 2%–3% loss of noncholinergic

neurons in the PPN and in the cuneiform
nucleus. A slight, transient decrease in
REM sleep and SWS was observed a week
after the lesion, without $ wave activity
during wake time. Again, the animal slept
slightly better 3 weeks after the second
PPN lesion than after MPTP intoxication,
with a slight increase in sleep efficiency,
and a decrease of awakenings during the
night (Fig. 6B).

Discussion
In this study, we showed that L-dopa
treatment improved sleep disturbances
induced by MPTP intoxication in ma-
caques. Further cholinergic PPN lesion
enhanced sleep quality. To our knowl-
edge, this is the first longitudinal study in
which sleep parameters were analyzed in
the same monkey during the control state,
after MPTP intoxication, under L-dopa
treatment, and after PPN lesion. Because
normal sleep architecture may vary across
subjects, this experimental approach al-
lows a precise description of the patholog-
ical state compared with the control state.

At baseline, nocturnal sleep parame-
ters in the adult macaques of the present
study were similar to those already de-
scribed (Hsieh et al., 2008; Barraud et al.,
2009). The first MPTP injection induced a
dramatic decrease in SWS and REM sleep,
as previously reported (Barraud et al.,
2009). These symptoms increased after
the stabilization of parkinsonian symp-
toms but without returning to the base-
line score. On the whole, reduced sleep
efficiency as well as a marked increase in
insomnia and the number of nocturnal
awakenings were observed. All these sleep
disturbances were similar to those re-
ported in MPTP-treated macaques (Almi-
rall et al., 1999; Barraud et al., 2009;
Hyacinthe et al., 2014) and in patients
with advanced PD (Wailke et al., 2011;
Yong et al., 2011), whereas sleep is not
altered in de novo patients (Brunner et al.,
2002; Kaynak et al., 2005). Our MPTP-
treated macaques were markedly disabled

and displayed a severe DA neuronal loss in the substantia nigra
and a much smaller but significant DA degeneration in the ven-
tral tegmental area as previously reported (Mounayar et al.,
2007), and are therefore reminiscent of advanced PD. In addi-
tion, because a robust increase in the firing rate of DA neurons of
the ventral tegmental area occurs during REM sleep (Dahan et al.,
2007), the DA lesion in our MPTP-treated monkeys might ac-
count for the reduction of REM sleep, supporting the involve-
ment of the DA system in the regulation of the sleep–wake cycle.

Although most of the sleep disorders in our parkinsonian ma-
caques were similar to those described in parkinsonian patients,
one element lacking was REM sleep behavior disorder (RBD).
Indeed, the only movements observed during REM sleep were
falls or awakenings; no abnormal behavior or violent movement

Figure 4. Sleep disorders after MPTP intoxication and partial improvement after L-dopa treatment. A, Comparison of the

contribution of REM, Stages 1 and 2 and SWS, expressed as a percentage of the total sleep period in the 4 macaques in the control

state (CTL), after MPTP intoxication, and after L-dopa treatment. B, Histograms showing increase in duration of WASO, reduction

of sleep efficiency (ratio of total sleep time to the 12 h of nighttime), and development of daytime sleepiness (expressed as

percentage of time spent asleep during the 12 h of daytime), and their improvement after L-dopa treatment. C, Transitions

between wake, NREM, and REM periods. The mean number of transitions is given and is represented by the thickness of the arrows.

The number of transitions between wake and NREM stages was increased after MPTP intoxication and improved slightly after

L-dopa treatment.
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was observed, despite the fact that muscle tone was enhanced.
The neuronal origin of RBD in PD might be a dysfunction of the
subcoeruleus nucleus because it was reported to control atonia
during REM sleep (Boeve et al., 2007), and to display a significant
decrease in signal intensity on magnetic resonance images ob-
tained in PD patients with RBD (García-Lorenzo et al., 2013).
Therefore, the lack of RBD in our parkinsonian macaques might
be the result of the absence of lesion within the locus coeruleus, as
we and others observed (Herrero et al., 1993a). Moreover, the
increased muscle tone during REM sleep in our MPTP-treated
macaques may be equivalent to REM sleep without atonia in
patients with PD (Gagnon et al., 2002; Arnulf, 2012). Similarly,
Verhave et al. (2011) reported an enhancement of muscle tone
during REM sleep in MPTP-treated marmosets, but no increase
in phasic muscle tone (twitching) and no abnormal behavior.
Together, these results suggest that DA deficiency increases tonic
muscle activity during REM sleep (loss of atonia) but does not
affect either the phasic or behavioral components during this
sleep state.

Our results in MPTP-treated macaques show that L-dopa
treatment not only decreased the number of movements and
nocturnal awakenings but also had a beneficial effect on sleep
architecture. L-Dopa was also found to be effective in patients
with advanced PD for treating nighttime bradykinesia during
awakenings but had no impact on the otherwise altered sleep
structure and even induced a trend toward decreased total sleep
period (Wailke et al., 2011). Several reasons may explain this
discrepancy. First, all our animals were young and were treated
with L-dopa twice a day for 8 –12 d. In contrast, L-dopa is admin-
istered in middle-aged patients and for years. Thus, age effects
and pharmacokinetics might be different in the patients and our
monkeys. It is thus possible that L-dopa was still bioavailable at
night at a dose sufficiently low to induce beneficial effects on sleep
architecture in our animals, whereas the dosage has to be suitably
adapted to the dopaminergic deficiency in each individual pa-

tient. Second, sleep recordings under L-dopa treatment in our
macaques were directly compared with those obtained after
MPTP intoxication and before any L-dopa medication. These
conditions are impossible to reproduce in PD patients because
sleep recordings under L-dopa are compared with those obtained
after withdrawal of levodopa for no more than 24 h. It is also
possible that the existence of non-DA lesions in PD limits the
positive effect of L-dopa medication.

All our MPTP-treated macaques displayed an increase in day-
time sleepiness, as also reported previously (Rye, 2010). Such
symptoms cannot be solely a consequence of DA treatment be-
cause they were observed in the absence of L-dopa in MPTP-
treated macaques and they often precede PD by several years in
patients (Abbott et al., 2005). Daytime sleepiness would rather be
an early marker of DA loss in humans and the first consequence
of DA deficiency (Arnulf et al., 2002). The fact that daytime sleep
was increased with motor disability and was decreased by L-dopa
treatment further supports a direct role of dopamine in stimulat-
ing arousal systems. This is consistent with previous findings that
high levels of levodopa were associated with increased alertness in
parkinsonian patients (Arnulf et al., 2002; Bliwise et al., 2012).
This raises the hypothesis that DA deficiency plays a role in the
physiopathology of excessive daytime sleepiness. However, it
should be kept in mind that patients with a higher levodopa
equivalent dosage have a more advanced-stage disease.

A PPN lesion in our MPTP-treated macaques without L-dopa
medication induced acute, transient, sleep disturbances, which
were more severe in the most disabled macaque. These acute
disturbances may be explained by postural deficits that resulted
from PPN lesion and most likely interfered with the sleep–wake
cycle. A temporary induction of $ wave activity during wake time
resulted from PPN lesion in our MPTP-treated macaques, as
already reported after destruction of the reticular formation in
cats (Denoyer et al., 1991) or after administration of an anticho-
linergic compound (Longo, 1956). This reinforces the hypothesis

Figure 5. Examples of EMG recordings during the 12 h of nighttime sleep, at baseline (CTL) (first line), after MPTP intoxication (second line), and after L-dopa treatment in Macaque 2. The increase

in muscle tone and in the number of movements that developed in the MPTP state was slightly improved after L-dopa treatment.
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that the cholinergic activation of the cortex, by the PPN projec-
tions to the thalamocortical pathway, results in a suppression of
slow $ waves and induction of cortical arousal.

The fact that sleep disturbances progressively returned to values
observed before the PPN lesion, at least in the less severely parkinso-
nian animals, suggests that compensatory processes had occurred.
Transient effects of PPN lesions on REM sleep have also been re-
ported in cats (Webster and Jones, 1988). Postlesion compensatory
mechanisms are still poorly understood, but they may involve the
remaining cholinergic neurons of the PPN or of the adjacent lat-
erodorsal tegmental nucleus. Noradrenergic neurons of the locus
coeruleus and the serotoninergic neurons of the raphe nucleus,

which both participate in sleep regulation, also degenerate in parkin-
sonian patients. The remaining neurons may also take over to com-
pensate for the loss of cholinergic PPN neurons. Thus, the lack of
changes in sleep, and in particular in REM sleep, 3 weeks after PPN
lesion in our MPTP-intoxicated macaques, as reported in normal
cats 2 weeks after discrete PPN lesion (Shouse and Siegel, 1992),
suggests that other systems involved in sleep control were spared.

One of the main findings of our study is that PPN lesion
slightly improved sleep quality after 3 weeks. This is reminiscent
of our previous observations that PPN lesion improved motor
symptoms in MPTP-treated macaques (Grabli et al., 2013). It is
possible that PPN lesion results in a reduction of its excitatory

Figure 6. Effect of PPN lesion on sleep in three MPTP-treated macaques. A, Photomicrographs of PPN sections labeled for NADPH histochemistry, showing the toxin injection site into the PPN

(arrow) in the left (L) side of Macaque 2 and in both sides of Macaque 3 compared with the right (R) unlesioned side of Macaque 2. B, Left, NADPH # neurons (blue) were mapped in two lesioned

animals. Each dot represents an NADPH # neuron. Right, Quantification of the total number of NADPH # neurons in the PPN showing the neuronal loss for unilaterally lesioned macaques (Macaques

2 and 4), and for bilaterally lesioned macaque (Macaque 3). C, Values of relevant sleep parameters in the three macaques 1–3 weeks after PPN lesion compared with control (CTL) and MPTP values.

Note a decrease of sleep efficiency, REM sleep and SWS, and an increase of nighttime awakenings (wake). These disorders were much more severe in Macaque 2 than in Macaques 3 and 4. These

parameters progressively returned to values observed after MPTP treatment, except for Macaque 2, which was therefore killed 3 weeks after PPN lesion. Scale bar: A, 1 mm.
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outputs to the subthalamic nucleus, which is overactive in PD.
Indeed, a reversal of subthalamic nucleus hyperactivity has also
been reported after PPN lesion in a 6-hydroxydopamine rat
model (Breit et al., 2006). This would suggest that improvement
of sleep quality after PPN lesion is a consequence of a reduction in
nighttime bradykinesia. In this context, recent clinical data ob-
tained in parkinsonian patients who were implanted with elec-
trodes for deep-brain stimulation of the PPN to treat severe gait
disorders indicate that sleep was strongly modified by PPN stim-
ulation. Whereas high-frequency PPN stimulation induced
NREM sleep, low-frequency stimulation increased alertness dur-
ing the daytime and produced a long-term improvement of
nighttime sleep (Arnulf et al., 2010; Peppe et al., 2012). It is dif-
ficult to compare these data with those obtained in MPTP-treated
macaques after PPN lesion. However, our data suggest that the
effects obtained in patients are the result of stimulation of both
cholinergic and noncholinergic neuronal populations. Addi-
tional experiments are needed to determine the neuronal circuits
that mediate parkinsonian sleep disorders.

In conclusion, combining DA and PPN lesions in macaques
allowed us to characterize sleep disorders in a model of advanced
PD. Using this approach, we demonstrated an improvement of
sleep quality after L-dopa therapy and the involvement of the
PPN in the regulation of the sleep/wake cycle.
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Montplaisir J (2002) REM sleep behavior disorder and REM sleep with-

out atonia in Parkinson’s disease. Neurology 59:585–589. CrossRef

Medline

García-Lorenzo D, Longo-Dos Santos C, Ewenczyk C, Leu-Semenescu S,

Gallea C, Quattrocchi G, Pita Lobo P, Poupon C, Benali H, Arnulf I,

Vidailhet M, Lehericy S (2013) The coeruleus/subcoeruleus complex in

rapid eye movement sleep behaviour disorders in Parkinson’s disease.

Brain 136:2120 –2129. CrossRef Medline

Grabli D, Karachi C, Folgoas E, Monfort M, Tande D, Clark S, Civelli O,

Hirsch EC, François C (2013) Gait disorders in parkinsonian monkeys

with pedunculopontine nucleus lesions: a tale of two systems. J Neurosci

33:11986 –11993. CrossRef Medline

Herrero MT, Hirsch EC, Javoy-Agid F, Obeso JA, Agid Y (1993a) Differen-

tial vulnerability to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine of do-

paminergic and cholinergic neurons in the monkey mesopontine

tegmentum. Brain Res 624:281–285. CrossRef Medline

Herrero MT, Perez-Otaño I, Oset C, Kastner A, Hirsch EC, Agid Y, Luquin

MR, Obeso JA, Del Rio J (1993b) GM-1 ganglioside promotes the recov-

ery of surviving midbrain dopaminergic neurons in MPTP-treated mon-

keys. Neuroscience 56:965–972. CrossRef Medline

Hirsch EC, Graybiel AM, Duyckaerts C, Javoy-Agid F (1987) Neuronal loss

in the pedunculopontine tegmental nucleus in Parkinson disease and in

progressive supranuclear palsy. Proc Natl Acad Sci U S A 84:5976 –5980.

CrossRef Medline

Hobson DE, Lang AE, Martin WW, Razmy A, Rivest J, Fleming J (2002)

Excessive daytime sleepiness and sudden-onset sleep in Parkinson dis-

ease: a survey by the Canadian Movement Disorder Group. JAMA 287:

455– 463. CrossRef Medline

Hsieh KC, Robinson EL, Fuller CA (2008) Sleep architecture in unre-

strained rhesus monkeys (Macaca mulatta) synchronized to 24-hour

light-dark cycles. Sleep 31:1239 –1250. Medline

Hyacinthe C, Barraud Q, Tison F, Bezard E, Ghorayeb I (2014) D1 receptor

agonist improves sleep–wake parameters in experimental parkinsonism.

Neurobiol Dis 63:20 –24. CrossRef Medline

Jellinger K (1988) The pedunculopontine nucleus in Parkinson’s disease,

progressive supranuclear palsy and Alzheimer’s disease. J Neurol Neuro-

surg Psychiatry 51:540 –543. CrossRef Medline

Karachi C, Grabli D, Bernard FA, Tandé D, Wattiez N, Belaid H, Bardinet E,
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A B S T R A C T

Objectives: To evaluate and compare the effects of melatonin and levodopa (L-dopa) on sleep disorders

in a monkey model of Parkinson’s disease.

Materials and methods: The daytime and nighttime sleep patterns of four macaques that were rendered

parkinsonian by administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) were re-

corded using polysomnography in four conditions: at baseline, during the parkinsonian condition; after

administration of L-dopa, and after administration of a combination of melatonin with L-dopa.

Results: It was confirmed that MPTP intoxication induces sleep disorders, with sleep episodes during

daytime and sleep fragmentation at nighttime. L-dopa treatment significantly reduced the awake time

during the night and tended to improve all other sleep parameters, albeit not significantly. In compar-

ison to the parkinsonian condition, combined treatment with melatonin and L-dopa significantly increased

total sleep time and sleep efficiency, and reduced the time spent awake during the night in all animals.

A significant decrease in sleep latencies was also observed in three out of four animals. Compared with

L-dopa alone, combined treatment with melatonin and L-dopa significantly improved all these sleep pa-

rameters in two animals. On the other hand, combined treatment had no effect on sleep architecture and

daytime sleep.

Conclusion: These data demonstrated, for the first time, objective improvement on sleep parameters of

melatonin treatment in MPTP-intoxicated monkeys, showing that melatonin treatment has a real ther-

apeutic potential to treat sleep disturbances in people with Parkinson’s disease.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

People with Parkinson’s disease (PD) experience significant sleep
disturbances, including excessive daytime sleepiness, insomnia with
reduced total sleep time and sleep efficiency, and an increased
number of nocturnal awakenings. Moreover, 15–60% of people with
PD have rapid eye movement (REM) sleep behavior disorder, which
consists of excessive motor activity during dreaming in associa-
tion with loss of skeletal muscle atonia of REM sleep [1,2]. The effects
of dopaminergic drugs on sleep and alertness in people with PD are
difficult to analyze because they may improve sleep quality, partly
through reducingmotor symptoms, but also increase daytime sleep-
iness and cause insomnia. To date, there is no specific medication
known to be effective in alleviating these specific sleep disorders
without adverse effects such as reduced cognitive function and alert-
ness. In this context, melatonin is an interesting agent used to induce
drowsiness and sleep, and may improve sleep disturbances.

Melatonin, which is mainly synthesized by the pineal gland, is
known to play a key role in the circadian regulation of sleep and
wakefulness. Exogenous melatonin can shift the phase of the human
circadian clock [3,4], improving subjective sleep quality in various
pathologies [5,6]. In people with PD, the expression of melatonin
receptors is decreased in the substantia nigra [7] and melatonin se-
cretion is reduced [8,9], leading to a blunted circadian rhythm.
Administration of melatonin to these people has been found to in-
crease sleep efficiency [10] and improve subjective sleep quality,
whereas the polysomnographic (PSG) features remain unchanged
[11]. The possibility that melatonin administration is effective in pre-
venting dopaminergic cell death in experimental models of PD has
been supported by some studies [12,13] but contradicted by others
[14,15], whereas intraventricular implants of melatonin have been
shown to increase the severity of motor symptoms [16].

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated
macaques develop sleep disorders that mimic those of people with
PD [17,18]. It has previously been shown that levodopa (L-dopa)
treatment in parkinsonian macaques, given twice a day and after
habituation over 8–12 days, has a beneficial effect on almost all sleep
parameters, including sleep architecture, but not on sleep and
REM sleep latencies [18]. The aims of the present study were to
characterize the effect of combined treatment with melatonin and
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L-dopa on sleep disorders in this monkey model of PD using
polysomnography (PSG), and to compare these effects to those ob-
tained with L-dopa alone.

2. Materials and methods

2.1. Animals and sleep recordings

The study was performed on four adult male macaques (Macaca

fascicularis) and was carried out in strict accordance with the Eu-
ropean Community Council Directive of 2010 (2010/63/UE) for care
and use of laboratory animals. The study was approved by the Com-
mittee on the Ethics of Animal Experiments (Charles Darwin,
agreement no. Ce5/2012/049). All surgery was performed under
general anesthesia and analgesia, and all efforts were made to min-
imize the number of animals used and their suffering.

Macaqueswere chronically implanted under deep anesthesia with
a radio-telemetry transmitter (D70-EEE, Data Sciences Internation-
al, St Paul, MN) for continuous recording of electroencephalography
(EEG), electrooculography (EOG), and electromyography (EMG)
signals, as previously described [18]. Briefly, the animals were anes-
thetized with isoflurane (1–2%) and received analgesia (2 mg/kg
Tolfedine, tolfenamic acid, 4%). The transmitter was implanted and
two EEG electrodes were screwed unilaterally into the skull 10 mm
lateral to the midline (one above the frontal cortex and the other
30 mm more posterior). Two electrodes for EOG were unilaterally
affixed at the level of the orbital arch bone (one at the top and the
other on the external side). The two EMG leads were sutured to the
neck musculature. After surgery, buprenorphine (Buprecare,
0.02 mg/kg IM) and prophylactic antibiotic cover (Clamoxyl,
20mg/kg) were provided for twoweeks postoperatively. The animals
were allowed to recover for three weeks.

Software (Neuroscore, Data Sciences International, St Paul, MN)
was used for sleep scoring to obtain hypnograms. Sleep–wake stage
scoring was performed in 20-s epochs so that the whole epoch could
be assigned to one of four different stages: ‘wake’, ‘light sleep’ (stages
1 and 2 pooled together), ‘slow-wave sleep’ (stages 3 and 4 pooled
together), and ‘REM sleep’. The following parameters were calcu-
lated for each 12-h period of darkness: total sleep time, duration
of each stage, sleep efficiency (ratio between the total sleep time
and the 12-h nighttime), sleep onset latency (time from nighttime

start [20:00] to sleep onset), and REM latency (time from night-
time start to REM sleep onset). Sleep episodes during daytime were
measured for a 12-h period from 08:00 to 20:00 in the same
conditions.

2.2. Drugs

Intramuscular (IM) MPTP injections (0.2–0.4 mg/kg) were given
every three to seven days, and intoxication was stopped once all
of the motor parkinsonian symptoms had appeared [18]; thus, two
to six weeks after the first injection. Parkinsonian symptoms had
stabilized one to two months after the last MPTP injection (Fig. 1A).
These symptoms were assessed two months after the last MPTP in-
jection by a rating scale that included seven items rated between
0 and 3 [19]. L-dopa treatment consisted of oral doses of L-dopa
(Modopar Dispersible, Roche, 20 mg/kg) once a day at midday for
two weeks. The treatment schedule for melatonin included admin-
istration of an oral dose of L-dopa (20 mg/kg) at midday, then
administration of melatonin (10 μg/kg) given 2 h before lights-off
time [20] for a period of five consecutive days. This dose of mela-
tonin was chosen based on the previous results showing that this
physiological dose induced earlier sleep onset time and longer sleep
period time, but did not significantly affect nighttime sleep effi-
ciency in normal macaques [20].

2.3. Experimental protocol

A 3-week period was allowed for recovery from surgery, after
which 24-h recording sessions, starting at 10:00 (lights on from 08:00
to 20:00), were obtained for each animal in the home cage at each
experimental condition: five recordings at baseline (control state);
five to six recordings after MPTP treatment (two months after the
last MPTP injection), as previously described [18]; three to four re-
cordings performed after administration of L-dopa alone; then one
recording performed after administration of melatonin in addi-
tion to L-dopa (melatonin + L-dopa) (after five consecutive days of
this same treatment). Following a 3-day washout, a last recording
session was performed after administration of L-dopa to ensure that
sleep parameters returned to values before combined treatment with
melatonin and L-dopa. The timeline of sleep recording sessions is
presented in Fig. 1B.

Fig. 1. (A) Evolution of motor score during intoxication until stabilization of symptoms for four monkeys. (B) Timeline of sleep recording sessions. Sleep recording sessions

were carried out during the control (CTL) state, after MPTP treatment, after administration of L-dopa alone, and then after combined treatment with melatonin and L-dopa

(Mt + L-dopa).
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2.4. Statistical analysis

The values of each sleep parameter were normalized to control
conditions. A repeated-measures analysis of variance on ranks with
Dunnett’s post hoc method (SigmaPlot version 11 computer soft-
ware) was used to compare sleep parameters at baseline, after MPTP
intoxication, after L-dopa administration, and after combined treat-
ment with melatonin and L-dopa in the same individuals. However,
statistical power was limited due to the low number of animals, and
intra-individual statistical comparisonswere thus also performed. For
that purpose, because the present study focused on the effect of the
combined treatment, withmelatonin and L-dopa compared with the
effect of L-dopa alone and of MPTP intoxication for each animal, a
comparison of an observed mean (the mean of the values obtained
for each sleep parameter after L-dopa alone or in the MPTP condi-
tion)was realizedwith a theoretical value obtained for each parameter
after combined treatment with melatonin and L-dopa [21,22]. The
level of significance was only given in case of statistical significance
for each individual. Results with p ≤ 0.05 were considered signifi-
cant for all analyses. Data are presented as means ± SD.

3. Results

3.1. Assessment of motor symptoms and sleep disorders in MPTP-

intoxicated macaques

The MPTP administration induced severe parkinsonian motor
symptoms that stabilized one to two months after the last MPTP
injection in all macaques and persisted over months. The parkin-
sonian motor score reached a mean of 10 (10.4 ± 1.9, range 8.5–13)
out of a maximum total of 21 (Table 1). MPTP-treatedmacaques dis-
played sleep disorders that included sleep episodes during daytime
and sleep fragmentation at nighttime (Figs. 2 and 3A,B). A reduc-
tion in total sleep time, in time spent in slow-wave sleep and REM
sleep, and an increase in the number of movements and awaken-
ings were also observed, as previously described [17,18].

3.2. Effect of L-dopa on motor disability and sleep disorders

L-dopa given at a therapeutic dose (20mg/kg) once a day allevi-
ated the motor symptoms for 3–4 h (78%, from 10.4 ± 1.9 to 2.2 ± 0.3
out of a total of 21, p < 0.05). L-dopa tended to reduce daytime sleep
(−51%) but did not reach significance (7.3 ± 3.8min vs 13.2 ± 5.2min
of the 12 h of daytime, p = 0.29). During the following night, L-dopa
slightly, but significantly, reduced the percentage of wake time (−12%)

and tended to improve all other sleep parameters, such as the slow-
wave sleep (+13%) and REM sleep (+8%) percentages at nighttime
(Figs. 2 and 3C). Sleep recording performedwithout L-dopa 24 h later
showed that none of the sleep values differed from those observed
during theMPTP condition (not shown). Values of standard deviations
calculated for all sleep parameters during MPTP and L-dopa condi-
tions were comparedwith those calculated during the control period.
No statistical difference in standard deviation was observed, reflect-
ing similar night-to-night variability across treatment modalities.

3.3. Effect of combined treatment with melatonin and L-dopa on

parkinsonian motor symptoms and sleep disorders

Combined treatment with melatonin and L-dopa over five con-
secutive days had no benefit on motor symptoms compared with
L-dopa alone (2.0 ± 0.8 vs 2.2 ± 0.3 out of a total of 21) (Table 1), and
did not result in any adverse effects during daytime. Daytime sleep
was not improved by the combined treatment with melatonin and
L-dopa compared with L-dopa alone (7.3 ± 3.8 min vs 6.5 ± 3.2 min,
p = 0.19) or the parkinsonian condition (7.3 ± 3.8min vs 13.9 ± 5.3min,
p = 0.19) (Table 1, Fig. 3D). During nighttime, combined treatment had
an overall favorable effect on many sleep parameters (Tables 1 and
2, Figs. 2 and 3D). It significantly increased total sleep time and
sleep efficiency in all four MPTP-intoxicated animals (+23%) and in
two animals when compared with L-dopa alone (+14%) (sleep effi-
ciency, MPTP 57.7 ± 6.1%; L-dopa 61.8 ± 4.5%; melatonin + L-dopa
70.8 ± 5.6%, p < 0.05). It significantly reduced the percentage of wake
time (−30%) in allMPTP-intoxicated animals, and in two animalswhen
compared with L-dopa (−21%) (MPTP 42.9 ± 5.9%; L-dopa 37.9 ± 5.3%;
melatonin + L-dopa 29.8 ± 3.6%, p < 0.05). Finally, sleep onset latency
was reduced in three animals compared with the parkinsonian con-
dition (−25%) and in two animals comparedwith L-dopa alone (−27%)
(MPTP 43.2 ± 6.4 min; L-dopa 41.5 ± 7.5 min; melatonin + L-dopa
30.5 ± 5.7 min) (Table 2). However, sleep offset was not affected by
the treatment. A last recording session was performed after a 3-day
washout. In the three out four animals in which data could be ex-
ploited, it was observed that all sleep parameters returned to the
values before combined treatment with melatonin and L-dopa
(Tables 1 and 2).

3.4. Effect of combined treatment with melatonin and L-dopa on

sleep architecture

The combined treatment with melatonin and L-dopa had no sig-
nificant effect on sleep architecture compared with L-dopa alone.

Table 1

Summary of the effect on sleep parameters of MPTP intoxication and of subsequent treatment with L-dopa alone, and then with melatonin combined with L-dopa in four

macaques, and finally after a 3-day washout in three of them.

CTL

n = 4

MPTP

n = 4

L-dopa alone

n = 4

Melatonin + L-dopa

n = 4

L-dopa 2

n = 3

Motor score 0 10.4 ± 1.9*** 2.2 ± 0.3 2.0 ± 0.8$ 2.2 ± 0.3

TST (min) 597 ± 12 414 ± 45* 447 ± 35 508 ± 42$ 450 ± 27

Efficiency (%) 83.3 ± 1.6 57.7 ± 6.1*** 61.8 ± 4.5 70.8 ± 5.6$ 62.9 ± 3.0

Wake time (%) 17.0 ± 1.8 42.9 ± 5.9*** 37.9 ± 5.3# 29.8 ± 3.6$ 37.1 ± 2.9

S1-S2 (%) 52.1 ± 4.0 64.7 ± 7.8** 61.3 ± 10.4 58.7 ± 16.2 70.1 ± 2.6

SWS (%) 23.8 ± 6.1 12.5 ± 5.3*** 13.1 ± 4.7 15.1 ± 5.7 12.6 ± 0.9

REM (%) 22.0 ± 1.7 17.3 ± 3.0*** 19.5 ± 3.1 18.8 ± 3.2 17.3 ± 2.7

Sleep onset latency (min) 19.2 ± 7.2 43.2 ± 6.4 41.5 ± 7.5 30.5 ± 5.7 42.3 ± 4.9

Abbreviations: L-dopa, levodopa; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; REM, rapid eye movement; S1-S2, stages 1 and 2 pooled together (light sleep); SWS,

slow-wave sleep; TST, total sleep time.

Each column represents mean values (±SD) derived from all nights of sleep recordings per each study period in all macaques. A recording after a 3-day washout period was

performed after the combined treatment with melatonin and L-dopa phase (L-dopa 2).

* p < 0.05; **p < 0.01 and ***p < 0.005, MPTP vs control (CTL) values.
# p < 0.05, L-dopa alone vs MPTP values.

§p < 0.05 and §§p < 0.01, Melatonin + L-dopa vs L-dopa alone values.
$ Melatonin + L-dopa vs MPTP values. Repeated-measures analysis of variance on ranks followed by Dunnett’s post hoc test.
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Only a tendency for an increase in slow-wave sleep percentage was
observed (+14%, 15.1 ± 5.7% vs 13.1 ± 4.7%), which was significant
for only one monkey. Slow-wave sleep percentage was, however,
significantly increased in two animals when compared with the
MPTP condition (+21%, 15.1 ± 5.7% vs 12.5 ± 5.3%) (Table 2).

4. Discussion

The present study demonstrated that administration of mela-
tonin and L-dopa in MPTP-intoxicated monkeys improved sleep
quality better than L-dopa alone. It increased total sleep time and
sleep efficiency, and decreased the percentage of wake time and the
sleep onset latency.

These results confirm that MPTP-intoxicatedmonkeys suffer from
sleep disorders, as already reported [17,18]. These symptoms are
similar to those observed in people with PD, especially in the ad-
vanced form of the disease [1,2]. It also confirmed that L-dopa tends
to improve sleep parameters such as the relative time awake, sleep
efficiency, and REM sleep time. The lack of significance was likely
due to the low dose of L-dopa given, since a higher dose has already
been shown to significantly alleviate sleep parameters, except sleep
onset latency and slow-wave sleep [18]. The choice to administer
low doses of L-dopa was dictated by the need to demonstrate an
additional effect of the melatonin per se on these sleep param-
eters. In this study, the effect of melatonin alone was not evaluated
becauseMPTP intoxication induced severe parkinsonianmotor symp-
toms that had to be treated by L-dopa in order to not interfere
with sleep.

The predominant finding of this study was that a combined treat-
ment with melatonin and L-dopa can add benefit in alleviating sleep
disorders in MPTP-intoxicated monkeys, with a significant in-
crease in total sleep time and sleep efficiency and decrease in the
time spent awake during nighttime. These results are consistent with
previous studies showing that melatonin taken before bedtime by
people with PD significantly improves the quality of sleep with in-
creased nighttime sleep, as assessed by actigraphy [10]. Similar
beneficial effects of melatonin were also reported in people suffer-
ing from REM sleep behavior disorder [23,24], which is a sleep
symptom commonly encountered in parkinsonian people [9].
Another beneficial effect of the combination of melatonin and L-dopa
administered to the animals was that it significantly advanced sleep
onset in two of the four MPTP-intoxicated macaques compared with
L-dopa alone, and in three macaques when compared with the par-
kinsonian condition. Such an improvement appears to be specific
to melatonin because L-dopa alone, even given at a higher dose, had
no effect on this specific sleep parameter [18]. It is interesting to
note that latency to sleep onset was not improved for two MPTP-
treatedmacaques, which developed the highest disability score with
a slightly lower effect of L-dopa treatment on the motor symp-
toms. The effect of melatonin is thus possibly limited by the level
of motor disability, implying that a beneficial effect could be ob-
tained with a higher L-dopa dose associated with melatonin. These
results fit well with the notion that melatonin can potentiate sleep
initiation. Indeed, melatonin is a sleep-promoting hormone that
induces an earlier sleep onset when administered 2 h before lights-
off time in healthy monkeys [20], which is similar to observations

Fig. 2. Sleep disorders after MPTP intoxication, L-dopa administration and combined treatment with melatonin and L-dopa. Histograms showing reduction of sleep effi-

ciency (ratio of total sleep time to the 12 h of nighttime), increase in wake time during nighttime, reduction in slow-wave sleep (SWS) and rapid eye movement (REM)

sleep, and increase in sleep onset latency after MPTP intoxication. All these parameters tended to improve after L-dopa administration (L-DA), and mostly after combined

treatment with melatonin and L-dopa (Mt + L-DA). Repeated-measures analysis of variance on ranks followed by Dunnett’s post hoc test. CTL, control.
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in healthy humans [3,25]. However, sleep offset was unaffected after
melatonin treatment, as reported in normalmacaques [20]. The pres-
ence of a regular light–dark cycle is likely to counteract any possible
phase-shifting effects of the hormone.

On the contrary, no significant benefit on sleep architecture was
observed in the animals, which is consistent with a previous finding
that the PSG features remained unchanged after administration of
melatonin in people with PD [11]. It is, however, possible that pro-
longing the duration of the combined treatment with melatonin and
L-dopa in a larger number of animals would have induced a sig-
nificant benefit on all sleep parameters, including sleep architecture.
During daytime, melatonin had no effect on motor symptoms or
daytime sleep. However, the dose of melatonin administered to the
animals 2 h before lights off may not have sufficiently improved
nighttime sleep quality to act on daytime sleepiness the day after.
In that respect, it is interesting to note that for people with PD, 3mg
of melatonin given 1 h before bedtime did not affect daytime sleep-
iness [11], whereas a higher dose of 5mg reduced it [10]. It can thus
be hypothesized that a sufficient dose of melatonin is required to
ensure a more physiological sleep–wake cycle, and to have a ben-
eficial effect on daytime sleep.

It was reported that for people with PD, the timing of melato-
nin secretion onset or offset phases did not change, whereas
circulating melatonin levels were reduced [8,9]. Moreover, these dif-
ferences in melatonin levels were reported to significantly correlate
with reduced slow-wave and REM sleep [8]. On the other hand, no
melatonin deficit was observed in parkinsonian macaques, except
that the amount released over a 24-h period varied with a peak at
06:00 compared with control animals [26]. In this study, however,

MPTP-treated macaques did not receive L-dopa treatment, which
may influence the amplitude and phase secretion of melatonin, as
already suggested [27].

Previous results have suggested that administration of melato-
nin can prevent the deleterious effects of neurotoxins. This has been
reported in neurotoxin models of PD [12,13,28], but is contra-
dicted by other literature data [14,15,29]. It is possible that the
neuroprotective effects of melatonin depend on its elevated circu-
lating levels [15]. A better understanding of this neuroprotective
aspect with experiments on blood dosage of melatonin in monkeys
may help to understand the mechanisms underlying the benefit
of melatonin, and thus to more precisely characterize its use in
people with PD. Melatonin exerts its physiological, hypnotic and
chronobiotic actions through MT1 and MT2 receptors expressed
in different brain areas. The presence of these receptors has been
demonstrated in the suprachiasmatic nucleus, which is consid-
ered as the major sleep–wake-cycle generating center. Exogenous
melatonin may thus improve sleep disorders by its direct action
on this central clock, influencing the amplitude of oscillations and
the phase advance of the rhythm. MT1 and MT2 are also present
in the dopaminergic pathways. These receptors exhibit decreased
expression in people with PD [7], suggesting that the melatoninergic
system might be involved in sleep disorders of PD. It would there-
fore be interesting to test the effects of melatonin in the presence
of MT1 or MT2 receptor antagonist to characterize the melatonin
receptor subtype involved in the improvement of sleep quality in
MPTP-intoxicated monkeys. Further studies are thus needed to elu-
cidate the role of melatonin and its receptors in the pathogenesis
and treatment of PD.

Fig. 3. Examples of hypnograms of 24-h recordings in macaque No. 3 at baseline (CTL) (A), six weeks after MPTP intoxication (B), after one week of L-dopa treatment once

a day (C), and five days after combined treatment with melatonin and L-dopa (Mt + L-dopa) (D). MPTP intoxication induced sleep episodes during the day and marked sleep

fragmentation and awakenings during the night. L-dopa had a small beneficial effect on daytime and nighttime sleep. A better sleep quality resulted from the combined

treatment with melatonin and L-dopa compared with L-dopa alone and to the MPTP condition.
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In conclusion, this study provides experimental evidence that
melatonin improves sleep disorders in parkinsonian monkeys. This
finding supports the view that melatonin treatment has a thera-
peutic potential to treat sleep disturbances of people with PD.
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Intra-individual sleep parameters evaluated at baseline, after MPTP intoxication, and after subsequent treatment with L-dopa alone, and then with melatonin combined

with L-dopa in four macaques, and finally after a 3-day washout in three of them.

M. No. CTL

n = 4

MPTP

n = 4

L-dopa alone

n = 4

Melatonin + L-dopa

n = 4

L-dopa 2

n = 3

No. 1

Motor score 0 8.5 2 1

Sleep efficiency (%) 100 ± 1.9 75.9 ± 3.8 78.1 ± 1.4 92.8**,§§

Wake time (%) 14.6 ± 1.6 31.2 ± 3.2 31.3 ± 2.1 25.4*,§

SWS (%) 30.3 ± 1.3 20.4 ± 0.9 20.0 ± 1.3 23.5*,§

REM (%) 24.1 ± 0.4 20.7 ± 0.9 22.4 ± 1.5 19.5*

Sleep onset latency (min) 29.6 ± 2.3 54.1 ± 5.3 53.2 ± 7.9 36§

REM latency (min) 45.7 ± 10.1 97.2 ± 26.1 106.7 ± 38.7 85§

No. 2

Motor score 0 13 2.5 3 2.5

Sleep efficiency (%) 100 ± 5.6 62.5 ± 4.1 68.7 ± 3.3 82.1**,§ 72.7

Wake time (%) 18.6 ± 4.6 49.3 ± 3.2 44.0 ± 2.7 33.1*,§ 40.0

SWS (%) 26.1 ± 4.4 9.6 ± 0.9 12.4 ± 2.1 11.5 12.0

REM (%) 22.0 ± 1.5 14.3 ± 1.0 15.8 ± 3.1 15.5 15.3

Sleep onset latency (min) 22.0 ± 3.3 41.0 ± 12.8 41.5 ± 14.2 36 39

REM latency (min) 72.2 ± 24.6 106.0 ± 35.6 113.7 ± 27.6 98 114

No. 3

Motor score 0 10 2.5 2 2

Sleep efficiency (%) 100 ± 2.7 65.5 ± 2.3 73.5 ± 5.1 82.3§ 71.6

Wake time (%) 16.5 ± 1.9 46.0 ± 2.1 39.3 ± 2.6 32.3§§ 37.0

SWS (%) 23.2 ± 6.9 10.5 ± 5.1 9.2 ± 1.2 12.1 13.6

REM (%) 20.0 ± 1.7 15.2 ± 2.1 18.1 ± 3.2 17.2 16.4

Sleep onset latency (min) 11.4 ± 6.2 39.5 ± 7.1 38.7 ± 2.5 23*,§ 48

REM latency (min) 57.6 ± 19.5 133.2 ± 41.9 112.7 ± 38.5 54 75

No. 4

Motor score 0 10 2 2 2

Sleep efficiency (%) 100 ± 3.4 73.0 ± 1.5 79.0 ± 5.5 82.7§§ 79.8

Wake time (%) 18.3 ± 0.7 40.1 ± 2.1 37.0 ± 4.6 28.4§§ 34.2

SWS (%) 15.8 ± 1.4 9.5 ± 1.1 11.0 ± 1.5 13.2§ 12.2

REM (%) 22.0 ± 0.5 19.0 ± 1.0 21.6 ± 1.4 22.9§ 20.3

Sleep onset latency (min) 13.8 ± 5.3 38.0 ± 3.7 32.7 ± 2.1 27*,§ 40

REM latency (min) 30.8 ± 10.3 96.2 ± 14.6 53.0 ± 21.1 51§ 33

Abbreviations: CTL, control; L-dopa, levodopa; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; REM, rapid eye movement; SWS, slow-wave sleep.

Each column represents mean values (±SD) derived from all nights of sleep recordings per each study period. For each sleep parameter and for each animal, the mean of

the values obtained after melatonin + L-dopa was compared to the value obtained after MPTP intoxication and after L-dopa alone using comparison of an observed mean

with a theoretical value [21,22]. A recording after a 3-day washout period was performed after the combined treatment with melatonin and L-dopa phase (L-dopa 2).

* p < 0.05 and ** p < 0.01, melatonin + L-dopa vs MPTP values.
§ p < 0.05 and §§ p < 0.01, melatonin + L-dopa vs MPTP values.
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AXE 2. ETUDE ANATOMIQUE DE LA       

REGION LOCOMOTRICE                              

MESENCEPHALIQUE 



DIVERSITE ANATOMO-FONCTIONNELLE DE 
LA MLR 

A. INTRODUCTION 

Un certain nombre de travaux expérimentaux, essentiellement chez le rat et le chat, et 

dans une moindre mesure chez le singe, ont permis d’identifier les connexions du PPN (figure 

18) et du CuN. Cependant l’absence de limites nettes, la présence de nombreux faisceaux de 

fibres et l’hétérogénéité des populations neuronales dans cette région mésencéphalique de la 

formation réticulée, rendent les résultats difficiles à interpréter et de nombreuses imprécisions 

persistent. Nous détaillerons ici essentiellement les données de la littérature existant chez le 

primate. 

1. Hodologie du PPN 

a) Afférences 

Les afférences du PPN les plus connues et les plus denses sont celles provenant des 

ganglions de la base (GB), notamment des deux voies de sortie à savoir le Globus Pallidus 

interne (GPi) (Shink et al., 1997), et la Substantia Nigra pars reticulata (SNr) (Rolland et al., 

2011). Les afférences du GPi proviennent principalement des neurones de type I (parent 

2001), qui vont innerver aussi le noyau Ventral Antérieur et les noyaux intralaminaires du 

thalamus (dont les noyaux centre-médian (CM) et parafasciculaire (Pf)). Ces projections 

pallidales vers le PPN se composent d’axones relativement épais ayant un trajet assez direct 

avec peu de collatérales, suggérant une transmission rapide des informations. Le PPN reçoit 

aussi des afférences excitatrices glutamatergiques en provenance du NST (Parent et Smith, 

1987; Smith et al., 1990), ainsi qu’une innervation dopaminergique (Rolland et al 2009). 

L’ensemble de ces afférences en provenance des GB se termine préférentiellement sur les 

neurones non cholinergiques de la MLR (environ 70%), quelle que soit l’espèce animale 

étudiée (Noda et Oka, 1986; Granata et Kitai, 1991; Spann et Grofova, 1991; Shink et al., 

!50



1997; Rolland et al., 2011). Cependant, il reste à déterminer exactement où se terminent les 

afférences en provenance des GB au sein du PPN et / ou au sein noyau sub-cunéiforme décrit 

antérieurement par Olszewski et Baxter (Olszewski et Baxter, 1954). 

Les neurones du PPN reçoivent également des afférences glutamatergiques en 

provenance des cortex moteurs (primaire, pré-moteur et aire motrice supplémentaire) chez le 

macaque (Matsumura et al., 2000), et à un moindre degré en provenance du cortex limbique 

(Chiba et al., 2001). Une seule étude réalisée chez le primate montre l’existence de 

projections en provenance des noyaux cérébelleux profonds (Hazrati et Parent, 1992). Par 

ailleurs des afférences provenant des segments cervicaux et lombaires de la moelle épinière 

ont été mises en évidence chez le rat (Grunwerg et al., 1992) et le chat (Hylden et al., 1985), 

faisant du PPN un relais potentiel pour les afférences sensorielles de la moelle épinière vers le 

thalamus. Enfin, une projection en provenance des neurones orexinergiques de 

l’hypothalamus a été mise en évidence chez le chat (Takakusaki et al., 2005) et le rongeur 

(Peyron et al., 1998; Nambu et al., 1999). 

b) Efférences 

Il a été décrit des efférences ascendantes ou descendantes du PPN, bien que la plupart 

des neurones envoient des projections dans les deux sens.  

 Les projections ascendantes du PPN sont controlatérales pour 40% des neurones chez 

le primate (Lavoie et Parent, 1994b). Le PPN innerve de façon diffuse l’ensemble des noyaux 

du thalamus, mais avec une préférence pour les noyaux intralaminaires (dont les noyaux Pf et 

CM) et le noyau péri-thalamique (Lavoie et Parent, 1994b; Galvan et Smith, 2011). Chez le 

rat, ces projections proviennent essentiellement des neurones cholinergiques (Sofroniew et al., 

1985; Hallanger et al., 1987; Rye et al., 1987; Steriade et al., 1988; Parent et Descarries, 

2008), ceci n’étant pas encore démontré chez le primate. L’autre projection majeure du PPN 

chez le primate s’effectue vers l’ensemble des GB (Lavoie et Parent, 1994b,c), principalement 

le NST (Lavoie et Parent, 1994b) et la SNc (Charara et al., 1996), à un niveau moindre vers la 

SNr et le pallidum interne, et encore moindre le pallidum externe (Lavoie et Parent, 1994b). 

Le PPN modulerait ainsi la libération de dopamine (Mena-Segovia et al., 2008; Hong et 

Hikosaka, 2014). De très faibles projections vers le striatum (noyau accumbens, caudé et 





2. Hodologie du noyau Cunéiforme 

Les afférences et efférences du CuN sont moins bien connues. Notre équipe a montré 

que le CuN reçoit des projections chez le primate essentiellement de la SNr, et très peu du 

GPi, contrairement au PPN, impliquant que les deux voies de sortie des GB contrôlent diffé-

rentes régions de la MLR (Rolland et al., 2011). Ces résultats suggèrent donc que la voie SNr-

CuN pourrait contrôler la posture axiale tandis que la voie GPi-PPN modulerait la motricité 

des membres et donc la locomotion. Une innervation dopaminergique du CuN a été également 

mise en évidence (Rolland et al., 2009) (figure 19). Une projection ascendante spino-mésen-

céphalique n’a été décrite que chez le rat (Menetrey et al., 1982; Veazey et Severin, 1982; 

Lima et Coimbra, 1989). 

Il a été montré chez le primate des efférences ascendantes vers les neurones 

dopaminergiques de la SN (Hong et Hikosaka, 2014) et descendantes vers la formation 

réticulée ponto-bulbaire à l’origine du faisceau réticulo-spinal (Rolland et al., 2011). 

Figure 19: Distribution de l’innervation dopaminergique  

vers le CuN et le PPN 

d’après Rolland et al (2009)



B. OBJECTIFS 

La MLR est impliquée dans diverses fonctions en plus de la locomotion, que nous 

avons rappelées précédemment. Chez l’homme, la SCP du PPN des patients parkinsoniens 

illustre bien la complexité fonctionnelle de cette région encore partiellement méconnue (Lau 

et al., 2015; Stefani et al., 2013; Tattersall et al., 2014). De plus, les rôles spécifiques du PPN 

et CuN restent peu identifiés, particulièrement chez le primate où les résultats expérimentaux 

sont même contradictoires. Ces ambiguïtés proviennent en partie de la difficulté de 

caractérisation anatomique précise du PPN et du CuN et de l’absence de limites nettes (Mena-

Segovia et al., 2009; Wang et Morales, 2009). De plus, les connexions du PPN et surtout 

celles du CuN en fonction des territoires anatomo-fonctionnels n’ont jamais été étudiées avec 

précision. 

 Le but de cette étude est de définir l’anatomie hodologique du PPN et du CuN chez le 

singe et chez l’homme en fonction des trois grands territoires anatomo-fonctionnels. Nous 

avons ainsi identifié et comparé les connexions du PPN et du CuN par des techniques de 

traçage axonal chez le singe et par tractographie chez l’homme (Sebille et al., 2017). Les 

résultats obtenus chez l’homme ont fait l’objet d’un travail de thèse d’une autre étudiante (S. 

Sebille). Bien qu’illustrés, ils ne seront pas détaillés ici.  

C. MÉTHODOLOGIE  

Les injections de Biotin Dextran Amine (BDA), traceur axonal à la fois antérograde et 

rétrograde, ont été effectuées chez 5 macaques, en utilisant l’approche stéréotaxique avec 

ventriculographie précédemment illustrée. Deux injections de BDA ont été effectuées dans le 

PPN (une antérieure et l’autre postérieure), et deux autres dans le CuN (une antérieure et 

l’autre postérieure). Une 5ème injection plus large incluant le PPN et le CuN a également été 

réalisée. Les singes ont été sacrifiés 13 jours après l’injection, et après extraction les cerveaux 

ont été coupés au microtome en coupes de 50 µm perpendiculaires à la ligne CA-CP. 

La BDA a été révélée sur des coupes régulièrement espacées de 500 µm. Sur une 2ème 

série de coupes, la nicotinamide adenine dinucleotide phosphate diaphorase histochimie 

(NADPH) a été mise en évidence (Hirsch et al., 1987) afin d’identifier les neurones 
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cholinergiques du PPN et donc d’en délimiter les contours. La délimitation du CuN s’est 

effectuée en utilisant les repères anatomiques précédemment décrits. Les corps cellulaires et 

terminaisons nerveuses marqués par la BDA au sein des différentes structures ont été 

cartographiés à l’aide d’un logiciel d’analyse d’image (Mercator, ExploraNova). La 

délimitation des territoires anatomo-fonctionnels (sensori-moteur, associatif et limbique) au 

sein des différentes structures cérébrales d’intérêt s’est appuyée sur les données préalablement 

publiées dans la littérature.  

L’étude de la connectivité du PPN et du CuN chez l’homme a été réalisée en parallèle, 

utilisant une méthodologie nouvelle de tractographie en IRM (Philippe et al., 2015). 

D. SYNTHÈSE DES RÉSULTATS OBTENUS 

Projections corticales   

Après injection dans le PPN, des corps cellulaires marqués rétrogrades ont été visualisés 

dans les aires corticales motrices (aires motrice primaire, pré-motrice, motrice supplémentaire 

et oculomotrice), avec une connexion plus forte vers le cortex moteur lorsque l’injection était 

située dans la partie antérieure du PPN. Des corps cellulaires marqués ont aussi été observés 

dans le cortex insulaire, et de façon moindre dans les aires corticales limbiques. La présence 

de terminaisons axonales marquées dans le PPN après injection de BDA dans l’aire corticale 

infralimbique (A10m) d’un autre animal a permis de confirmer les connections du PPN avec 

le cortex limbique.  

La majorité des corps cellulaires rétrogrades marqués après injection dans le CuN ont 

été visualisés dans les aires corticales limbiques, et dans l’ensemble du cortex insulaire, ainsi 

qu’au niveau du cortex auditif et somato-sensoriel secondaire. A l’inverse du PPN, très peu de 

corps cellulaires ont été observés au niveau des cortex moteurs. L’injection du cortex infra 

limbique a permis de mettre en évidence des terminaisons marquées dans la partie la plus 

médio-ventrale du CuN. 

Projections vers les GB, thalamus et amygdale  

Les terminaisons du PPN ont été mises en évidence de façon homogène dans 

l’ensemble des 3 territoires anatomo-fonctionnels du NST, de la SN (surtout SNc et VTA) du 



GPi, à un bien moindre degré du GPe, et très peu dans le striatum. Par ailleurs, de nombreuses 

terminaisons étaient marquées au niveau du basal forebrain (plus spécifiquement au sein de 

l’extended amygdala et du noyau central de l’amygdale), ainsi qu’au niveau des noyaux 

intralaminaires postérieurs du thalamus (CM et Pf). 

Les terminaisons axonales marquées après injections dans le CuN ont été retrouvées 

dans les mêmes noyaux que le PPN, mais elles occupaient principalement les territoires 

limbiques de ces noyaux. Des amas denses de terminaisons s’étendaient ventralement au GPi, 

GPe, l’amygdale et le noyau central de l’amygdale.  

 Les résultats de tractographie chez l’homme ont retrouvé globalement la même 

connectivité du PPN et du CuN sur l’ensemble des ganglions de la base, l’amygdale, du 

thalamus et du cortex. 

E. DISCUSSION ET CONCLUSIONS 

 Diversité des projections du PPN 

Le PPN apparaît fortement connecté aux GB chez le primate (Lavoie et Parent, 1994b; 

Shink et al., 1997; Aravamuthan et al., 2007; 2009; Muthusamy et al., 2007), cette innervation 

se faisant sur les 3 territoires anatomo-fonctionnels, et très peu sur le striatum, contrairement à 

ce qui a été décrit chez le rongeur (Dautan et al., 2014). Nos résultats chez le primate 

montrent aussi que le PPN est connecté aux aires corticales motrices, confirmant les résultats 

de littérature chez le singe par traçage axonal (Matsumura et al., 2000), et chez l’homme par 

tractographie (Aravamuthan et al., 2007; 2009; Muthusamy et al., 2007). Chez le singe, la 

partie antérieure du PPN est plus fortement connectée au cortex moteur, impliquant une 

organisation topographique au sein du PPN. Le PPN antérieur pourrait ainsi avoir un rôle 

prépondérant dans le contrôle de la locomotion chez le singe, confirmant aussi les résultats 

obtenus chez le rongeur, où seules les lésions situées à la partie antérieure induisaient une 

diminution de la locomotion spontanée (Alderson et al., 2008). Cependant il est difficile de 

faire une corrélation anatomique équivalente chez l’homme, les différences d’orientation du 

tronc cérébral ne permettant pas la même distinction antéro-postérieure au sein du PPN 

similaire à celle décrite chez les animaux. Ainsi, bien que cette région antérieure du PPN 

!56



semble être la cible à privilégier pour moduler la locomotion, il reste à déterminer quelle est 

la zone équivalente chez l’homme afin d’espérer améliorer la marche et de la posture des 

patients par SCP du PPN.  

 Nos résultats mettent aussi en évidence les nombreuses connexions non motrices du 

PPN. Les projections vers le thalamus notamment avaient été rapportées chez le rat (Barroso-

Chinea et al., 2011), le chat (Pare et al., 1988) et le singe (Parent et al., 1988). Nous avons 

montré que le PPN projette vers l’ensemble des noyaux Pf et CM du thalamus. Ces noyaux 

intralaminaires sont le prolongement de la formation réticulée et font partie de la voie de 

projection ascendante vers les noyaux du thalamus jouant un rôle dans l’éveil cortical 

(Steriade et al., 1988). Ils ont de plus un rôle dans l’attention dirigée et les processus 

d’apprentissage (Galvan et Smith, 2011). 

Le PPN reçoit aussi des afférences en provenance de l’ensemble du cortex insulaire, 

antérieur et postérieur. L’insula est bien connue pour avoir un rôle dans l’intégration de 

diverses informations liées à l’intéroception, en particulier viscérale, à la douleur, aux 

émotions négatives (dégout en particulier) mais aussi cognitives et socio-émotionnelles. Une 

cartographie fonctionnelle de l’insula a été réalisée grâce aux données de traçage chez le singe 

(Mesulam et Mufson, 1985; Augustine, 1996; Fudge et al., 2005) et en imagerie fonctionnelle 

chez l’homme (Kurth et al., 2010a,b). Ainsi le cortex insulaire postérieur est plutôt impliqué 

dans les fonctions somesthésiques. La partie antéro-dorsale de l’insula, de par ses connexions 

avec les cortex associatifs frontaux, est quant à elle surtout impliquée dans la mémoire de 

travail et l’attention (Augustine, 1996; Kurth et al., 2010b). De plus, cette région joue un rôle 

important dans les processus d’apprentissage et de prise de décision, particulièrement dans les 

situations d’incertitude ou à risque, processus sensibles à la punition (Singer et al., 2009, 

Palminteri et al., 2012). Enfin, le cortex insulaire antéro-basal, ayant des connexions avec 

l’amygdale et le cortex entorhinal, serait plutôt lié aux fonctions olfactives et socio-

émotionnelles, dont l’empathie (Philips et al., 2003, Singer et al., 2006). Par ces afférences, le 

PPN intègre très probablement des informations très diverses allant de l’intéroception aux 

fonctions cognitives et socio-émotionnelles.  



 Le PPN reçoit d’autres sources d’informations limbiques, comme le montrent nos 

résultats avec la présence d’afférences directes des aires A10m et A25. Cela avait été  

précédemment décrit chez le primate par une seule étude (Chiba et al., 2001) et le rongeur 

( Sesack et al., 1989; Semba et Fibiger, 1992), suggérant un rôle du PPN dans l’intégration 

des informations émotionnelles et motivationnelles. Renforçant cette hypothèse, une 

projection dense vers le noyau central de l’amygdale a été retrouvée chez le primate. Ce 

noyau reçoit des afférences provenant du complexe basolatéral de l’amygdale, qui a un rôle 

dans l’intégration des informations sensorielles, et va ensuite projeter vers l’hypothalamus 

latéral et la substance grise périaqueducale impliqués respectivement dans les réponses 

autonomique et comportementale liées à la peur (Ledoux et al., 1988, Sah et al., 2003). En 

effet il a été montré qu’une stimulation du noyau central de l’amygdale chez le rat va 

entraîner une réaction comportementale de peur même en l’absence de conditionnement 

préalable (Iwata et al., 1987).    

En conclusion, l’analyse des projections suggère que le PPN a un rôle d’intégration des 

informations sensori-motrices, cognitives et émotionnelles, la partie antérieure du PPN chez 

le singe étant plutôt dévolue au contrôle moteur. La richesse de ces projections anatomiques 

permettent de mieux comprendre les données physiologiques acquises par notre équipe chez 

le patient puisqu’il a été montré qu’un même neurone du PPN pouvait intégrer des 

informations diverses à la fois motrices et non motrices. En effet la majorité des neurones 

enregistrés au sein du PPN modifiait leur décharge à la fois lors d’un mouvement actif du 

membre supérieur, lors de la présentation d’un stimulus visuel mais aussi pendant 

l’imagination de la marche, suggérant la complexité de la fonction du PPN (Lau et al., 2015) 

(figure 20). 
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Connexions limbiques du CuN 

Nous avons montré pour la première fois que le CuN est préférentiellement connecté 

aux territoires limbiques des différents noyaux des GB (NST et GP) et du thalamus (noyau Pf) 

chez le primate. Ces résultats concordent avec les données rapportées pour le noyau 

mésencéphalique profond du rongeur (équivalent au CuN) (Rodriguez et al., 2001) avec des 

projections décrites uniquement vers la partie ventromédiale limbique du NST (Veazey et 

Severin, 1980). De plus, nos résultats montrent que le CuN va préférentiellement innerver la 

VTA, partie intégrante du système limbique dopaminergique, ainsi que le basal forebrain 

(extended amygdala) et le noyau central de l’amygdale. De plus, le CuN reçoit des projections 

du cortex limbique chez le primate et aussi associatif insulaire mais non moteur ce qui 

suggèrent que le CuN intègre prioritairement les informations émotionnelles et 

motivationnelles. D’autre part, le CuN, tout comme le PPN, a lui aussi une projection 

descendante vers la formation réticulée bulbaire du primate (Rolland et al., 2011), et pourrait 

donc jouer un rôle dans la modulation de l’activité locomotrice en fonctions des différentes 

intégrations limbiques. 

Ces résultats anatomiques rejoignent les données physiologiques obtenues chez 

l’animal. En effet, il a été montré que des lésions du CuN chez le rat n’induisent pas d’effets 

Figure 20: Localisation des neurones activés pendant les  

différentes tâches (visuelle, marche imaginaire, motrice)  

dans le PPN et le NST de sujets parkinsoniens 

d’après Lau et al (2015)

Marche imaginaire

MotricitéVisuelle



moteurs mais des changements comportementaux en réponse aux évènements renforçants 

(Allen et al., 1996), et des effets comparables à l’anxiété (réaction à la menace) (Walker et 

Winn, 2007). Ces données suggèrent que le CuN serait plutôt impliqué dans la production de 

mouvements réalisés dans certaines conditions et liées au contexte.  Ainsi, il pourrait jouer un 

rôle central dans un circuit anatomique permettant d’avoir une réponse comportementale 

rapide vitale en cas d’évènements menaçants inattendus (Allen et al., 1996; Walker et Winn, 

2007).  

Le CuN représenterait donc au sein de la MLR une interface entre les systèmes 

limbique et moteur, afin d’adapter rapidement les réponses locomotrices à l’environnement, 

en particulier  s’il est menaçant. 

  

Comparaison des connexions du PPN et du CuN chez l’homme 

Les résultats obtenus par tractographie chez l’homme ont montré des connexions en 

grande partie similaires à celles obtenues par traçage axonal chez le singe (figure 21 et 22). 

En effet, le PPN et le CuN sont fortement connectés à l’ensemble des GB, aux aires corticales 

sensori-motrices, associatives et limbiques, aux noyaux intralaminaires du thalamus et à 

l’amygdale. Il existe cependant quelques différences par rapport aux données chez le singe. 

Le CuN semble en effet connecté à l’ensemble des 3 territoires anatomo-fonctionnels chez 

l’homme, bien que celles des territoires limbiques prédominent. De même, des connexions 

entre les cortex moteurs et le CuN ont été mises en évidence chez l’homme contrairement aux 

résultats chez le singe. Ces différences pourraient être liées à la méthodologie utilisée, 

puisque les injections de traceur réalisées chez le singe ont été volontairement limitées afin 

d’avoir une meilleur précision dans la diffusion du traceur. Ainsi, des connexions du CuN 

avec les territoires sensori-moteurs auraient peut-être été mises en évidence chez le singe si 

les injections de traceurs avaient recouvert toute l’étendue du CuN. Par ailleurs cela pourrait 

aussi être lié à une différence anatomique entre l’homme et le singe, comme cela a été 

suggéré précédemment (Aravamuthan et al., 2008).  
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Figure 21: Connexions du PPN (rouge) et du CuN (bleu) avec le pallidum  

chez le singe et l’homme  

Représentation sur 2 coupes coronales du GP des terminaisons chez le singe (A) et  
du nombre de voxels chez l’homme (B) 

C: Histogrammes représentant le pourcentage de voxels connectés chez l’homme 

A

C

singe homme

homme

B





Contents lists available at ScienceDirect

NeuroImage

journal homepage: www.elsevier.com/locate/neuroimage

Anatomical evidence for functional diversity in the mesencephalic

locomotor region of primates

Sophie B. Sébillea,c,1, Hayat Belaida,b,1, Anne-Charlotte Philippea,c, Arthur Andréa,b, Brian Laua,

Chantal Françoisa, Carine Karachia,b, Eric Bardineta,c,
⁎

a Sorbonne Universités, UPMC Univ Paris 06, CNRS, INSERM, APHP GH Pitié-Salpêtrière, Institut du cerveau et de la moelle épinière (ICM), F-75013 Paris,

France
b Département de Neurochirurgie, Hôpital Pitie Salpêtrière, AP-HP, F-75013 Paris, France
c Centre de Neuro-Imagerie de Recherche (CENIR), Paris, France

A R T I C L E I N F O

Keywords:

Pedunculopontine nucleus

Cuneiform nucleus

Tract tracing

Monkey

Human

Tractography

A B S T R A C T

The mesencephalic locomotor region (MLR) is a highly preserved brainstem structure in vertebrates. The MLR

performs a crucial role in locomotion but also controls various other functions such as sleep, attention, and even

emotion. The MLR comprises the pedunculopontine (PPN) and cuneiform nuclei (CuN) but their specific roles

are still unknown in primates. Here, we sought to characterise the inputs and outputs of the PPN and CuN to

and from the basal ganglia, thalamus, amygdala and cortex, with a specific interest in identifying functional

anatomical territories. For this purpose, we used tract-tracing techniques in monkeys and diffusion weighted

imaging-based tractography in humans to understand structural connectivity. We found that MLR connections

are broadly similar between monkeys and humans. The PPN projects to the sensorimotor, associative and limbic

territories of the basal ganglia nuclei, the centre median-parafascicular thalamic nuclei and the central nucleus

of the amygdala. The PPN receives motor cortical inputs and less abundant connections from the associative and

limbic cortices. In monkeys, we found a stronger connection between the anterior PPN and motor cortex

suggesting a topographical organisation of this specific projection. The CuN projected to similar cerebral

structures to the PPN in both species. However, these projections were much stronger towards the limbic

territories of the basal ganglia and thalamus, to the basal forebrain (extended amygdala) and the central nucleus

of the amygdala, suggesting that the CuN is not primarily a motor structure. Our findings highlight the fact that

the PPN integrates sensorimotor, cognitive and emotional information whereas the CuN participates in a more

restricted network integrating predominantly emotional information.

1. Introduction

The pedunculopontine nucleus (PPN) is located within the mesen-

cephalic reticular formation of the upper brainstem. Together with the

cuneiform nucleus (CuN), they have been named “the mesencephalic

locomotor region” (MLR) because early studies showed that electrical

stimulation of the MLR produces locomotion in various animal species

(Garcia-Rill et al., 2014). Because of its anatomical location and the

possibility to generate locomotor pattern, the MLR is considered to be a

key generator of gait in the brain. However, the specific roles of the

PPN and the CuN remain unclear, even if in decerebrate cat, stimula-

tion of the CuN elicits locomotor patterns whereas stimulation of the

PPN is able to change muscle tone (Takakusaki et al., 2003). Because

the PPN and the CuN have no clear cut boundaries and are composed

of clusters of various neuronal types (GABAergic, glutamatergic,

cholinergic) (Mena-Segovia et al., 2009; Wang and Morales, 2009),

their precise anatomical identification leads to divergence between

authors and increases the confusion between these two nuclei.
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Recently, deep brain stimulation (DBS) of the PPN area has been

attempted in patients with Parkinson disease to improve gait disorders

(Ferraye et al., 2009; Mazzone et al., 2005; Moro et al., 2010). Even if

expected alleviation of gait remains disappointing, clinical and electro-

physiological results strongly suggest that the MLR controls locomo-

tion also in humans (Lau et al., 2015; Piallat et al., 2009; Tattersall

et al., 2014). However, the precise implantation target within the MLR

remains undefined, some suggests that DBS of the CuN should give

better results than PPN DBS (Moro et al., 2010).

Besides locomotion, the MLR is known to control many other

functions in the brain. As a part of the ascending reticular activating

system, the PPN regulates sleep and arousal in rat (Datta, 2002;

Steriade et al., 1990). Lesioning the rat PPN also affects attentional

resources (Ainge et al., 2006; Okada et al., 2009), learning, reward and

reinforcement processes (Inglis et al., 2001; Kozak et al., 2004;

Steiniger and Kretschmer, 2004). PPN manipulations in rat are able

to alter self-administration of nicotine and cocaine (Corrigall et al.,

2002). In the macaque, PPN neurons send positive reward-related

signals to nigral neurons where dopaminergic neurons are known to

encode motivational values (Hong and Hikosaka, 2014; Okada and

Kobayashi, 2013). In PD patients, DBS of the PPN has been shown to

modulate non-motor functions. Indeed, PPN DBS could significantly

improve sleep (Arnulf et al., 2010), executive functions and working

memory (Stefani et al., 2013). These results emphasise the complex

and integrative role of the PPN (Lau et al., 2015). The role of the CuN is

much less known but this nucleus seems implicated in locomotion if

related to aversive reactions, and in the perception of nociception in

rodents (Allen et al., 1996). This result highlights the fact that the CuN

is not just devoted to generating locomotion – it also integrates

contextual information.

Analysis of the detailed connectivity of the MLR should help us

understand the specific role that the PPN and CuN could play in motor,

cognitive and emotional functions. Tract tracing studies in monkey

have revealed that the PPN receives afferents from the motor cortices

(Matsumura et al., 2000), from the output structures of the basal

ganglia (internal pallidum (GPi) and substantia nigra (SN)) and from

the subthalamic nucleus (STN) (Lavoie and Parent 1994a,b; Shink

et al., 1997). The PPN ascending pathway projects to non-specific

nuclei of the thalamus, in particular to the centre-median-parafasci-

cular nuclei (CM-PF) (Parent et al., 1988; Steriade et al., 1988). The

PPN descending outputs project to the ponto-bulbar reticulospinal

formation (Rolland et al., 2011). Even if the connections of the CuN are

less known, it has been demonstrated in monkey that the CuN only

receives projections from the SN (Rolland et al., 2011) and projects

back to various thalamic nuclei (Lavoie and Parent, 1994a), to

dopaminergic neurons of the mesencephalon (Hong and Hikosaka,

2014), and to the reticulospinal formation (Rolland et al., 2011).

Anatomical connectivity has also been explored in vivo in primates

using diffusion weighted imaging (DWI). This technique is the only

non-invasive method allowing access to white matter structural con-

nectivity (Le Bihan et al., 1986) through tractography algorithms (Mori

and van Zijl, 2002). Results of DWI-based analyses provide evidence

for strong connections between the PPN and the cortex, pallidum, STN,

thalamus and spinal cord in macaque and human (Aravamuthan et al.,

2007; 2009; Muthusamy et al., 2007).

Altogether, these anatomical results provide insights into the

complex connectivity of the MLR and its close relationship with basal

ganglia. However, the delineation of the PPN remains controversial,

the CuN connectivity remains poorly studied, and the connectivity of

these two specific nuclei has not been determined in relation to the

anatomo-functional subdivisions of different brain structures. This

partial anatomical knowledge of the MLR limits our understanding of

the specific role of the PPN and the CuN. The aim of our study was to

examine the PPN and the CuN inputs and outputs focusing on how

projection patterns relate to the cortical, basal-ganglia, amygdala and

thalamic anatomo-functional territories that process sensorimotor,

cognitive and emotional information. For this purpose, we used tract-

tracing experiments in monkeys and DWI-based tractography in

humans.

2. Material and methods

2.1. Monkeys and volunteers

All experiments were carried out in strict accordance with the

European Community Council Directive of 2010 (2010/63/UE) for

care and use of laboratory animals. The authorisation for conducting

our experiments was approved by the local Committee on the Ethics of

Animal Experiments. The animals were kept under standard conditions

(12-h light/dark cycle [light on at 20 h], 23 °C and 50% humidity). We

used five adult monkeys weighing between 2 and 5 kg (four Macaca

fascicularis, MI53, MI58, MI82, MIW7 and one Cercopithecus

aethiops, CA8). Both species are Old World monkeys, with comparable

body size and brain development.

Data from 30 healthy volunteers (12 males, range 22 to 35 years)

were included in this study, provided by the Human Connectome

Project (HCP) (Van Essen et al., 2013). HCP experiments were

performed in accordance with relevant guidelines and regulations

and the experimental protocol was approved by the Institutional

Review Board.

2.2. Tracer injections and analysis

All the procedures used have already been described in detail (Jan

et al., 2000; Rolland et al., 2011). For all stereotaxic injections, we used

biotin dextran amine (BDA, Sigma, St-Louis, MO) as an anterograde

and retrograde tracer (10% in 0.01 M phosphate buffer saline). We

made unilateral (CA8, MI58, MIW7) or bilateral (MI53) injections in

the MLR at -3.5 to 4.5 mm from the Posterior Commissure (PC), 3 to 4

mm from the midline, and -6 to 7 mm below PC. We also performed

one injection in the infralimbic cortex (MI82) at 12 mm from the

frontal pole, 1 mm from the midline and at a depth of 8 mm from the

dura.

Thirteen days after injections, animals were sacrificed, brains

removed and cut on a freezing microtome into 50 µm coronal sections

perpendicular to the Anterior Commissure (AC)-PC line. The BDA

tracer was revealed on regularly spaced sections (500 µm) as previously

described (Rolland et al., 2011). A second series of sections were first

processed to precisely localise the BDA injections, and then processed

with nicotinamide adenine dinucleotide phosphate diaphorase histo-

chemistry (NADPH) to identify PPN cholinergic neurons (Hirsch et al.,

1987). Representative sections distributed regularly over the whole

extent of the regions studied were selected.

NADPH+ neurons were used to delimit the boundaries of the PPN,

following criteria previously used (Rolland et al., 2011). For the

delineation of the CuN, we used anatomical landmarks: medially, the

periaqueductal grey matter, dorsally the colliculi, laterally the lateral

lemniscus, and ventrally the PPN. Maps of the retrograde BDA-labelled

cell bodies and anterograde labelled terminals (characterised by thin,

varicose and bifurcating fibres) were drawn using a computer assisted

image analysis (Mercator, ExploraNova, La Rochelle, France).

Contralateral labelling was not considered. All the data obtained from

the left side were flipped to the right side to simplify comparisons.

Brain structure functional territories were delineated from previous

studies: in the STN (Karachi et al., 2009), in the SN (François et al.,

1994), in the GPi and GPe (François et al., 2004), in the posterior

intralaminar thalamic nuclei (centre median (CM), parafascicular

nucleus (PF)) (Galvan and Smith, 2011). The ventral tegmental area

(VTA), considered as a part of the limbic system, was delineated

following criteria already described (François et al., 1999). An overview

of the PPN and the CuN where the tracer was injected and their basal

ganglia and thalamic target regions in monkey is summarized (Fig. 1A).
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Since the injected amount of tracer was variable, no quantitative

histological data were available in monkey.

2.3. Image acquisition and preprocessing

Three Tesla MRI acquisitions were performed and pre-processed by

the HCP (Glasser et al., 2013; Sotiropoulos et al., 2013). A T1 weighted

image was first collected with a 0.7 mm3 resolution. A set of diffusion-

weighted images (voxel size = 1.25 mm3, 90 directions, b-value =

3000 s/mm2) was then acquired.

We designed and used a methodological pipeline to estimate DWI-

based connectivity (Philippe et al., 2015) of the PPN and CuN similar to

the approaches used for studies of thalamic, striatal or subthalamic

nucleus connectivity (Behrens et al., 2003; Draganski et al., 2008;

Johansen-Berg et al., 2005; Lambert et al., 2012; Leh et al., 2007) that

provide results consistent with histological findings. Our pipeline is

summarised in supplementary figure 1 and its three main steps are

detailed below.

2.4. Segmentation of regions of interest

The motor cortical areas were segmented using a Brodmann atlas

(areas 4 and 6)2. The insula and limbic cortex were segmented with the

Freesurfer recon-all pipeline (Destrieux et al., 2010). We applied an

indicator function of the cortical ribbon to obtain homogenised cortical

ROIs sizes.

To identify the basal ganglia and their anatomo-functional terri-

tories, we used our in-house 3D histological and deformable atlas (YeB

atlas) (Bardinet et al., 2009; Yelnik et al., 2007).

The right and left PPN and CuN were manually segmented for the

first ten subjects on the visualization of surrounding structures

(inferior colliculus, medial and lateral lemniscus and the decussation

of the superior cerebellar peduncle) (Fournier-Gosselin et al., 2013)

using T1-weighted images and colored fractional anisotropy (FA) maps

in order to visualize local fiber orientations. The corresponding ROIs

were normalized and superimposed in the Montreal Neurological

Institute (MNI) space (all HCP data are provided with MNI spatial

normalization matrices), yielding probabilistic templates that were

thresholded at 70% and provided PPN and CuN deterministic tem-

plates. Then, the template was applied (projected) onto the remaining

20 human brains of this study. Anatomical experts (CK, CF) carefully

verified the delineation of the PPN and CuN on each side of each

subject that have been produced by this automatic segmentation and

manual corrections were performed if needed. Additionally, we

checked the validity of these templates by back-projecting them onto

the first ten human brains, and computing Dice coefficients between

the manual delineations and the back-projected templates. We found

Dice coefficients (Dice, 1945) ranging close to 1 (from 0.80 to 0.97),

indicating a high similarity between the segmented masks.

We manually segmented the amygdala using T1-weighted images

and the delineation from the 3rd edition of Mai's human brain atlas

(Mai et al., 2007).

An overview of the regions of interest in human, including PPN and

CuN, surrounding structures, and basal ganglia and thalamic nuclei,

superimposed on T1-weighted and color FA (computed from diffusion

MRI) images is summarised (Fig. 1B).

2.5. Probabilistic tractography

We estimated the distribution of fiber orientations present within

each imaging voxel using the Constrained Spherical Deconvolution

(CSD) framework (Tournier et al., 2007). Probabilistic CSD-based

tractography was run in subject-specific native space using MRtrix

software from a seed mask to a target mask. We applied probabilistic

tractography from every voxel inside the PPN or CuN seed masks to the

SN, VTA, GPe, GPi, Pu, STN, amygdala, CM, PF, area 4, area 6, insula

and limbic cortices (parameters: 100 000 tracks, step length of 0.625

mm, curvature threshold of 45°, minimum tract length of 10 mm,

maximum tract length of 250 mm and fiber orientation distribution

amplitude cut-off of 0.1). When the CuN was the seed mask, PPN was

used as an exclusion region to avoid PPN fibers passing dorsally

through the CuN towards the basal ganglia.

We selected fibers extremities ending in target regions using the

test_ends_only option of the tckedit command of MRtrix. For each

voxel in a target, the number of extremities stopping in that voxel was

counted to obtain a connectivity map. Finally, each map was thre-

sholded at 20, meaning that only voxels which have received 20 or

more fiber extremities are kept, and further binarised.

2.6. Statistical analysis

To compare connectivity results between PPN and CuN, we

calculated the percentage of connected voxels from the target nuclei

(total number of connected voxels divided by total number of the

nuclei's voxels), or from their anatomo-functional territories for the

putamen, GPe, GPi and STN. The variability is expressed as standard

deviation. Comparisons of percentage values of connected voxels

between PPN tractography and CuN tractography were performed

using the Wilcoxon signed-rank test and MATLAB 2010b.

3. Results

3.1. Injections sites

In monkey, we performed two BDA injections into the PPN, one

restricted to the anterior part (CA8) and one to the posterior part of the

nucleus (MIW7). Similarly, we performed two BDA injections into the

CuN, one restricted to the anterior part (MI58), and one to the

posterior part of the nucleus (MI53, left side). A fifth larger injection

including both PPN and CuN was also performed (MI53, right side)

(Fig. 2A).

3.2. Cortical projections to the PPN and CuN

In monkey, numerous retrogradely labelled cell bodies were found

in the premotor area (A6), supplementary motor area (A6), oculomotor

area (A8), and in the primary motor area (A4) following PPN injections

(Fig. 3A). A stronger connection with motor areas was observed with

anterior (CA8) rather than with posterior PPN injections (MIW7).

Labelled cell bodies were also observed in the anterior and posterior

insular cortex (A12-13 and 16), with fewer in the cortical limbic area

(A25).

To confirm the non-motor cortical projections to the PPN, BDA was

injected in the infralimbic cortical area (A10m, MI82) (Fig. 2B).

Anterogradely labelled terminals were seen in the dorsal, lateral and

ventral parts of the PPN delimited using NADPH+ neurons (Fig. 2B).

Consistent with previous reports (Chiba et al., 2001; Semba and

Fibiger, 1992), numerous labelled fibers and terminals were also

distributed in the adjacent dorsolateral tegmental nucleus, in the

hypothalamus, and in the periaqueductal area (data not shown).

The great majority of the retrogradely labelled cell bodies following

CuN injections were found in the limbic area (A25), and over the whole

extent of the insular cortex (A12-13 and A16) (Fig. 2A). Very few cell

bodies were encountered in the adjacent auditory and secondary

somatosensory cortices (A1-2). Practically no labelled cell bodies were

found in the premotor or motor cortices. The infralimbic cortical

injection described above resulted in labelled terminals distributed in

the most medio-ventral part of the CuN.

In the human subjects, connections of the PPN with the primary2 www.mccauslandcenter.sc.edu/mricro/mricro/lesion.html#brod
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Fig. 1. (2-column): Overview of the PPN and CuN, and their basal ganglia and thalamic targets. (A) The PPN and CuN where the tracer was injected, and the basal ganglia and thalamic

targets were represented on coronal sections counterstained with cresyl violet. The different anatomo-functional territories were also shown. (B) The same seed and target regions were

shown on coronal and sagittal MRI slices in human. Left panel: coronal map of FA of the mesencephaleon including the PPN and CuN region. For abbreviations, see list.
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motor area (A4) and premotor area (A6) were found with slightly more

connections with area A4 (66% of connected voxels from A4 versus

38% from A6) (Fig. 3B). A very weak connection was also observed

between the PPN and the insular (4% of connected voxels) and limbic

cortices (1% of connected voxels). The CuN also exhibited connections

with the motor (A4) and premotor (A6) areas, but less dense than the

PPN (66% of connected voxels from A4 and 38% from A6 for the PPN,

compared to 54% from A4 versus 25% from A6 for the CuN) (Fig. 2B).

We also observed weak connections between the CuN and the insular

cortex (3% of connected voxels), but practically no connection was

found with the limbic cortex (0.8% of connected voxels).

3.3. PPN and CuN projections to the basal ganglia and the adjacent

amygdala in monkey

In monkey, injections into the PPN of CA8, MIW7 and MI53 gave

labelled terminals homogeneously distributed in the three anatomo-

functional territories of the STN (Fig. 4A) with higher terminal density

in MIW7 where the injection was posterior. All these PPN injections

also resulted in numerous labelled terminals in the three anatomo-

functional territories of the pallidum, the GPi being more strongly

innervated than the GPe (Fig. 5A). A few labelled terminals were also

found scattered within the ventral striatum and in the sensorimotor

putamen. Labelled terminals were observed over the whole extent of

Fig. 2. (2-column): BDA injection sites in the mesencephalic locomotor region in macaques. (A) Maps showing sites confined to either the PPN (red) in two macaques, or to the CuN

(blue) in two other macaques, or both (black) in another. The anatomical localisation of the PPN and CuN is shown in a Nissl-stained section (upper part). (B) Left, photograph and maps

showing the BDA injection in the limbic cortical area 10mc in a macaque (MW7). Right, photomicrograph and map of anterogradely labelled terminals (grey lines) and NADPH-

diaphorase neurons (black dots) on a brainstem coronal section following cortical BDA injection. The photomicrograph in the lower part shows labelled terminals at high magnification.

For abbreviations, see list.
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the SN, the pars compacta (SNc) being more densely innervated than

the pars reticulata (SNr), and the adjacent VTA (Fig. 6A). Anterior

injection (case CA8) gave more labelled terminals in the SN than in the

VTA, whereas the posterior injection (case MIW7) gave equal density of

terminals in the SN and VTA. Numerous PPN labelled terminals were

found in the basal forebrain of CA8 and MIW7, including the extended

amygdala and the amygdala itself, specifically into the central nucleus

(Fig. 5A). In all cases, a few retrogradely labelled cells were found

inside the clusters of anterogradely labelled terminals.

CuN BDA injections of MI58 and MI53 resulted in an anterograde

labelling in similar nuclei than after PPN injections. However, labelled

terminals were mainly located in the anterior and medio-ventral limbic

territories of the various nuclei. Indeed, a high density of labelled CuN

terminals was observed in the most medial part of the STN (Fig. 4A), in

the anse lenticularis surrounding the GPi (Fig. 5A) and in the VTA

(extending to the proximal medio-dorsal part of the SNc) (Fig. 6A).

Dense clusters of label extended ventrally to the GPi and GPe, in the

extended amygdala and in the central nucleus of the amygdala.

Similarly to that observed following PPN injections, a few retro-

grade labelled cell bodies were found inside the clusters of anterogra-

dely labelled terminals in the SN and in the STN after CuN injections

(Fig. 4A, 6A).

Fig. 3. (2-column): Cortical projections to the MLR (A) Left, photograph of retrogradely labelled neurons in area 6 (A6) after PPN injection in the macaque CA8. Right, Maps of

retrogradely labelled neurons after BDA tracer injection in the PPN (red dots) and in the CuN (blue dots) on coronal sections of the brain ipsilateral to the injections shown in Fig 1 A. (B)

Average results of connections of the PPN and CuN to cortical area 4, area 6, insula and limbic cortex in 30 human subjects. The error bars represent standard deviation. For

abbreviations, see list.
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3.4. PPN and CuN projections to the basal ganglia and the adjacent

amygdala in human

In human subjects, we found strong PPN connections with the STN

(28% of connected voxels), with lower number of connections of the

associative compared to the limbic and sensorimotor territories of the

STN (Fig. 4B). PPN connections were also found for the three anatomo-

functional territories of the GP, predominantly the GPi (35% of

connected voxels) (Fig. 5B, C). No PPN connection to the striatum

was detected (0.7% of connected voxels) (Fig. 5B, C). We found that the

PPN was also connected to the whole extent of the SN and the adjacent

VTA (19% and 18% of connected voxels, respectively) (Fig. 6C, D). No

precise delineation between the two nigral parts were possible because

clusters of SNc neurons are deeply embedded within the SNr. The

central nucleus of the amygdala was also strongly connected to the PPN

(32% of connected voxels) (Fig. 5B, C).

Compared to the PPN, the number of connections identified

between the CuN and the basal ganglia was lower for the STN, SN,

GPi and GPe (21%, 15%, 7% and 2% of connected voxels, respectively).

The CuN connections concerned the three anatomo-functional terri-

tories delineated in the different basal ganglia nuclei, but were denser

in the limbic than in the associative and sensorimotor territories for the

STN, SN and GPe, but not the GPi (Fig. 4B, C, 5B, C, 6 C, D). Again,

nearly no connections were observed between the CuN and the

striatum (0.6% of connected voxels) (Fig. 5B, C). The central nucleus

of the amygdala also appeared strongly connected to the CuN (32% of

connected voxels) (Fig. 5B, C).

3.5. PPN and CuN projections to the thalamus

In the monkey, PPN labelled axons arborised mainly in the

perithalamic, midline nuclei and in the posterior intralaminar nuclei.

Prominent clusters of labelled terminals were observed in the three

functional territories of these nuclei, thus in both the PF and the CM

except its most lateral part (Fig. 6B). In comparison, CuN labelled

axons were observed in the same thalamic nuclei, except that the PF

Fig. 4. (2-column): PPN (red) and CuN (blue) outputs to the STN. (A) Three representative coronal sections of monkey STN showing the functional territories delineated from (Karachi

et al., 2009), and the distribution of labelled PPN terminals (middle column), and CuN terminals (last column) in one representative macaque. The three functional territories are

represented as three shades of grey: dark for limbic territory (limb), intermediate for associative territory (assoc), and light for sensorimotor (SM). Black points represent retrogradely

labelled cell bodies. Photomicrograph showing retrogradely labelled cell bodies within a region of anterogradely labelled axons after BDA injection in the CuN of macaque MI58. The

antero-posterior position of all coronal sections is indicated with respect to the posterior commissure (PC). (B) Histograms showing percentages of connected voxels from the STN and

its functional territories to the PPN and CuN, averaged in 30 human subjects. The error bars represent standard deviation. Note that the PPN is more connected to the STN (uniformly

over its territories) than the CuN (Wilcoxon signed-rank test: *p < 0.05; **p < 0.01; ***p < 0.001). (C) Sagittal view of fibers (yellow) connecting the CuN and the limbic part of the

STN. The sensorimotor, associative and limbic anatomo-functional territories of the human STN are represented in green, pink and yellow, respectively. For abbreviations, see list.
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Fig. 5. (2-column): PPN (red) and CuN (blue) outputs to the pallidum, central nucleus of the amygdala and putamen. (A) Two representative coronal sections of monkey GPi, GPe and Pu

showing the functional territories delineated from (François et al., 2004), and the distribution of labelled PPN terminals (middle column), and CuN terminals (last column) in one representative

macaque. The three functional territories are represented as three shades of grey as in Fig. 3. Black points represent retrogradely labelled cell bodies. Photomicrograph showing a retrogradely

labelled cell body within a region of anterogradely labelled axons after BDA injection into the GPi of macaque 58. Note that the PPN innervates the whole extent of the GPi, only partly the GPe,

but not the Pu. In comparison, the CuN innervates the most ventral portion of the two segments of the pallidum, as well as the nucleus basalis of Meynert (BM) and the central nucleus (Ce) of the

amygdala (AM). (B) Histograms showing percentages of connected voxels from the GPe and GPi, Ce of the AM, Pu and their functional territories to the PPN and CuN, averaged in 30 human

subjects (Wilcoxon signed-rank test: *p < 0.05; **p < 0.01; ***p < 0.001). The error bars represent standard deviation. (C) Two representative coronal sections of human GPi, GPe, AM and Pu

showing the functional territories segmented with the YeB atlas of 30 subjects, showing the distribution of connections from PPN (middle column), and CuN (last column) for the 30 subjects. The

colorbars indicate the number of subject's overlapping in a particular voxel (ranging from 3 to 30). Numerous connections were observed between PPN and the GPi, with a large overlap between

subjects (with a maximum of 28). Connections from the PPN or CuN to the GPe were also found but they were less numerous than to the GPi. Only very few connections from the PPN or CuN to

the Pu were observed, with no overlap between subjects. (D) Axial view showing fibers (yellow) connecting the AM and the PPN with a relatively high curvature. For abbreviations, see list.
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was more densely innervated than the CM (Fig. 6B).

In human subjects, the PPN was also found to be connected to both

the PF and the CM (19% and 11% of connected voxels, respectively),

whereas the CuN was more densely connected to the PF than the CM

(24% and 15% of connected voxels, respectively) (Fig. 6C, D).

4. Discussion

Our study supports the view that both the PPN and the CuN project

to the sensorimotor, associative and limbic anatomo-functional terri-

tories of the basal ganglia and the thalamus in monkeys and humans.

The analysis of these projections highlights the fact that the PPN could

act as an integrator of sensorimotor, cognitive and emotional informa-

tion, with the anterior part of the PPN more devoted to motor control

Fig. 6. (2-column): PPN and CuN outputs to the SN, VTA and the posterior intralaminar nuclei of the thalamus. (A) Three representative coronal sections of monkey SN showing the

functional territories delineated from (François et al., 1994), and the distribution of labelled PPN terminals (middle row), and CuN terminals (lower row) in one representative macaque.

The three functional territories are represented as three shades of grey as in Fig. 3. Note that the PPN mainly projects to the whole extent of the SN pars compacta (SNc), while the CuN

mainly terminates in the VTA. Black points represent retrogradely labelled cell bodies (B) Three representative coronal sections of monkey CM-PF showing the functional territories

delineated from (Galvan and Smith, 2011), and the distribution of labelled PPN terminals (middle row), and CuN terminals (lower row) in one representative macaque. The three

functional territories are represented as three shades of grey as in Fig. 3. (C) Histograms showing percentages of connected voxels from the SN, VTA, CM and PF to the PPN and CuN,

averaged in 30 human subjects. The error bars represent standard deviation. Note that more connections were observed between the CuN and the VTA and the PF than between the PPN

and these same structures (Wilcoxon signed-rank test: *p < 0.05; **p < 0.01; ***p < 0.001). (D) Sagittal view showing fibers (yellow) connecting the PF and the CuN. For

abbreviations, see list.
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in the monkey. In contrast, the CuN appears to participate in a more

restricted network involving predominantly limbic brain regions.

4.1. Methodological considerations

Since the MLR is characterised by its high density of fibers of

passage, our BDA injections in monkey could have labelled structures

innervated by these fibers. In particular, the sensorimotor-related

cortical areas labelled after these injections could be the sources of

lower brainstem and spinal cord projections passing through the MLR.

Being aware of this possibility, we performed very small injections to

ascertain the position of the tracer within a given part of the chosen

structure, avoiding contamination of adjacent structures. Because such

injections resulted in retrograde labelled cell bodies in the motor

cortices but not in sensory and frontal cortices which are the main

sources of the descending projections, we considered that fibers of

passage that could have been labelled did not provide significant false

positives to our data. However, our small and specific injections did not

completely fill the entire PPN or CuN, leading to fewer labelled

terminals or retrograde cell bodies in the brain regions of interest.

We chose several methodological options inherent to the DWI-

based tractography method. First, when building our PPN and CuN

templates from our manually segmented ROIs, we had to fix a thresh-

old to include only common voxels in order to be as specific as possible.

The value of 70% was chosen because it leads to CuN and PPN volumes

of 216 and 218 mm3 (Olszewski and Baxter, 1954). Second, we used

probabilistic tractography, which traces a large number of possible

pathways from a set starting point. The advantages of probabilistic

tractography are improved resolution of crossing tracts and sensitivity

for curving fibers compared to deterministic algorithms (Tournier

et al., 2012) that is particularly well adapted for studying the complex

brainstem anatomical connectivity. We have chosen to illustrate fiber

tracts originating from the PPN and CuN and descending to the

cerebellum and the spinal cord that validate the specificity of the

reconstructed tracts, as reported using diffusion MRI in macaque and

human (Aravamuthan et al., 2007; 2009; Muthusamy et al., 2007) and

axonal tracing in monkey (Rolland et al., 2011).

Due to the small size and complexity of the brainstem anatomy,

there was a risk of partial volume effects. To minimize potential

confounds, delineation of the seeds (PPN and CuN) was performed

conservatively, meaning that only voxels clearly identified within the

structures were included in the seeds. The anatomical landmarks, on

the other hand, were identified on the T1-weighted MR image (for the

inferior colliculus) with a voxel size of 0.7mm3, and on the color FA

maps (for the medial and internal lemniscus, and decussation) with a

voxel of 1.25mm3. Their identification was easy and accurate.

One limitation of the present study is that diffusion imaging was not

performed on macaques injected with axonal tracer. We were thus

unable to directly compare labeled fibers revealed on histological

sections with corresponding tracts calculated from the in vivo data

on the same animal. However, for now, histology still offers a

resolution that is far beyond that of diffusion weighted images and

enables a more precise delineation of fiber tracts (Bürgel et al. 2006).

We were thus able to trace neuronal connections of the PPN and CuN

on histological sections in monkey and to compare these data to

diffusion MR images in human.

4.2. The PPN participates in motor, associative and limbic networks

The present data confirms that the PPN innervates the STN and the

GP in primates as already reported using tract tracing (Shink et al.,

1997; Lavoie and Parent 1994a) and tractography (Aravamuthan et al.,

2007; 2009; Muthusamy et al., 2007). Our data demonstrate that PPN

axons innervate the whole extent of these basal ganglia nuclei,

including all the three anatomo-functional territories of each nucleus.

Thus numerous labelled PPN fibers innervated the SNc and the

adjacent limbic VTA in both monkey and human, as reported using

tract tracing (Lavoie and Parent, 1994b) and tractography

(Aravamuthan et al., 2008). The fact that no PPN connection to the

nigra was previously been reported in humans (Aravamuthan et al.,

2008) contrary to our present results is probably due to differences in

the method used as we discussed above. Our results also show that a

weak PPN-striatal projection exists in monkey as already reported

(Nakano et al., 1990; Smith and Parent, 1986), but this connection was

nearly undetectable in human compared to connections to other basal

ganglia. Indeed, no PPN-striatal connection was previously shown in

monkey and human (Aravamuthan et al., 2007; 2009; Muthusamy

et al., 2007). This contrasts with the strong PPN-striatal projection

reported in rodent (Dautan et al., 2014), suggesting an important role

of this connection in rodent but not in primate.

Our data show that only the PPN and not the CuN drives the motor

cortical components of the MLR in monkey and human. These motor

cortical projections come from the primary, supplementary and pre-

motor cortices, as well as the frontal eye fields. These motor projections

were previously shown in human using tractography (Aravamuthan

et al., 2007; 2009; Muthusamy et al., 2007) and in monkey using

histological techniques (Matsumura et al., 2000). Here, we showed that

the motor cortex has stronger connection to the anterior PPN than its

posterior part in monkey, suggesting a topographical organization

within the PPN itself. Moreover, anterior PPN axons densely inner-

vated the SNc, whereas axons from the posterior PPN innervated

mostly the limbic VTA. Similar antero-posterior topography of the

nigral-PPN connection was also reported in rodent (Oakman et al.,

1995). Whether such an antero-posterior topography exists in humans

could not be examined in this diffusion-based study because we cannot

differentiate fibers that terminate in the posterior part of the PPN and

cross the anterior part from the ones that terminate in the anterior

part.

We also showed that the whole PPN receives projections from

associative and limbic cortices. In particular, the insular cortex (A12-

13 and A16) gave projections to both the monkey and human PPN,

suggesting that the PPN could integrate functions related to interocep-

tion and error processing. Limbic cortices have also been shown to

project, although weakly, to the PPN in monkey (Chiba et al., 2001) and

in rodent (Semba and Fibiger, 1992; Sesack et al., 1989), but we do not

find this direct limbic projection in humans. It is possible that

tractography sensitivity is too low to detect such weak cortical

connections. However, the fact that anatomical differences exist

between species has already been suggested (Aravamuthan et al.,

2008) and this could be especially the case for limbic structures and

connectivity.

The PPN is also part of a major ascending pathway through the

non-specific nuclei of the thalamus (Steriade et al., 1988) known to

modulate arousal. Our data showed that PPN axons innervate the

limbic, associative and motor territories of the CM/PF nuclei of the

thalamus, avoiding the most lateral part known to be interconnected

with the motor cortex (Galvan and Smith, 2011). Moreover, the dense

projection linking the PPN to the central nucleus of the amygdala that

we observed in both monkey and human strengthens the notion that

the PPN is not only a motor structure. The central nucleus of the

amygdala is known to be the major output of the amygdala. This

specific nucleus receives both direct and highly processed sensory

information and is known to project to the hypothalamus and

brainstem areas that mediate autonomic response and behavioural

signs of fear (Sah et al., .2003). Because the CuN also densely projects

to amygdala central nucleus, it is possible that the MLR as a whole

could be crucial to generate escape behaviour in the context of

locomotion.

4.3. The CuN is part of a limbic network

Here, we showed for the first time that the CuN is preferentially
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connected to the limbic territory of the basal ganglia and thalamus in

both species. In monkeys, the location of the labelled terminals coming

from the CuN was preferentially within the limbic territories of the

basal ganglia (STN and GP), and thalamus (PF nucleus). In humans,

even if the CuN connections concerned the three anatomo-functional

territories of these different basal ganglia nuclei, much denser connec-

tions were found in the limbic STN, SN and GPi. These results are in

agreement with previous data obtained in rodents reporting a similar

topography of the connections from the deep mesencephalic nucleus

(equivalent of the cuneiform nucleus) (Rodríguez et al., 2001) to the

ventromedial, limbic STN and GP (Veazey and Severin, 1980a).

Moreover, the CuN preferentially innervated the limbic VTA and gave

strong projections to the basal forebrain, extended amygdala and the

central nucleus of the amygdala in both species. The CuN receives also

cortical inputs from the insular cortex in both monkey and human, and

from limbic cortices in monkey. Differences between monkey and

human exist; the CuN also exhibited a few connections with motor

cortical areas as well as associative and sensorimotor territories of the

basal ganglia nuclei only in humans. This may be due to the fact that

the whole CuN was not injected with the axonal tracer in monkey in

order to avoid false positive as discussed above. However, as a whole,

the CuN exhibits few connections with motor cortical areas as well as to

associative and sensorimotor territories of the basal ganglia nuclei,

which suggests that the CuN of the MLR is not primarily a motor

structure.

4.4. Functional implications

The preferential link of the anterior PPN to motor network in

monkey is consistent with the effects of experimental lesions restricted

to the anterior PPN that reduce spontaneous locomotion in rat while

posterior PPN lesions have no obvious motor consequences (Alderson

et al., 2008). This suggests that the locomotor generator of the MLR

might be located anteriorly in the PPN. Cholinergic neurons are known

to be numerous in this anterior part of the PPN in monkey (Manaye

et al., 1999), suggesting that these cholinergic PPN neurons could have

a motor role. Consistent with this, specific lesions of PPN cholinergic

neurons gave postural and locomotor deficits in monkey (Karachi et al.,

2010). Moreover, PPN cholinergic cell loss in PD patients is correlated

with falls (Karachi et al., 2010), leading consequently to a significant

decrease in cholinergic concentration of the thalamus (Bohnen et al.,

2009). However, the exact location of the cholinergic neuronal loss

within the PPN remains to be determined in these PD patients. Taken

together, these data suggest that the anterior PPN, should be the best

target to improve locomotion in PD patients using DBS or future

innovative therapy such as High Intensity Focused Ultrasound (HIFU)

(Carpentier et al., 2016), or targeted pharmacologic therapy such as an

acetylcholinesterase inhibitor (Henderson et al., 2016).

The PPN also belongs to non motor networks and plays a crucial

role in sleep and arousal. Thus, PD patients with severe gait disorders

report changes in sleep quality with PPN-DBS (Arnulf et al., 2010) and

increased alertness (Stefani et al., 2013). Moreover, PPN neurons were

reported to be strongly activated by visual stimuli, motor movement

and imagined locomotion (Lau et al., 2015), showing that the PPN

integrates many information sources at the scale of a single neuron.

While effective sites for chemically evoked locomotion in decere-

brate cats are located within and around the CuN (Takakusaki et al.,

2003), lesions of the CuN in intact rats do not produce locomotor

deficits (Allen et al., 1996). However, CuN neurons that also project to

the reticulospinal pathway in primate (Rolland et al., 2011), could

modulate the activity of excitatory and inhibitory locomotor descend-

ing neurons. Thus, while the CuN might be critical for the production of

movement in certain conditions, it does not appear to be a strictly

locomotion generating centre (Walker and Winn, 2007), as we con-

firmed here by the analysis of its particular non-motor anatomical

connections. Indeed, CuN lesions are able to produce behavioural

changes in response to reinforcing events (Allen et al., 1996).

Moreover, CuN lesions generate anxiety-like effects (reactions to

threat) in rat (Walker and Winn, 2007), which is not the case when

the lesion is restricted to the PPN (Winn, 2008). Thus the CuN is likely

best understood in terms of its relationship with the organisation of

defensive behaviours (Redgrave et al., 1987; Walker and Winn, 2007).

Given its position as a major target of the ipsilateral descending

projection from the superior colliculus as well as its role in mediating

physiological responses to stress, it seems that the CuN is probably part

of an anatomically low-level, rapid response system vital for dealing

with unexpected threatening events (Allen et al., 1996; Walker and

Winn, 2007). The CuN within the MLR could represent an interface

between the limbic and the motor system able to adapt locomotor

programs as fast as possible to the environmental environment.

5. Conclusion

Overall, our results suggest that MLR connectivity could form the

anatomical basis for the integration of numerous and varied sources of

information in order to generate and adapt locomotor behaviour to the

environmental context. The PPN appears to be a structure where

motor, cognitive and emotional information converge whereas the CuN

serves to preferentially process emotional information.
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 PLACE DU NST  

A. INTRODUCTION 

Le NST représente l’un des noyaux innervés massivement par les neurones choliner-

gique du PPN, comme souligné précédemment. Etant par ailleurs la cible de référence de sti-

mulation cérébrale profonde pour la maladie de Parkinson (Limousin et al., 1995a,b), il était 

intéressant dans ce contexte d’analyser l’innervation cholinergique du PPN sur le NST.  

Rôles moteur et non-monteur du NST 

Le NST, composé essentiellement de neurones de projection glutamatergiques (Rinvik 

et Ottersen, 1993), est fortement interconnecté avec le pallidum interne et externe, et la SNr 

(Parent et Smith, 1987; Parent et al., 1989; Shink et al., 1997). Il reçoit également des 

informations corticales directes (voie hyperdirecte), faisant de ce noyau la deuxième voie 

d’entrée dans le système des GB (Nambu et al., 2002). 

Le rôle moteur du NST a été démontré non seulement expérimentalement chez l’animal 

mais aussi par des exemples cliniques chez l’homme. Ainsi une lésion excitotoxique 

(Hammond et al., 1979), des micro-injections d’un antagoniste GABAergique (Crossman et 

al., 1984) ou une stimulation électrique à haute fréquence (Beurrier et al., 1997) du NST 

induisent des mouvements anormaux involontaires (hémiballisme) chez le singe. Chez le 

singe normal, 60 à 75 % des neurones enregistrés sont modulés par le mouvement volontaire 

et par les manipulations articulaires passives (Abosch et al., 2002). Une organisation 

somatotopique caractérisée par une représentation ventrale du membre inférieur et dorsale de 

la face a également été démontrée (DeLong et al., 1985; Georgopoulos et al., 1983; 

Wichmann et al., 1994; Baron et al., 2002).  

De nombreuses études expérimentales et électrophysiologiques dans des modèles 

animaux de maladie de Parkinson ont montré que l’activité neuronale glutamatergique du 

NST est augmentée à l’état parkinsonien, qualifiant le NST d’hyperactif (Bergman et al., 

1994). Cette hyperactivité irrégulière avec bursts semble jouer un rôle central dans le 

dysfonctionnement des GB à l’état parkinsonien (figures 23 et 24) (Galvan et Wichmann, 

2008), associée à une synchronisation des décharges et des oscillations anormales, en 



particulier dans les bandes de fréquence beta (Brown et Williams, 2005; Little et Brown, 

2014).  

Partant de ces constatations, des lésions du NST à l’acide iboténique ont été effectuées 

chez le primate rendu parkinsonien, avec une amélioration nette et prolongée de l’ensemble 

des symptômes induits par le MPTP (Bergman et al., 1990; Aziz et al., 1991). Des essais de 

stimulation à haute fréquence du NST chez le singe rendu parkinsonien ont amélioré les 

symptômes moteurs, avec une réversibilité à l’arrêt de la stimulation (Benazzouz et al., 1993). 

Rapidement les études cliniques chez l’homme ont montré l’efficacité de la stimulation à 

haute fréquence de la partie centrale et postéro-latérale du NST pour contrôler l’ensemble des 

symptômes dopa-sensibles des patients parkinsoniens (Benabid et al., 1994; Limousin et al., 

1995a). 
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Figure 23: Organisation de la connectivité intrinsèque des GB  

et leurs altérations à l’état parkinsonien 

d’après Galvan et Wichmann (2008)



En plus de ce rôle moteur, de nombreuses études expérimentales et cliniques ont 

démontré le rôle du NST dans un contrôle comportemental plus large impliquant les processus 

cognitifs et émotionnels. En effet, sur le plan expérimental, des lésions bilatérales chez le rat 

induisent un déficit attentionnel et une augmentation des comportements impulsifs (Baunez et 

al., 1995; Baunez et Robbins, 1997). Chez le singe, des injections antérieures et ventro-

médiales d’agonistes et d’antagonistes GABA (bicuculline, muscimol) au sein du NST 

provoquent des comportements anormaux de type stéréotypies/hyperactivité (Karachi et al., 

2009). Chez l’homme, il a été décrit des symptômes psychiques (hypomanie principalement) 

chez des patients avec une lésion vasculaire de cette région (Trillet et al., 1995). De plus, il a 

été observé chez 2 patients parkinsoniens souffrant également de troubles obsessionnels 

compulsifs (TOC), une amélioration significative de leurs compulsions et obsessions après 

stimulation à haute fréquence du NST (Mallet et al., 2002). La localisation des électrodes était 

plus médiale ventrale et antérieure que la cible habituellement implantée pour traiter les 

symptômes parkinsoniens. Partant de cette constatation clinique, d’autres études ont cherché à 

confirmer l’intérêt de la stimulation du NST dans le traitement des TOC, sur des modèles 

animaux primates (Baup et al., 2008) et aussi chez l’homme (Mallet et al., 2008).  

Figure 24: Modification du pattern d’activité du NST  

à l’état parkinsonien 

d’après Galvan et Wichmann (2008)



La variabilité des résultats cliniques obtenus après stimulation de différents secteurs du 

NST confirment l’existence de différents territoires anatomo-fonctionnels dévolus au 

traitement de différentes fonctions (figure 25).  
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Figure 25: Localisation du contact (rouge) induisant une hypomanie  

et corrélation avec les territoires anatomo-fonctionnels du NST  

d’après Mallet et al (2007)



Division anatomo-fonctionnelle du NST 

Une ségrégation du NST en différents territoires anatomo-fonctionnels a été mise en 

évidence par des études de traçage chez l’animal (figure 26), et de tenseur de diffusion chez 

l’homme. La première démonstration d’une somatotopie précise au sein du NST a été réalisée 

grâce au traçage axonal chez le singe, basée sur la topographie des projections corticales 

motrices. Les projections des cortex moteur primaire, AMS et cortex pré-moteur convergent 

vers la partie dorsale du NST (Nambu et al., 1996; Nambu et Llinas, 1997), et celles de l’aire 

FEF vont vers une partie plus ventrale (Matsumura et al., 1992). Des études plus récentes 

proposent une ségrégation fonctionnelle du NST se basant sur les projections en provenance 

non seulement du cortex mais aussi du GPe (Karachi et al., 2005; Lambert et al., 2012; 

Haynes et Haber, 2013). Celle-ci se résume en 3 principaux territoires anatomo-fonctionnels: 

postérieur et dorso-latéral intégrant des informations sensori-motrices, central intégrant des 

informations cognitives (territoire associatif), et antérieur et ventro-médial intégrant des 

informations émotionnelles et motivationnelles (territoire limbique).  

Figure 26: Ségrégation fonctionnelle des projections du GPe  

vers le NST chez le singe 

d’après Karachi et al (2005)



Innervation dopaminergique et cholinergique du NST 

Le NST reçoit également de nombreuses innervations modulatrices à savoir 

cholinergique, dopaminergique et sérotoninergique, qui influencent très probablement le 

fonctionnement de ces trois territoires anatomo-fonctionnels.  

L’innervation cholinergique du NST ne provient que du PPN et non du noyau basalis de 

Meynert. Cette innervation a été étudiée chez le rongeur (Jackson et Crossman, 1983; Scarnati 

et al., 1987; Semba et Fibiger, 1992), le singe (Lavoie et Parent 1994b) (figure 27) et 

l’homme (Mesulam et al., 1992). Chez le rat, cette innervation cholinergique caractérisée en 

microscopie optique et électronique est diffuse et homogène dans l’ensemble du NST (Bevan 

et Bolam, 1995). Chez le singe et l’homme, cette innervation a été décrite comme étant dense, 

mais sans précision quant à une distribution régionale particulière (Lavoie et Parent, 1994b). 

Il reste ainsi à déterminer si celle-ci est homogène chez le primate comme chez le rat, ou 

hétérogène comme cela a été observé dans d’autres noyaux des GB: globus pallidus chez le 

singe (Eid et al., 2014) ou la SNc chez l’homme (Mesulam et al., 1992). Ces résultats 

pourraient suggérer que l’innervation cholinergique du NST chez le primate soit distribuée 

différemment en fonction des territoires anatomo-fonctionnels.  

De même, il est intéressant de rappeler que l’innervation dopaminergique que reçoit le 

NST a été décrite comme étant hétérogène. Cette innervation est nettement moins dense que 

la projection cholinergique. Initialement rapportée comme accessoire avec des connexions 

« en passant » du faisceau dopaminergique allant vers le striatum, elle a ensuite été mieux 

caractérisée et mise en évidence par des techniques histochimiques ou de traçage de voies 

axonales chez le rat (Brown et al., 1979; Gerfen et al., 1982; Lindvall et al., 1984; Campbell 

et al., 1985; Gauthier et al., 1999; Hassani et al., 1997), le chat (Meibach et Katzman, 1979), 

le singe (Lavoie et al., 1989; Francois et al., 2000; Smith et Kieval, 2000) et l’homme (Nobin 

et Bjorklund, 1973; Cossette et al., 1999; Hedreen, 1999; Augood et al., 2000). Cependant, on 

ne connaît pas de façon précise sa distribution en rapport avec les territoires anatomo-

fonctionnels du NST. De plus cette innervation n’a jamais été caractérisée en microscopie 

électronique chez le primate. 
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Figure 27: Terminaisons cholinergiques du PPN  

mises en évidence sur une coupe transverse du NST chez le singe 

d’après Lavoie et Parent (1994b)



B. OBJECTIFS DE L’ÉTUDE 

Le NST recevant des afférences modulatrices cholinergique, dopaminergique et 

sérotoninergique, leur effets sur le fonctionnement des trois territoires anatomo-fonctionnels 

ne sont pas connus. Malgré les nombreuses études de la littérature, l’ultrastructure de 

l’innervation cholinergique et dopaminergique du NST n’a été décrite que chez le rat (Bevan 

et Bolam, 1995; Cragg et al., 2004; Kita et Kita, 2011), et à peine évoquée chez le singe 

(Smith et Kieval, 2000). De plus, la topographie des afférences n’a pas été étudiée en fonction 

des trois territoires anatomo-fonctionnels. 

L’objectif est donc ici de décrire la topographie, de quantifier et de caractériser 

l’innervation cholinergique et dopaminergique du NST en fonction des trois grands territoires 

anatomo-fonctionnels chez le singe et l’homme, et de comparer leur distribution et leur 

connexions synaptiques en microscopie optique et électronique. 

C. MÉTHODOLOGIE 

1. Prélèvements post-mortem 

 Deux cerveaux humains ont été acquis par le département d’anatomie de l’université 

de médecine Paris V, chez des sujets ayant donné de leur vivant leur consentement au don du 

corps pour la science. Les cerveaux ont été obtenus selon les règles approuvées par le Comité 

National d’Ethique, et ne présentaient macroscopiquement pas de lésion visible, ni de 

dégénérescence de la SN. Cas 1: 65 ans, intervalle post-mortem 120 heures; Cas 2: 73 ans, 

intervalle post-mortem 55 heures. Après extraction du cerveau, chaque hémisphère a été 

coupé en blocs contenant l’ensemble du NST, qui ont été immédiatement fixés (immersion 

dans le paraformaldehyde (PFA) 4% pendant 72h à 4°C). 

Deux cerveaux de macaque adulte ont été utilisés. Après sédation à la kétamine et mor-

phine, puis anesthésie profonde à l’isoflurane, les animaux ont reçu une perfusion intracar-

diaque de PFA 4%. De petits blocs contenant le NST ont été coupés et fixés selon le même 

protocole que pour les cerveaux humains. 
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2. Procédures immunohistochimiques 

Les blocs contenant le NST ont été coupés après congélation (coupes transverses de 50 

µm). Les neurones et les fibres DA ont été mis en évidence par immunomarquage de la 

tyrosine hydroxylase (TH), et de la Choline Acétyl Transferase (ChAT). Brièvement, pour 

l’immunomarquage de la TH, après rinçages dans du tampon phosphate salin (PBS), les 

coupes ont été incubées dans une solution de PBS 0,1M contenant 20% de méthanol et 3% d’ 

H2O2 pendant 15 min afin d’inhiber les péroxydases endogènes puis dans du sérum normal de 

cheval 33% afin de bloquer les sites de liaison non spécifiques des anticorps. Les coupes ont 

ensuite été incubées 48h à 4°C dans l’anticorps primaire anti-TH (fabriqué chez la souris; 

Immunostar) dilué au 1/5000ème dans du PBS 0,1M contenant 0,02% de thimérosal. A 

nouveau après rinçage, ces coupes ont été incubées pendant 1h30 dans l’anticorps secondaire 

biotinylé dirigé contre les immunoglobulines de souris (anticorps développé chez le cheval; 

Vector Laboratories) dilué au 1/250ème dans du PBS 0,1M. Enfin, la péroxydase a été révélée 

dans une solution de Diaminobenzidine (DAB) à 0,05%. Le temps de révélation est déterminé 

visuellement sous loupe binoculaire. Les coupes ont alors été rincées, montées sur lames 

gélatinées, séchées, déshydratées puis montées entre lame et lamelle avec du milieu de 

montage (Eukitt). La même procédure a été appliquée pour l’immunomarquage de la ChAT, 

avec des séries de coupes régulièrement espacées, incubées avec l’anticorps anti-ChAT 

(1/500; Merck Millipore) puis avec l’anticorps secondaire correspondant. 

3. Méthode de quantification en microscopie optique 

La délimitation du NST et  la quantification des fibres marquées TH+ et ChAT+ dans le 

NST ont été réalisées grâce à un système d’analyse d’image semi-automatique (mercator, 

ExploraNova). Le NST a été délimité en excluant le faisceau dopaminergique dense longeant 

le noyau dorsalement, afin de restreindre la quantification aux axones entrant et se terminant 

dans le noyau. Afin de déterminer la distribution des terminaisons TH positives (TH+) et 

ChAT positives (ChAT+), le NST a été divisé en 4 parties et 6 sous-parties: n°1 pour la partie 

antérieure et ventro-médiale, n°2 pour la partie centrale subdivisée en centro-dorsale (n° 2d) 

et centro-ventrale (n° 2v), n°3 pour la partie latérale subdivisée en latéro-dorsale (n° 3d) et 

latéro-ventrale (n° 3v), et n°4 pour la partie postérieure et dorsolatérale (figure 28). La 



quantification des terminaisons a été effectuée dans les différentes sous-parties sur 2 niveaux  

similaires antéro-postérieurs pour les NST du singe et humain (Bregma -10.35 mm and -11.25 

mm pour le singe (Paxinos 2008) et sections 35 and 33 pour l’homme (Mai 1997)). La 

méthode de quantification consiste à déterminer le nombre de terminaisons TH+ et ChAT+ 

visualisées dans des cubes de 50 µm et 40µm d’épaisseur (100000 µm3), espacés de 200 µm 

et distribués aléatoirement au sein des différentes parties et sous-parties du NST. La 

visualisation s’est effectuée à un objectif de 63X (immersion à l’huile) dans chaque sous 

partie sur 2 coupes. Ont été comptées toutes les terminaisons axonales marquées situées à 

l’intérieur du volume quantifié ou croisant ses bords, sur l’ensemble de l’épaisseur de la 

coupe. Nous nous sommes principalement intéressés au nombre de terminaisons marquées 

fines et tortueuses correspondant aux terminaisons axonales, afin d’exclure les axones plus 

épais considérés comme les fibres de passage vers le pallidum et le striatum. Le nombre de 

volumes sélectionnés aléatoirement dans chaque sous-partie du NST a été déterminé au 

préalable, de telle sorte que l’addition d’un autre volume ne modifiait pas de plus de 5% la 

variation moyenne du nombre de terminaisons par volume. La densité des terminaisons TH+ 

et ChAT+ a été exprimée en nombre d’axones marqués par mm3. Un test de Mann–Whitney a 

été effectué, d’abord pour analyser les différences entre les 2 macaques et les 2 humains pour 

chaque sous-partie du NST, puis afin de déterminer la densité des terminaisons dans 

l’ensemble des territoires du NST chez le macaque et l’homme. Aucune différence statistique 

n’a été observée entre les 2 NST de chaque espèce (p > 0.05), ce qui a permis de regrouper les 

résultats par espèce, aussi bien pour les terminaisons ChAT+ que TH+.  
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4. Analyse en microscopie électronique 

 Après révélation immunohistochimique TH ou ChAT, les coupes ont été post-fixées 

(osmium tetroxide 1%, incubé dans 1% d’uranyl acetate, déshydratées et immergées dans 

l’epon 812). Des coupes ultrafines ont été réalisées (70 nm d’épaisseur), et analysées au 

microscope électronique (JEOL 1200EX II). 

La quantification des varicosités TH+ a été réalisée dans les parties antérieures et ven-

tro-médiales (n°1) et centrales (n°2) chez le singe et l’homme, et celles des varicosités ChAT+ 

dans l’ensemble des sous-parties du NST. Le nombre de varicosités formant des contacts sy-

naptiques ou non-synaptiques ont été comptés. Concernant les varicosités ayant des contacts 

synaptiques, la synapse a été classée comme symétrique ou asymétrique selon la spécialisa-

tion membranaire post-synaptique. L’analyse et la quantification des varicosités axonales ont 

été réalisées sur un minimum de 10 images d’axones sélectionnées aléatoirement pour chaque 

sujet et 30 pour chaque espèce.  

Figure 28: Subdivision du NST sur 3 coupes transverses chez le singe 

n°1: partie antérieure et ventro-médiale, n°2: partie centrale (centro-dorsale 
2d et centro-ventrale 2v), n°3: partie latérale (latéro-dorsale 3d et latéro-

ventrale 3v), n°4: partie postérieure et dorsolatérale 



D. RÉSULTATS 

1. Innervation dopaminergique du NST  

Pour les deux espèces, de nombreux axones TH+ ont été mis en évidence, formant un 

épais faisceau se dirigeant à travers le champ de forel pré-rubral, courant le long de la limite 

dorsale du NST vers le striatum. L’observation en microscopie optique a mis en évidence que 

de ces axones venant du faisceau, beaucoup entrent dans le NST à la partie la plus antérieure 

et médio-ventrale, et à un moindre degré vers la partie centrale du noyau. En microscopie 

électronique, un grand nombre de ces axones TH+ apparaissent myélinisés, et ces fibres 

dopaminergiques myélinisées sont présentes dans la partie antérieure ventro-médiale (n°1), 

mais aussi dorsale du noyau. Des corps cellulaires et dendrites TH+ ont été observés dans la 

partie antérieure et ventro-médiale du NST, proche de la SNc, mais aussi dans la partie 

centro-dorsale (n°2d). Le nombre de corps cellulaires comptés sur 6 coupes TH+ reste très 

faible (2 à 3 chez le singe, et 6 chez l’homme). De fins axones TH+ avec terminaisons 

marquées ont été observés dans l’ensemble du NST. La densité de ces terminaisons était 

hétérogène avec un gradient (figure 29). En effet, la densité de terminaisons TH+ était élevée 

dans la partie antérieure et ventro-médiale du noyau ainsi que la partie dorsale (n°2d et 3d), et 

beaucoup plus faible dans la partie ventrale (n°2v et 3v). La densité des terminaisons TH+ 

était la plus élevée dans le territoire antérieur et ventro-médial, puis dans les 2 parties centro-

dorsale et dorso-latérale (p<0.001 par rapport au n°1), dans le territoire postéro-latéral (n° 4) 

(p<0.001 par rapport au n°2d et 3d), et dans la partie ventrale (n° 2v/3v) (p<0.001 chez le 

singe et <0.05 chez l’homme par rapport au n°4). Par ailleurs, même si le gradient est 

similaire pour les deux espèces étudiées, la densité globale des terminaisons TH était 2 fois 

plus faible chez l’homme (121 ± 10 x 103 terminaisons/mm3) que chez le singe (238 ± 15 x 

103 terminaisons/mm3). 
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Figure 29: Hétérogénéité de l’innervation dopaminergique du NST  

Neurone TH+

singe singe

hommehomme

Nombre de 
terminaisons TH+ / 

mm3



En microscopie électronique, un faible nombre de terminaisons TH+ établissaient des 

contacts synaptiques (31% et 28% de contacts synaptiques versus 69% et 72% de contacts 

non synaptiques chez le singe et chez l’homme). Ces contacts synaptiques correspondaient à 

des synapses symétriques (53% chez le singe; 59% chez l’homme) et asymétriques (47% chez 

le singe; 41% chez l’homme) (figures 30 et 31). Ils étaient visualisés dans l’ensemble du NST, 

mais prédominaient dans la partie antérieure ventro-médiale et dorsale. Des dendrites recevant 

à la fois des contacts synaptiques TH+ symétriques et asymétriques ont aussi été mis en 

évidence.  
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Figure 30: Marquage TH en microscopie électronique 

Axones TH myélinisés (A) et synapses asymétriques (B)



Figure 31: Marquage TH en microscopie électronique 

Axones non myélinisés formant des contacts non synaptiques (A), des 
synapses symétriques (B), et asymétriques (C)



2. Innervation cholinergique du NST 

 Les axones cholinergiques ChAT+ s’étendent de la partie caudale et dorsale du NST 

avec une direction antérieure et ventrale, en émettant de petites varicosités. Contrairement à 

l’innervation TH+, la distribution des terminaisons ChAT+ est homogène dans l’ensemble du 

NST pour les deux espèces étudiées (figure 32). Nous avons quantifié 958 ± 99 x103 

terminaisons par mm3 chez le singe et 740 ± 116 x103 terminaisons par mm3 chez l’homme. 

En microscopie électronique, de nombreuses varicosités ChAT+ établissaient des contacts 

avec les corps cellulaires et les dendrites de l’ensemble du NST (75% chez le singe; 71% chez 

l’homme) sans synapse visualisée. Seulement une minorité de terminaisons ChAT+ établissait 

des contacts synaptiques (25% chez le singe; 29% chez l’homme), surtout sur des dendrites 

non marquées et plus rarement sur des corps cellulaires (figure 33). Ces synapses étaient 

fréquemment asymétriques (85% chez le singe; 90% chez l’homme), et plus rarement 

symétriques (15% chez le singe; 10% chez l’homme). 
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Figure 32: Homogénéité de l’innervation cholinergique du NST  

chez le singe et l’homme en microscopie optique



Figure 33: Marquage ChAT en microscopie électronique 

A: Axones non myélinisés 
B: Synapses asymétriques chez le singe 
C: Synapses asymétriques chez l’homme



E. DISCUSSION ET CONCLUSIONS 

Les résultats obtenus montrent une innervation cholinergique homogène dans 

l’ensemble des territoires anatomo-fonctionnels du NST, alors que l’innervation 

dopaminergique est hétérogène avec un gradient de densité plus élevé dans la partie antérieure 

ventro-médiale correspondant au territoire limbique. Seul un faible nombre de terminaisons 

dopaminergiques et cholinergiques présentaient une spécialisation synaptique. 

Topographie de l’innervation cholinergique et dopaminergique du NST 

Les précédentes études ont décrit une innervation dopaminergique minime dans le NST 

du primate (Nobin et Bjorklund, 1973; Lavoie et al., 1989; Hedreen, 1999; Cossette et al., 

1999; Augood et al., 2000; Francois et al., 2000; Smith et Kieval, 2000) associée à une faible 

concentration de dopamine libérée (Pifl et al., 1990). Nos résultats confirment cette densité 

faible de terminaisons TH+ dans le NST. Celle-ci est encore moindre chez l’homme par 

rapport au singe, avec une densité neuronale globale connue pour être plus faible aussi dans 

les autres noyaux des GB (Hardman et al., 2002) mais associée à une connectivité plus 

importante (Armstrong, 1990). Nous avons observé une hétérogénéité de l’innervation 

dopaminergique avec un gradient de densité plus élevé dans la partie correspondant au 

territoire anatomo-fonctionnel limbique. Cette innervation correspond à une densité élevée de 

terminaisons dopaminergiques avec même des corps cellulaires TH+ au sein du NST ventral 

et antérieur. La présence de corps cellulaires TH+ au sein du NST a aussi été montrée chez le 

chat (Meibach et Katzman, 1979) permettant une sécrétion locale de dopamine complétant 

celle provenant des terminaisons. En comparaison, l’innervation dopaminergique des parties 

dorsales correspondants aux territoires anatomo-fonctionnels associatif et sensori-moteur est 

beaucoup plus faible, sauf tout dorsalement juste sous-jacent au faisceau dopaminergique se 

dirigeant vers le striatum. Ces variations de densité anatomique suggèrent un rôle de la 

dopamine dans la régulation des informations émotionnelles et motivationnelles au sein du 

territoire limbique du NST. 

Cependant la distribution des récepteurs dopaminergiques ne semble pas suivre le gra-

dient de densité des terminaisons dopaminergiques. Aucun gradient n’a été retrouvé pour les 

récepteurs D1, D2 et D3 dans le NST chez le rat et le macaque par technique d’hybridation in 
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situ (Suzuki et al., 1998; Galvan et al., 2014), bien qu’une étude par RT-PCR chez le rat ait 

rapporté une densité plus élevée des récepteurs D1 dans la partie ventrale du NST (Flores et 

al., 1999). Chez le singe, les récepteurs D1 et D2 sont retrouvés sur les terminaisons axonales 

pré-synaptiques glutamatergiques et GABAergiques, et les récepteurs D5 sont plutôt exprimés 

au niveau post-synatique sur les dendrites des neurones du NST (Galvan et al., 2014). Notons 

que la dopamine sécrétée par les varicosités axonales TH+ sans spécialisation synaptique pré-

sentes au sein du territoire limbique peut diffuser secondairement vers les récepteurs dopami-

nergiques dans l’ensemble du NST. Cette transmission volumique (Agnati et al., 1986; Fuxe 

et al., 1988) représenterait un mode alternatif de transmission dopaminergique dans le NST, 

similaire à celui mis en évidence récemment dans le pallidum chez le singe (Eid et Parent, 

2015). 

Nous avons par ailleurs retrouvé une innervation cholinergique homogène dans l’ense-

mble du NST chez le singe et l’homme, contrairement aux résultats retrouvés dans le palli-

dum chez le singe (Eid et al., 2014). Cette innervation est dense, et la majorité des varicosités 

cholinergiques ne présentent pas de spécialisation synaptique, suggérant aussi un mode de 

transmission volumique cholinergique. La majorité des synapses observées étaient asymé-

triques, et donc très probablement excitatrices (Capozzo et al., 2009). Il a été montré que des 

récepteurs muscariniques (Feger et al., 1979; Xiang et al., 2012) et nicotiniques (Xiao et al., 

2015) étaient distribués de façon homogène dans le NST de rongeurs. Il n’y a ainsi pas de dif-

férence significative de l’effet modulateur de l’acétylcholine selon les territoires anatomo-

fonctionnels du NST. 

Particularités de l’innervation dopaminergique 

Environ deux tiers des synapses dopaminergiques du NST chez le primate étaient 

inhibitrices (symétriques), et un tiers excitatrices (asymétriques), ce qui est similaire aux 

données sur l’innervation dopaminergique du pallidum interne et externe chez le macaque 

(Eid et Parent, 2015). Chez le rat in vivo, des études de micro-injections d’agoniste 

dopaminergique montrent une inhibition de l’activité neuronale du NST (Campbell et al., 

1985; Hassani et Feger, 1999), alors que l’application de dopamine exogène sur des coupes in 

vitro augmente l’activité des neurones du NST (Mintz et al., 1986; Ni et al., 2001; Zhu et al., 

2002). Ainsi la modulation dopaminergique du NST apparaît complexe, associant des 



synapses symétriques et asymétriques, et des récepteurs dopaminergiques synaptiques et non 

synaptiques. 

Par ailleurs l’innervation dopaminergique du NST se caractérise par des axones 

myélinisés au sein du noyau. La présence d’axones dopaminergiques non myélinisés a été 

rapportée chez le rat dans le striatum (Freund et al., 1984; Pickel et al., 1992; Descarries et al., 

1996; Hanley, 1996) et dans le NST (Cragg et al., 2004). Les axones dopaminergiques 

myélinisés ont été décrits dans la SN et le striatum chez le macaque et l’homme (Arsenault et 

al., 1988; Roberts, 1997; Kung et al., 1998) et dans le pallidum interne et externe chez le 

macaque (Eid et Parent, 2015). Dans le contexte de la MP, les neurones avec des axones 

myélinisés sont connus pour être préservés durant l’évolution de la maladie (Braak et al., 

2004). Reste à déterminer si ces axones myélinisés présents dans le NST proviennent des 

neurones dopaminergiques préservés situés dans la partie dorsale de la substance noire et dans 

la VTA (Damier et al., 1999). 

Implications fonctionnelles  

Chez les patients parkinsoniens implantés dans le NST, des effets psychiatriques ont été 

observés lorsque l’électrode ou les contacts utilisés étaient situés dans la partie antérieure 

ventro-médiale du noyau (Dujardin et al., 2004; Volkmann et al., 2010; Welter et al., 2014). 

D’après nos résultats anatomiques, ces symptômes d’ordre limbique pourraient être expliqués 

en partie par une modulation de l’innervation dopaminergique par l’électrode de stimulation, 

d’autant que l’innervation dopaminergique est préservée dans le striatum limbique chez le 

patient parkinsonien (Kish 1988). Cette modulation des circuits émotionnels et motivationnels 

peut par ailleurs jouer un rôle dans l’effet positif de la stimulation du territoire limbique du 

NST pour le traitement des troubles obsessionnels compulsifs (Mallet et al., 2008; Chabardes 

et al., 2013). De plus les enregistrements électrophysiologiques, réalisés au cours d’un 

paradigme de catégorisation émotionnelle chez les patients parkinsoniens implantés, 

montraient une modification de l’activité du NST corrélée à la valence émotionnelle de 

l’image (plaisante, déplaisante ou neutre) (Buot et al., 2013), prédominant sur les contacts 

situés ventralement. En appliquant le même paradigme chez les patients TOC implantés dans 

le NST, il a été montré que l’amplitude de l’effet émotionnel variait en fonction de la valence 

plaisante du stimulus, encodé seulement pour les contacts situés dans la partie antéro-médiale 
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du NST (Buot et al., 2015). Ce résultat pourrait correspondre plus spécifiquement à la 

modulation dopaminergique du territoire anatomo-fonctionnel particulier du NST (figure 34). 

Par ailleurs, la modulation du territoire sensori-moteur du NST par la SCP peut induire 

ou aggraver les troubles de la marche et de la posture chez les patients parkinsoniens. 

L’innervation cholinergique du NST provenant du PPN est dense et homogène (Lavoie et 

Parent, 1994b; Kita et Kita, 2011). Les neurones cholinergiques du PPN ayant un rôle central 

dans la locomotion et la posture, on peut supposer que la SCP du NST pourrait altérer 

rétrogradement la fonction du PPN, quelle que soit la localisation de l’électrode, entraînant ou 

aggravant les troubles de la marche.  

Figure 34: Représentation des territoires anatomo-fonctionnels du NST (A)  

et corrélation avec le gradient d’innervation dopaminergique (B)





2. Sur le plan clinique 

En clinique chez l’homme, un protocole de SCP de cette région est en cours dans 

l’équipe (GAITPARK), afin de comparer l’effet de la stimulation de plusieurs cibles sur des 

paramètres de marche et de posture chez douze patients. Les cibles testées sont le PPN, et plus 

profondément la jonction ponto-mésencéphalique, implantée avec de bons résultats par 

l’équipe d’Oxford (Thevathasan et al., 2011; 2012). Trois patients ont déjà été implantés, mais 

l’évaluation clinique n’est  pas encore disponible (évaluation en double aveugle).  

La connectivité du PPN et du CuN va être étudiée chez ces mêmes patients selon la 

même modalité que celle effectué chez les sujets sains  (tractographie probabiliste (Philippe et 

al., 2015)), afin de comparer les éventuelles différences et déterminer si ces différences 

impliquent préférentiellement les territoires sensori-moteurs. Cette étude permettra également 

de visualiser une éventuelle altération de la connectivité de la MLR au cours de la MP. 

De façon parallèle, pour opérer ces patients, nous développons un atlas du tronc 

cérébral, regroupant les données histologiques de densité des différentes populations 

neuronales et d’imagerie sur un espace commun. Un tel outil permettrait d’affiner le ciblage 

pour la SCP de cette région et ainsi espérer améliorer en partie les résultats cliniques obtenus 

sur la marche et la posture en réduisant l’imprécision anatomique du positionnement des 

électrodes. De plus la visualisation des faisceaux de fibres traversant cette région pourrait 

aussi guider les trajectoires et les contacts à activer afin de minimiser les effets indésirables et 

améliorer l’effet de la stimulation (figure 36).  

En améliorant ainsi notre connaissance anatomique et fonctionnelle de la MLR, cette 

cible pourrait à terme être proposée pour d’autres indications, comme les troubles de la 

marche dans la population vieillissante ou encore les troubles du sommeil sévères dont 

souffrent certains patients. En effet notre étude a montré l’implication du PPN cholinergique 

dans la régulation des cycles veille-sommeil, et l’effet positif à distance d’une lésion chez le 

singe rendu parkinsonien. Des observations cliniques chez les patients implantés dans le PPN 

pour les troubles de la marche ont de même suggéré le bénéfice de la stimulation à basse 

fréquence sur l’architecture et la qualité du sommeil. Une étude expérimentale de stimulation 

du PPN chez le singe à l’état contrôle puis parkinsonien permettrait de préciser le rôle du PPN 

et le bénéfice attendu sur les troubles du sommeil, en utilisant la même technique d’évaluation 

du sommeil que celle que nous avons utilisée. Un projet est actuellement en cours à l’Institut 



des Neurosciences de Grenoble sous la direction de Brigitte Piallat, avec une collaboration 

proposée entre nos équipes. 
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Figure 36: Atlas multimodal utilisé pour le ciblage du PPN 

(représentation des électrodes et en rouge la densité des neurones cholinergiques)



Cette démarche transversale associant les études anatomiques et comportementales chez 

le singe et chez l’homme peut s’appliquer pour tous les champs d’investigation. De 

nombreuses pathologies neurologiques, telles que la maladie d’Alzheimer, et psychiatriques, 

telles que la dépression ou les troubles du comportement agressif, représentent des enjeux 

médicaux, sociaux et économiques. En améliorant nos connaissances scientifiques 

fondamentales aussi bien sur le plan anatomiques que sur la compréhension des mécanismes 

physiopathologiques, les techniques de neurochirurgie fonctionnelle actuelle ou d’avenir 

pourront ainsi être développées avec le maximum de sécurité pour les patients. 
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LISTE DES ABREVIATIONS 

6-OHDA: 6-hydroxydopamine 

BDA: Biotin dextran amine 

CA: Commissure antérieure 

ChAT: Choline Acétyl Transférase 

CM: Noyau centro-médian 

CP: Commissure postérieure 

CuN: Noyau Cunéiforme 

DA: Dopaminergique 

DAB: Diaminobenzidine 

EEG: Electroencéphalographie 

EOG: Electro-oculographie 

EMG: Electromyographie 

FEF: Frontal eye field 

GABA: acide γ-amino-butyrique 

GB: Ganglions de la base 

GPi: Globus pallidus interne 

GPe: Globus pallidus externe 

L-dopa: Levodopa 

MLR: Région locomotrice mésencéphalique 

MP: Maladie de Parkinson 

MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

NADPH: nicotinamide adénine dinucléotide phosphate diaphorase 

NST: Noyau Subthalamique 

PBS: tampon phosphate salin 

Pf: Noyau parafasciculaire 

PPN: Noyau pédonculopontin 

RBD: Rapid eye movement sleep Behavior Disorder 

REM: Rapid eye movement 

SCP: Stimulation cérébrale profonde 

!104



SNc: Substantia Nigra pars compacta 

SNr: Substantia Nigra pars reticulata 

SRAA: Système réticulé activateur ascendant 

TOC: Troubles obsessionnels compulsifs 

TH : Tyrosine hydroxylase 

TST: Temps de sommeil total 

VTA: Aire tegmentale ventrale 

WASO : Wake after sleep onset 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RESUME 

En plus des signes cardinaux classiques, de nombreux patients parkinsoniens souffrent 

de troubles du sommeil sévères résistant aux traitements dopaminergiques. A un stade avancé 

de la maladie, apparaissent des troubles de la marche et de l’équilibre dopa-résistants. De 

nombreux résultats expérimentaux et cliniques orientent vers un dysfonctionnement de la 

région locomotrice mésencéphalique (MLR) du tronc cérébral, formée anatomiquement du 

noyau pédonculopontin (PPN) et du noyau cunéiforme (CuN). La stimulation cérébrale 

profonde à basse fréquence du PPN proposée aux patients parkinsoniens ayant des troubles de 

la marche majeurs modifie aussi la qualité et l’architecture du sommeil. Ainsi, un 

dysfonctionnement de ce noyau de la MLR pourrait expliquer au moins en partie, les troubles 

de la marche et les troubles du sommeil chez ces patients parkinsoniens. Afin d’étudier 

l’anatomie et le rôle respectif du PPN et du CuN à l’état normal et à l’état parkinsonien, ce 

projet de thèse a été mené en associant une étude comportementale et anatomique de la MLR.  

Axe comportemental. Nous avons analysé les troubles du sommeil induits dans un 

modèle primate de maladie de Parkinson (MP) avancée, puis l’effet de traitement 

dopaminergique associé ou non à de la mélatonine, et enfin l’effet d’une lésion cholinergique 

du PPN surajoutée. Nos résultats montrent que les troubles du sommeil développés à l’état 

parkinsonien sont similaires à ceux observés chez les patients, et améliorés par 

l’administration de L-dopa et de mélatonine. La lésion surajoutée du PPN aggrave les troubles 

du sommeil en aigu, mais améliore légèrement la qualité du sommeil à distance de la lésion. 

Axe anatomique. Nous avons d’abord défini l’anatomie hodologique du PPN et du CuN chez 

le singe et chez l’homme en fonction des trois grands territoires anatomo-fonctionnels des 

ganglions de la base. Nos résultats ont montré que le PPN intègre des informations très 

diverses (sensori-motrices, associatives et limbiques), le CuN étant quant à lui plutôt impliqué 

dans un réseau limbique. Par la suite, l’innervation cholinergique du PPN sur le NST a été 

caractérisée en microscopie optique et électronique chez le singe et chez l’homme, comparant 

les innervations cholinergique et dopaminergique que reçoit le NST, afin de préciser leur 

implication dans les effets cliniques et comportementaux de la stimulation du NST. 

Mots clefs : Maladie de Parkinson, Région locomotrice mésencéphalique, Noyau 

pédonculopontin, primate, noyau subthalamique. 
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ABSTRACT 

Parkinsonian patients suffer from disabling sleep disorders, resistant to dopaminergic 

treatment. Moreover, at an advanced stage of the disease, gait disorders become resistant to 

dopaminergic conventional treatment and lead to falls and severe handicap. Much evidence 

from experimental and clinical studies lead to consider the mesencephalic locomotor region 

(MLR), which associates the pedunculopontine nucleus (PPN) and the cuneiform nucleus 

(CuN), as highly implicated in the pathophysiology. Deep brain stimulation in this region has 

thus been proposed to treat doparesistant gait disorders in parkinsonian patients, and was 

shown to improve sleep parameters as well. Overall clinical results are still heterogeneous and 

questions relating to precise anatomy and function of this region and its relationship with the 

basal ganglia remain. In order to have an anatomo-functional study of the PPN and the CuN at 

normal and parkinsonian state, this project has associated a behavioral axis in monkeys and an 

anatomic axis in monkeys and humans. Behavioral study. Sleep disorders have been 

analyzed in an advanced Parkinson disease primate model. These symptoms were improved 

with dopaminergic treatment and melatonin administration. After a stereotactic cholinergic 

PPN lesion, there was an acute worsening of the symptoms, particularly the sleep architecture 

and quality. However these tended to improve three weeks after the lesion. Anatomic study. 

First, we analyzed the connections between the PPN and the CuN relating to the three 

anatomo-functional territories of the basal ganglia (BG) in monkeys and humans. Our results 

showed that the PPN integrated various information from the three territories (sensori-motor, 

associative and limbic), compared to the CuN which preferentially connected to limbic 

territories of the BG. We then studied the subthalamic cholinergic innervation arising from the 

PPN at optic and ultra-structural level in monkeys and humans, comparing its characteristics 

with the dopaminergic innervation. Our results showed a homogeneous cholinergic 

innervation of the subthalamic nucleus (STN) compared to the heterogeneous dopaminergic 

innervation. These data could account for the clinical and behavioral effects observed with 

high frequency stimulation of the STN. 

Key words: Parkinson Disease, Mesencephalic locomotor region, Pedunculopontine 

nucleus, Primate, Subthalamic nucleus


