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Titre : Mécanismes spinaux et supraspinaux impliqués 
dans le couplage entre les réseaux locomoteurs et 

posturaux

Résumé : Les fonctions locomotrices et posturales sont contrôlées par un ensemble de 

réseaux neuronaux qui doivent interagir afin de produire un comportement locomoteur 

optimal, adaptable aux contraintes internes et externes de l’organisme. Le maintien d’un 

équilibre dynamique au cours de la locomotion repose sur des processus internes de 

coordination entre les réseaux nerveux spinaux et supraspinaux qui commandent les 

différents segments du corps (membres, tête et tronc). C’est dans ce contexte que nous 

nous sommes intéressés aux interactions entre la fonction locomotrice et la fonction 

posturale, sur des préparations réduites de tronc cérébral-moelle épinière de rats nouveau-

nés, au sein desquelles les CPGs locomoteurs spinaux et les noyaux vestibulaires sont intacts. 

Des approches combinées électrophysiologiques, pharmacologiques, neuroanatomique et 

lésionnelles nous ont permis de mettre en évidence une partie des mécanismes à l’origine 

du couplage entre les différents réseaux neuronaux étudiés. Dans cette étude nous avons 

montré que les réseaux locomoteurs lombaires contrôlent l’activité des réseaux thoraciques 

axiaux, de manière à produire une activation coordonnée des réseaux moteurs des membres 

et du tronc. Cette coordination est sous influence des entrées supraspinales. Les amines 

induisent une organisation temporelle spécifique de l’activité des réseaux thoraco-lombo-

sacrés, et les informations en provenance des noyaux vestibulaires influencent le rythme 

locomoteur. Ces données apportent des éléments nouveaux concernant les processus 

neuronaux à l’origine de la coordination des réseaux moteurs et posturaux. 

Mots clés : tronc cérébral- moelle épinière, réseaux de neurones, locomotion, posture 

Title : Spinal and supraspinal mechanisms involved in the 
coupling between locomotor and postural networks

Abstract : Locomotor and postural functions are controlled by a set of neural networks that 

must interact to produce optimal locomotor behavior, adaptable to internal and external 

constraints of the body. Maintaining a dynamic balance during locomotion is based on 

internal coordination processes between spinal and supraspinal neuronal networks 

controlling different parts of the body (limbs, head and trunk). In this context, we have 

interested in the interactions between locomotor and postural functions, in spinal and 

supraspinal networks. The experiments were conducted on isolated brainstem-spinal cord 

preparations from neonatal rats, in which the spinal locomotor CPGs and the vestibular 

nuclei are intact. Electrophysiological, pharmacological, and neuroanatomical approaches 

allowed us to highlight some of the mechanisms involved in the coupling of the different 

neural networks. In this study we showed that the lumbar locomotor networks control the 

activity of axial thoracic networks, in order to produce a coordinated activation of motors 



networks of limbs and trunk. This coordination is modulated by amines and information 

from the vestibular nuclei. These data provide new evidence for spinal mechanisms involved 

in the coordination of motor and postural networks. 

Keywords : brainstem- spinal cord, neuronal networks, locomotion, posture
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Figure 1 : Les différentes phases du cycle locomoteur chez le chat.

!"!) Représenta!on schéma!que du modèle expérimental. (") Varia!ons des angles ar!culaires de la hanche, 

du genou et de la cheville au cours d’une phase de transfert et d’une phase d’appui. (#) Moyenne des 

varia!ons angulaires observées sur les différentes ar!cula!ons du membre postérieur lors de 10 cycles 

locomoteurs. La phase de transfert et la phase d’appui sont divisées en deux : F et E1;  E2 et E3 

respec!vement. ($) Enregistrements EMGs des muscles de la cheville et de la hanche, rec!fiés et moyennés 

de 9 cycles. Le cycle est normalisé  et répété deux fois. (modifié d’après Rossignol, 2004)
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Figure 2 : Le système locomoteur au cours de l’évolu!on.

!!) Evolu!on du système locomoteur des vertébrés. Les changements majeurs sont l’appari!on des membres, 

le passage d’un mouvement ondulant à une marche quadrupède, puis bipède. ("#) Enregistrement de la vague 

d’ac!vité rostrocaudale au niveau des racines motrices ventrales rostrale (L1), intermédiaire (L25) et caudale 

(L43) sur une prépara!on de moelle épinière isolée de lamproie. ("$) L’enregistrement in vitro des racines 

ventrales motrices ipsilatérales sur une prépara!on de moelle épinière isolée de salamandre révèle une 

propaga!on rostrocaudale de l’ac!vité motrice du tronc. ("%) L’enregistrement des racines ventrales 

thoraciques (T) 4, 6 et 12 sur une prépara!on de moelle épinière de rat nouveau-né montre une propaga!on 

caudorostrale de l’ac!vité. ("&) Enregistrements EMG de la musculature axiale au niveau thoracique (T) 3, 12 

et lombaire (L) 4 chez un humain au cours de la locomo!on sur tapis roulant. (modifié d’après Falgairolle !"#$%&'"

2006).
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Figure 3 : Organisa!on des structures nerveuses impliquées dans le contrôle de la locomo!on.
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Figure 5 : Localisa!on des réseaux locomoteurs lombaires.

!!""#$%#!#") Représenta!on schéma!que des condi!ons expérimentales. (!$) L’applica!on de NMA/5HT sur 

les segments lombaires L1 à L2 déclenche une ac!vité locomotrice  dans les racines ventrales lombaires L1 à 

L3. (!%) Dans ce"e condi!on, une ac!vité locomotrice rythmique est enregistrée dans les motoneurones 

lombaires L5. (#$) Lors de la perfusion des segments lombaires bas, seule une ac!vité tonique est 

enregistrée au niveau des racines lombaires L4 et L5. (#%) L’ac!vité enregistrée dans un motoneurone 

lombaire L5 révèle une ac!vité tonique. (modifié d’après Cazalets !"#$%&'#1995)
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Figure 6 : Les facteurs de transcrip!on déterminent l'iden!té des cellules spinales ventrales.

!!)  Les morphogènes sont sécrétés selon un gradient de concentra!on rostrocaudale et vont spécifier les 

cellules progénitrices pd6, p0-p3 et pMN, caractérisées par l’expression de leurs facteurs de transcrip!on. 

"#$%&'()*(%)+(**'*(%),$#-./01$0+(%)231'$(/14)(**(%)20-$(/1)*31.$3*(2(/1)(1)%#/1)3,,(*.%)5674)89:8;4)<=>4)(1)

motoneurones.  (") Tableau montrant les principaux facteurs de transcrip!on pour les six classes de 

neurones situés ventralement (dI6, V0-V3, HB9 et MN), leurs projec!ons, et le phénotype des 

neurotransme#eurs de ces neurones. (modifié d'après Kiehn & Dougherty, 2013)
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!34) Ac!vité locomotrice induite par la perfusion de glutamate, enregistrée au niveau des racines 

lombaires L2 droite (rL2) et gauche (lL2). (35) Ac!vité locomotrice induite par la perfusion de NMA (un 

agoniste glutamatergique) enregistrée au niveau des racines lombaires L3 droite (rL3) et gauche (lL3) 

(modifié d’après Cazalets !"# $%&' 1992). (6) Locomo!on fic!ve  induite par perfusion de NMA sur la 

prépara!on est progressivement ralen!e lors de la perfusion de GABA avant d'être complètement inhibée. 

Différentes échelles de temps sont u!lisées pour montrer clairement la régularité de l’ac!vité motrice. (7"#

Ac!vité motrice enregistrée lors de la perfusion de doses élevées de NMA associées à une faible dose de 

bicuculline. Dans ce$e condi!on, la période locomotrice accélère. L’ac!vité est enregistrée au niveau des 

racines ventrales lombaires  droite et gauche, respec!vement rL2 et IL2 (modifié d’après Cazalets !"#$%&'#

1994).
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!1) La perfusion de 5HT sur une prépara!on de moelle épinière isolée déclenche une ac!vité de 

locomo!on fic!ve présentant une alternance droite-gauche (r et l respec!vement) et 

fléchisseur-extenseur, enregistrée bilatéralement au niveau des nerfs fléchisseurs (Tib) et extenseurs 

(per). (modifié d’après Cowley & Schmidt, 1994). (23) : La locomo!on fic!ve induite par le NMA est (24"#

ralen!e par l’ajout de 5HT dans le bain de perfusion. (modifié d’après Beato & Nistri, 1998)
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!1) L’applica!on de noradrénaline sur une moelle épinière isolée déclenche des bouffées d’ac!vité 

alternées enregistrées bilatéralement au niveau des racines lombaires L2 (rL2et lL2) et L5 (rL5et lL5). 

(modifié d’après Kiehn!"#!$%&' 1999). (2) La perfusion d’un agoniste α1 (methoxamine) accélère l’ac!vité 

locomotrice induite par le NMA. (3) La perfusion d’un agoniste α2 (xylazine) ralen!e l’ac!vité locomotrice 

induite par le NMA. (4) La perfusion d’un agoniste β augmente l’amplitude des bouffées et ralen!e le 

rythme locomoteur entraîné par le  NMA. (modifié d’après Sqalli-Houssaini & Cazalets, 2000)
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!2) La perfusion de dopamine sur la moelle épinière déclenche des bouffées d’ac"vités lentes avec 

une alternance droite-gauche (rL2-lL2) et fléchisseur-extenseur (rL2-rL5). (3) L’ac"vité rythmique 

induite par la dopamine est complètement abolie lors de la perfusion d’un antagoniste D1 

(SCH-23390) et (4) D2 (raclopride) indiquant que les récepteurs D1 et D2 sont impliqués dans la 

réponse dopaminergique (modifié d’après Barrière !"#$%&' 2004).
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Figure 11 : Le système ves!bulaire.

!!) Les noyaux ves!bulaires (VN) reçoivent des entrées directes de plusieurs zones du cerveau, 

notamment: (i) des afférences ves!bulaires du nerf VIII, (ii) des noyaux oculomoteurs du tronc cérébral, 

(iii) du cervelet, et iv) plusieurs régions du cortex (par exemple des zones prémotrices et 

somatosensorielles, et du cortex temporal supérieur). Les noyaux renvoient ensuite des commandes 

impliquées dans la stabilisa!on du regard et de la posture. (modifié d’après Cullen, 2012). (") Les voies 

descendantes ves!bulospinales proje$ent à différents niveaux spinaux et perme$ent de contrôler les 

réponses motrices de la nuque et des membres. (modifé d’après Uchino & Kushiro, 2011).
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!<) Au cours de la nage régulière, la lamproie stabilise son orienta!on dans le plan sagi"al, transversal et 

horizontal. Des dévia!ons dans ces trois plans (angle α, β et γ respec!vement), entraînent une réponse 

correctrice (flèches) perme"ant la restaura!on de l’orienta!on ini!ale. (=) L’équilibre est contrôlé par les 

entrées ves!bulaires. Les courbes représentent l’ac!vité des neurones RS droit (RSR) et gauche (RSL) en 

fonc!on de l’angle de rota!on (L : rota!on à gauche, R : rota!on à droite). Les entrées ves!bulaires ac!vent 

les neurones ré!culospinaux en fonc!on de la rota!on contralatérale. La direc!on de la rota!on entraînée par 

les RS droits et gauches est indiquée par les flèches noires et blanches respec!vement. Le système est à son 

point d’équilibre à 0° (orienta!on face dorsale vers le haut). Des entrées visuelles causent une perturba!on du 

point d’équilibre. (+) Commande ré!culospinale chez la lamproie. Chaque neurone ré!culospinale proje"e 

sur la moelle épinière, jusqu’aux segments les plus caudaux. Les sor!es motrices segmentaires sont réalisées 

par quatre groupes de motoneurones contrôlant les muscles ventraux et dorsaux, des deux côté de la 

lamproie (d et v respec!vement). Ces neurones peuvent exercer leur ac!on directement sur les 

motoneurones ou via les interneurones. Les neurones ré!culospinaux reçoivent des entrées ves!bulaires 

(modifié d’après Deliagina !"#$%&' 2006).
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!"#$%&'()'*'+,-.%/0&'1&'0234$"0"5%&'67&8'0&'679.:

!;) L’ac!vité enregistrée dans les neurones de la voie pyramidale (PTN) sont modulés en rela!on avec 

les inclinaisons de la plateforme (!lt) et les correc!ons posturales (Bd) (modifié d’après Karayannidou 

!"#$%&'"#$$%&'"!<) Réponses des muscles erector spinae droit et gauche à une poussée latérale au cours 

d’une ac!vité de locomo!on déclenchée par une s!mula!on de la MLR. Une coac!va!on des 

muscles est observée en réponse à la perturba!on (modifié d’après Musienko !"# $%&'" #$()&'" !+&"

Réponses électromyographiques enregistrées penant une inclinaison de plateforme. Enregistrements 

des déplacements latéraux du corps et de l’ac!vité EMG des triceps et des gastrocnemius droit et 

gauche pendant les inclinaisons de la plateforme (modifié d’après Beloozerova !"#$%&'"#$$*&'
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Figure 14 : Organisation fonctionnelle du contrôle postural chez les quadrupèdes.

Deux boucles de contrôle stabilisent l’orientation du corps, impliquant des mécanismes spinaux 

(boucle 1 ) et supraspinaux (boucle 2). (modi é d'après Deliagina et al., 2008)
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Figure 15 : Représenta!on schéma!que du disposi!f expérimental.

La prépara!on de tronc cérébral-moelle épinière isolée est maintenue en survie pendant plusieurs heures 

dans du liquide physiologique oxygéné. Les ac!vités motrices sont enregistrées par des électrodes de 

succion ou des électrodes en passant placées au niveau des racines ventrales. Le signal est ensuite 

amplifié, digitalisé et visualisé sur un ordinateur. Un s!mulateur électrique permet d'ac!vier les afférences 

sensorielles.
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?*%E>,%B/;>TD*+,*'% ?*% ';[[=',% )KT+;?lE'>K,Q% *,% ;K+)K% '(;?K)*'%>+*%B(,*C,K=+%[?>)%['(CK)*%B*)%
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?;%'_,RDKCK,(%B*%?/;C,KJK,(%=E,*+>*^%%

:*',;K+*)% )('K*)% B%y*L[('K*+C*)% =+,%

+(C*))K,(%>+%C;?C>?%B*% '*?;,K=+%B*%[R;)*)%*+,'*%

B*>L% ;C,KJK,()% *+'*TK),'(*)% )>'% B*>L% ';CK+*)%
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T?;C*%;MK+%B*%?*)%D;K+,*+K'%*+B='DK)%B>';+,%?/K+m*C,K=+^%0+*%?(Tc'*%K+CK)K=+%*),%'(;?K)(*%B;+)%
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*
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Figure 1 : Les bouffées d’ac"vités motrices thoraco-lombaire sont coordonnées au cours de la locomo"on 

fic"ve. 

!!"#$%&'()*+&','%+*#*),-.+/%0*#1'#2.-*)'-&*#&/3)%'*#4'%+&/.'*# .5,6/)&'#'+#+75&/3)8-'*#2'%1/%+#-%#02)*51'#1'#

locomo on fic ve induit par du NMA (15 µM) et de la 5HT (15 µM). (") Traces lissées et rec fiées (panneau de 

gauche) de la séquence présentée en A (zone grisée) montrant la coordina on des bouffées motrices lombaires 

et thoraciques. Noter l'augmenta on du ra o entre l'amplitude des bouffées d'ac vité (ligne en poin llé) et la 

dépolarisa on tonique (en gris). Le panneau de droite illustre le cycle normalisé moyen répété 2 fois (n = 63 

cycles, à droite L2 prise). (#) Exemple de l'analyse en ondele$es effectuée entre des paires d'enregistrements. La 

carte de corréla on croisées (panneau supérieur) et la carte de cohérence entre les ac vités des racines L2 

bilatérales révèlent des bandes fréquencielles de "hautes puissances" et la corréla on entre les signaux au cours 

du temps, respec vement. La puissance des fréquences et la cohérence entre les signaux sont codées par des 

couleurs chaudes et froides indiquant des valeurs hautes et basses, respec vement. Les contours noirs délimitent 

les domaines où le niveau de significa vité est supérieur à 5%. Les régions d'intérêt (ROI, rectangle blanc poin llé) 

ont été définies à par r de la carte obtenue en mélangeant les cartes de corréla ons croisées et de cohérence  

(carte du bas). Les flèches indiquent la rela on de phase entre chaque composante de fréquences importantes 

(la direc on de gauche indiquant une rela on en an phase). Les graphiques du bas illustrent l'évolu on de la 

fréquence (marqueurs noirs) et de la cohérence (marqueurs rouges) au cours du temps, dans la ROI. ($"#

Digrammes circulaires représentants les rela ons de phase entre les ac vités motrices enregistrées à par r de 

différents racines par rapport à la racine de référence L2 droite. La direc on et la longueur des flèches rouges 

indiquent la valeur moyenne de phase (normalisée de 0 à 1) et la valeur de r, respec vement. r, droite; l, gauche; 

T, thoracique, L, lombaire.
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Figure 2 : Capacités rythmogènes condi!onnelles de la moelle épinière thoracique.

!!) Des bouffées d’ac"vité motrices rythmiques coordonnées sont enregistrées au niveau thoracique au 

cours d’un épisode de locomo"on fic"ve (!"). Ces bouffées ne sont pas présentent lorsque seul les 

segments lombo-sacrée sont ac"vés, dans la même prépara"on (!#"#$ !!$) Une ac"vité tonique est 

enregistrée au niveau thoracique lorsque seuls les segments thoraciques sont pharmacologiquement 

ac"vés. (%) La période locomotrice moyenne enregistrée lorsque les réseaux lombo-sacrée sont ac"vés 

pharmacologiquement est ne$ement plus rapide que celle obtenue lorsque l’ensemble de la prépara"on est 

ac"vée (n = 28 prépara"ons). (&) Les bouffées thoracique enregistrées au cours d’une l'ac"vité locomotrice 

!&"'(") sont remplacées par une ac"vité rythmique lente après une sec"on complète de la moelle, réalisée 

au niveau T12 / T13 (&#) ou suite à un blocage de la conduc"on axonale au niveau de la région lombo-sacrée 

par une solu"on sucrose  ((#). r, droite; l, gauche; T, thoracique, L, lombaire.
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Figure 3 : Modula!on de l’ac!vité locomotrice par les réseaux thoraciques spinaux.

!!) L'ac!vité motrice rythmique enregistrée au niveau thoracique et lombaire au cours d’un épisode de 

locomo!on fic!ve (") est ralen!e par l’applica!on de gabazine (2µM) au niveau des réseaux thoraciques. (#"#

Histogramme représentant la période locomotrice en condi!on contrôle et après applica!on de gabazine. 

!$) Diagrammes circulaires représentant les rela!ons de phase entre les bouffées motrices enregistrées au 

niveau de la racine thoracique (T9) et de la racine lombaire L2 ipsilatérale de référence, en condi!on contrôle 

(panneau de gauche) et après ajout de gabazine (panneau de droite). Chaque point indique la valeur 

moyenne obtenue pour une expérience. r, droite; l, gauche; T, thoracique, L, lombaire.
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Figure 4 : Couplage entre l'ac!vité locomotrice lombaire et les bouffées motrices enregistrées dans les 

segments thoraciques distaux.

!!) Des ac!vités locomotrices coordonnées le long de la moelle épinière thoraco-lombaire sont 

déclenchées par une perfusion de NMA / 5HT (condi!on contrôle). (") Des bouffées d’ac!vité motrices 

coordonnés à l'ac!vité locomotrice lombaire sont enregistrées dans les segments thoraciques supérieurs 

lorsque la transmission synap!que est bloquée (solu!on de bas calcium) au niveau des segments 

thoraciques intermédiaires T6-T12. Noter l'absence d’ac!vité en T9 dans ce#e dernière condi!on. (#"#

Diagrammes circulaires représentant les rela!ons de phase entre les bouffées motrices enregistrées au 

niveau T3 (panneaux inférieurs) et T5 (panneaux supérieurs) des segments thoraciques par rapport à la 

racine L2 ipsilatérale prise comme référence, avant (contrôle, panneaux de gauche) et après le blocage de 

la transmission synap!que dans segments thoraciques (milieu bas calcium, panneaux de droite). Noter le 

décalage de la phase moyenne observée entre les condi!ons de bas calcium par rapport à la condi!on de 

contrôle. r, droite; l, gauche; T, thoracique, L, lombaire. * p< 0,05
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Figure 5 : Importance des connexions commissurales dans le couplage des ac!vités motrices 

!"#$%&#'(#)*%+$,-.

!/) Ac!vité locomotrice coordonnée enregistrée le long de la moelle épinière thoraco-lombaire, 

entraînée par la perfusion de NMA/5HT. (0) Une hemi-sec!on sagi"ale en T11 gauche (barre rouge) ne 

bloque pas l’ac!vité motrice enregistrée au niveau des racines thoraciques situées au-dessus de la 

sec!on (rT9 et rT7), suggérant l’importance des connexions commissurales. r, droite; l, gauche; T, 

thoracique; L, lombaire."
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Figure 6 : Localisa!on intracellulaire et enregistrement de la popula!on de motoneurones axiaux dans la 

moelle épinière thoracique.

!!) Localisa!on du groupe de motoneurones innervant les muscles du dos au niveau du segment thoracique 

T12. Un marquage à la Choline acétyl-transférase des cellules cholinergiques (panneau de gauche) montrent 

deux principales popula!ons de motoneurones dans la zone ventromédiane et dans une par!e latérale de la 

moelle ventrale (agrandissement de la zone encadrée en haut à gauche). La localisa!on ventromédiane des 

motoneurones innervant les muscles du dos est révélée par marquage rétrograde réalisé par injec!on 

intramusculaire du traceur rétrograde cholera-toxine B. Les flèches indiquent les motoneurones marqués. La 

superposi!on des marquages présentée dans le panneau de droit confirme que cellules marquées sont bien 

des motoneurones cholinergiques. (") Diagramme illustrant le disposi!f expérimental u!lisée pour 

l'enregistrement des motoneurones thoraciques. La moelle épinière a été sec!onnée transversalement au 

niveau d’un segment thoracique d’intérêt et la surface sec!onnée a été surélevée par un triangle de Sylgard de 

manière à faciliter l'accès aux motoneurones lors des enregistrements intracellulaires. Les motoneurones ont 

été iden!fiés par la présence d'un poten!el d'ac!on an!dromique enregistré en réponse à des s!mula!ons de 

la racine ventrale thoraciques correspondante (panneau de gauche). (#) Enregistrements des modifica!ons de 

l’ac!vité extracellulaire lombaire et intracellulaire enregistrée dans un motoneurone thoracique lors de la 

perfusion de NMA/5HT sur la prépara!on. (#$) L’ac!vité locomotrice apparaît progressivement au niveau 

lombaire et le motoneurone se dépolarise en parallèle, (#%) avant de se me$re à décharger en phase avec 

l’ac!vité locomotrice.
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Figure 7 : Deux popula!ons de motoneurones thoraciques sont révélees lors d’épisodes de locomo!on 

fic!ve.

!!) Enregistrement intracellulaire d'un motoneurone thoracique T9 qui exprime une ac!vité coordonnée 

avec l'ac!vité locomotrice induite par la perfusion de NMA/5HT. L’histogramme à droite représente le 

nombre de poten!els d’ac!ons émis au cours du cycle locomoteur (normalisé et moyenné à par!r des 

bouffées d’ac!vité de la racine L2 gauche et arbitrairement divisé en 10, tracés du haut). La ligne noire 

épaisse indique le pourcentage de cycles au cours de laquelle au moins un poten!el d'ac!on a été émis 

dans les différentes sous-phases du cycle locomoteur. Ce motoneurone émet des poten!els d'ac!on en 

majorité entre les bouffées du cycle locomoteur de la racine lombaire gauche L2. (""# $%&'()*+&','%+#

intracellulaire d'un motoneurone thoracique T5 non entraîné par la locomo!on (panneau du milieu) dont 

l'ac!vité est sans rapport avec l'ac!vité locomotrice lombaire, comme indiqué par la distribu!on uniforme 

des poten!els d’ac!ons observée au cours du cycle locomoteur (panneau de droite). r, à droite; l, à gauche; 

T, thoracique, L, lombaire.
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Figure 8 : L’ac!va!on pharmacologique des réseaux locomoteurs lombaires déclenche des 

oscilla!ons du poten!el de membrane dans certains motoneurones thoraciques.

!!) Les oscilla!ons du poten!el de membrane enregistrées dans un motoneurone T6 entraîné par la 

locomo!on, sont coordonnées à l'ac!vité locomotrice lombaire lors de l’applica!on de NMA/5-HT 

uniquement au niveau des réseaux lombo-sacrée. La représenta!on du cycle locomoteur moyen 

(panneau du bas) met en évidence la rela!on 1: 1 entre les oscilla!ons du poten!el de membrane 

enregistrées au niveau du motoneurone et de l'ac!vité locomotrice lombaire. (") La même démarche 

expérimentale appliquée sur un motoneurone non entraîné par la locomo!on, enregistré au niveau du 

segment thoracique T5 ne montrent aucune oscilla!on du poten!el pendant la locomo!on. (#"#

Pourcentage des motoneurones entraînés par la locomo!on exprimant des oscilla!ons du poten!els 

de membrane et des poten!els d’ac!ons en phase avec les bouffées d’ac!vité locomotrice lombaire de 

la racine L2 ipsi- (gris) et controlatéral (blanc). ($) Les pourcentages cumula!fs de motoneurones 

entraînés par la locomo!on (noir) et de motoneurones non entraînés par la locomo!on en fonc!on des 

segments thoraciques supérieur (T3-T5), intermédiaire (T6-T7) et inférieure (T8-T10). Les chiffres situés 

dans les barres indiquent le nombre de motoneurones. r, à droite; l, à gauche; T, thoracique, L, 

lombaire.
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Figure 9 : L'ac!va!on électrique des réseaux locomoteurs lombaires déclenche des oscilla!ons du 

poten!el de membrane dans certains motoneurones lombaires.

!!) Des oscilla!ons du poten!els de membranes sont enregistrées au niveau d’un motoneurone 

thoracique T7 lors d’un épisode de locomo!on fic!ve déclenché par un s!mula!on d'une racine dorsale 

sacrée. (") Aucune varia!on du poten!el de membrane coordonnée à l'ac!vité locomotrice est observée 

dans ce motoneurone thoracique T8 lors d’un épisode de locomo!on fic!ve entraîné par s!mula!on 

d’une racine dorsale sacrée.
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Figure 10 : Commande synap!que locomotrice biphasique arrivant sur les motoneurones thoraciques 

entraînés par la locomo!on.

!!) Dépolarisa!on globale du poten!el de membrane d'un motoneurone T7 au cours d'un épisode de 

locomo!on fic!ve en!er, provoquée par l'applica!on de NMA (15 µM) et de 5HT (15 µM) au niveau des 

segments lombo-sacrée, en condi!on contrôle (!"), et au cours de l’applica!on de DNQX seul (5 µM), (!#) ou 

conbiné avec de l’AP5 (5 µM, !$) appliquée au niveau des segments thoracique. Noter la diminu!on de 

l'amplitude de la dépolarisa!on lente en présence de DNQX et DNQX/AP5. (%) Des épisodes de locomo!on 

extrait des séquences présentées en A montrent les oscilla!ons du poten!el de membrane en phase avec le 

patron locomoteur enregistré au niveau des racines ventrales L2 (enregistrements du haut). Les panneaux du 

bas illustrent le cycle moyen (répété 4 fois) obtenus en u!lisant les bouffées d’ac!vité de la racine L2 gauche 

comme référence, et montrent la diminu!on de l'amplitude de la commande synap!que locomotrice en 

présence de DNQX et de DNQX/AP5 au niveau thoracique. (&) Enregistrements bruts (panneaux supérieurs) 

et représenta!on du cycle moyen (répété 4 fois, panneaux du bas) obtenu à par!r d'un motoneurone T10 lors 

de l'ac!va!on pharmacologique des réseaux locomoteurs lombaires avant (&") et après l'applica!on de  

strychnine (2 µM), DNQX (5 µM) et AP5 (5 µM) sur les segments thoraciques. Après le blocage des récepteurs 

glutamatergiques et glycinergiques, plus aucune oscilla!ons du poten!el de membrane n’ont été observées. 

r, à droite; l, à gauche; T, thoracique, L, lombaire.
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Figure 11 : Transmission de la commande synap!que du réseau locomoteur lombaire aux motoneurones 

thoraciques. 

!!) Oscilla!ons du poten!el de membrane enregistrées à par!r d'un motoneurone T8 pendant une ac!vité 

de locomo!on fic!ve induite par perfusion de NMA/5HT sur la moelle épinière lombaire. (") Dans ce 

même motoneurone, ces oscilla!ons persistent lorsque la transmission polysynap!que est bloquée par 

perfusion d'une solu!on de haut calcium-haut magnésium (high ca!ons) sur les segments thoraciques. (#"#

Représenta!on des commandes synap!ques moyennes enregistrées en condi!on contrôle (tracé noir) et 

en présence d’une solu!on de haut calcium-haut magnésium (tracé gris) dans le compar!ment thoracique, 

montrant la diminu!on de l'amplitude de la commande synap!que dans la dernière condi!on. r, à droite; 

l, à gauche; T, thoracique, L, lombaire.
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Figure 12 : Schéma résumant les rela!ons entre le réseau locomoteur lombaire et les réseaux 

thoraciques.

 Résumé des résultats obtenus dans la ce!e étude montrant une par"e des mécanismes impliqués dans le 

!"#$%&'() *(+) %éseaux thoraciques par le réseau locomoteur lombaire. Le réseau locomoteur lombaire 

entraîne l'ac"vité thoracique tout en agissant à la fois au niveau premotoneuronal (bleu clair) et au niveau 

des motoneurones par des voies propriospinales courtes et longues. La flèche descendante indique que les 

réseaux thoraciques peuvent moduler la période de l'ac"vité motrice générée par le réseau lombaire.
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NMA 15μΜ + 5HT 15μM NMA 15μΜ + DA 50μM NMA 15μΜ + NA 50μM
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Figure 1 : Comparaison de l'ac!va!on du réseau locomoteur lombaire in vitro par les amines 5HT, ou DA 

ou NA.

!A) Chaque amine a été ajouté à la solu!on saline contenant le NMA (15 µM), un acide aminé excitateur 

agoniste du récepteur NMDA. L’ac!vité est enregistrée en extracellulaire au niveau des racines ventrales 

lombaires L2 bilatérales (lL2, rL2) et de la racine L5 gauche (lL5) sur une prépara!on de moelle épinière 

isolée. (!) Valeurs moyennes de la période locomotrice obtenues pour différentes concentra!ons d'amines. 

Un effet dose-dépendant est observable uniquement pour la dopamine. (") Coefficients de varia!ons (COV) 

de la période des cycles locomoteurs pour chaque amine (NMA 15 µM, 5HT 15 µM, 50 µM DA, NA 50 µM), 

montre que la noradrénaline NA déclenche une ac!vité motrice plus instable. (D) Amplitudes rela!ves 

moyennes normalisées par rapport à l'amplitude observée en condi!on NMA-5HT (barre verte). La 

dopamine et la noradrénaline augmentent l’amplitude des bouffées d’ac!vité motrice au niveau des racines 

lombaires ventrales. Dans ce$e figure et dans les figures suivantes, le nombre indiqué sur chaque barre de 

l’histogramme indique le nombre d'expériences. * p <0,05.
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Figure 2 : Comparaison de l'ac!va!on du réseau locomoteur axial in vitro par les amines 5HT, ou DA ou 

NA.

!A) Chaque amine a été ajoutée à la solu!on saline contenant 15 µM de NMA. L’ac!vité a été enregistrée 

au niveau de la sixième et de la onzième racines ventrales thoraciques gauches (lT6, lT11), de la seconde 

racine ventrale lombaire gauche (lL2), et au niveau de la première et de la troisième racines ventrales 

sacrées gauches (lS1, lS3). (!) L’histogramme indique le pourcentage d'expériences dans lesquelles 

l'ac!vité motrice rythmique a été observée à un niveau segmentaire donné. Dans ces expériences, 

l'ac!vité locomotrice lombaire était toujours exprimée. (") Amplitude moyenne rela!ve normalisée par 

rapport à l’amplitude observée en condi!on NMA / 5HT (barre verte). Notez la sensibilité élevée des 
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Figure 3 : Contrôle des rela!ons de phase par la 5HT, DA, ou NA. 

!A) Cycles locomoteurs moyennés et répétés, obtenues au cours de l'ac!vité locomotrice induite 

par une combinaison de NMA (15 µM) et l'une des trois amines (5HT 15 µM, DA 50 µM; NA 50 µM). 

L’amplitude des bouffées a été normalisée. Noter le décalage des  rela!ons de phases se produisant 

dans les segments thoraciques et sacrés par rapport à la racine de référence L2. (!) Diagrammes 

circulaires montrant les valeurs de phase moyennes de l'ac!vité motrices dans les six racines 

ventrales enregistrées par rapport à la racine ventrale L2, en présence de chacune des trois amines. 

Chaque point est une valeur de phase mesurée dans une expérience. La direc!on du vecteur 

représente la valeur moyenne de phase de l’ensemble des expériences, et sa longueur indique la 

force de couplage. Les données ont été regroupées à par!r de toutes les concentra!ons testées. 

i : ipsilatérale; c : controlatéral. * p <0,05
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Figure 4 : Comparaison de l'ac!va!on du réseau locomoteur in vitro par diverses combinaisons de NMA et 

5HT / DA / NA.
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Figure 5 : Contrôle des rela!ons de phase par diverses combinaisons de NMA et 5HT / DA / NA.

!A) Cycles locomoteurs moyennés et répétés, obtenues au cours de l'ac!vité locomotrice induite par la 

perfusion de NMA (15 µM) et d’une combinaison des trois différentes amines. (!) Diagrammes  circulaires 

représentant les valeurs de phases moyennes calculées pour les six racines ventrales, par rapport à la racine 

de référence L2 en présence de NMA et des différents cocktails d’amines. Chaque point est une valeur de 

phase mesurée dans une expérience. La direc!on du vecteur représente la valeur moyenne de phase de 

l’ensemble des expériences, et sa longueur indique la force de couplage. Toutes les données présentées sont 

obtenues aux concentra!ons de drogues suivantes: NMA, 15 µM; 5HT, 15 µM; DA 50 µM; NA 50 µM. 

* p <0,05.
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Figure 1 : Ac!vité spinale en réponse à une simula!on du nerf ves!bulaire

!!) Présenta!on du disposi!f expérimental. ("#) La s!mula!on de la VIIIème paire de nerf crânien 

déclenche une ac!vité motrice sur l’ensemble des racines cervicales (C8), thoraciques (T7) et lombaires 

(L2 et L5). ("$) Traces rec!fiés et moyennés de l’enregistrement de la figure B1. Ce traitement du signal 

permet une meilleure détec!on du début des bouffées. (%) Histogramme représentant le délai 

d’appari!on des bouffées dans chacun des segments spinaux enregistrés. Le trait noir représente la 

droite de régression linéaire au niveau des segments cervicaux et thoraciques. (&) Histogramme illustrant 

le pourcentage de prépara!ons ayant répondu à une s!mula!on à une s!mula!on du nerf VIII (en noir), 

et le pourcentage n’ayant pas présenté de réponse (en gris), dans chaque segments enregistrés. ('"#

Illustra!on d’un épisode de locomo!on fic!ve enregistré au niveau des racines thoracique (T7), et 

lombaires  L2 et L5 droites et gauches (r et l respec!vement), déclenché par une s!mula!on du nerf VIII. 

i, ipsilatéral; c, contralatéral.
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Figure 2. : Caractérisa!on des voies ves!bulospinales.

!!") Le panneau du haut présente le disposi!f expérimental. La s!mula!on du nerf VIII déclenche une 

réponse motrices dans les racines cervicales (C8), thoraciques (T7) et lombaires (L2 et L5). (!#) La perfusion 

d’une solu!on de haut calcium- haut magnésium sur les segments cervicaux et thoraciques (panneau du 

haut) bloque l’ac!vité au niveau de ces racines respec!ves (panneau du bas). L’ac!vité enregistrée au niveau 

des racines lombaires L2 et L5 persiste dans ce"e condi!on. ($") Ac!vité enregistrée au niveau de la racine 

lombaire L2 lors d’une s!mula!on du nerf VIIII. Un poten!el postsynap!que excitateur est enregistré en 

intracellulaire  dans un motoneurone fléchisseur lombaire L2. Le délai d’appari!on de l’ac!vité extracellulaire 

et intracellulaire est indiqué sous chaque trace. ($#) La perfusion d’un milieu de haut calcium–haut 

magnésium sur les segments lombaires (panneau du haut) supprime l’ac!vité en extracellulaire (L2) et 

diminue la réponse enregistrée en intracellulaire (MN L2) (panneau du bas). Le délai d’appari!on de l’ac!vité 

intracellulaire est indiqué sous la trace. i, ipsilatéral; c, contralatéral.
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Figure 3 : Caractérisa!on de la réponse intracellulaire des motoneurones lombaires en réponse à une 

s!mula!on ves!bulaire.

!!") : La réponse déclenchée par une s!mula!on du nerf VIII est enregistrée en extracellulaire au niveau 

des racines lombaires L2 bilatérales (iL2 et cL2), et en intracellulaire au niveau d’un motoneurone L2 

ipsilatérale à la s!mula!on (MN1 iL2) (panneau de gauche). Lors de ce"e s!mula!on, le motoneurone se 

dépolarise et émet un PPSE après chaque s!mula!on. Le tracé du bas (panneau de droite) montre un 

agrandissement de l’ac!vité du motoneurone. Le tracé rouge représente le PPSE moyen du train de 

s!mula!on. (!#) Un second motoneurone enregistré du côté ipsilaérale au nerf  VIII s!mulé (MN2 iL2) 

présente un patron moteur différent du MN1. En réponse à la s!mula!on, ce motoneurone se dépolarise 

mais n’émet pas de PPSEs réguliers après chaque s!mula!on comme le révèle l’agrandissement sur le tracé 

du bas ou la moyenne des PPSEs (tracé rouge). ($") La réponse déclenchée par une s!mula!on du nerf VIII 

est enregistrée en extracellulaire au niveau des racines lombaires L2 bilatérales (iL2 et cL2), et en 

intracellulaire au niveau d’un motoneurone L2 contralatéral à la s!mula!on (MN1 cL2) (panneau de 

gauche). Lors de ce"e s!mula!on, le motoneurone émet un PPSI après chaque s!mula!on. Le tracé du bas 

(panneau de droite) montre un agrandissement de l’ac!vité du motoneurone. Le tracé rouge représente 

PPSI moyen du train de s!mula!on.  Le motoneurone de la figure A1 est le même que celui de la figure B1 

(MN1). ($#) Un motoneurone enregistré du côté ipsilaérale au nerf  VIII s!mulé (MN3 cL2) présente une 

hyperpolarisa!on de son poten!el de membrane mais n’émet pas de PPSIs réguliers après chaque 

s!mula!on comme le révèle l’agrandissement sur le tracé du bas ou la moyenne des PPSIs (tracé rouge). i, 

ipsilatéral; c, contralatéral.
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Figure 4 : Plasticité dépendante de la fréquence de stimulation des a érences vestibulaires aux 

synapses des motoneurones lombaires ipsilatéraux. 

(A) L’amplitude des potentiels post-synaptiques excitateurs (PPSE) enregistrés à partir d'un motoneurone 

tenu à -60 mV, et représenté en fonction du nombre de stimuli dans le train, révèle une facilitation à court 

terme en réponse aux trains de stimulations appliqués au niveau du nerf vestibulaire à des fréquences de 

plus en plus élevées (0,2Hz, 2Hz, 5Hz). Le panneu du haut montre le PPSE moyen calculé sur la base ds 30 

stimulations du train. (B) L’amplitude des PPSEs représentés en fonction du nombre de stimuli dans des 

train de 0,2Hz et 5Hz, révèle un dépression  synpatique. Les PPSEs moyens pour ces deux trains de 

stimulations sont réprésentés dans le panneau du haut.
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Figure 5 : Reinitialisation de la locomotion.

(A1) Dans 77% des préparations, une stimulation du nerf vestibulaire appliqué à 70% du cycle entraîne un 

retard de la bou ée d’activité suivante en L2 ipsilatérale (A2) et dans 33% des préparations provoque une 

avance de la décharge de la bou é suivante. (A3) La stimulation appliquée à 0% du cycle provoque en 

retard de la décharge au niveau de la racine L2 ispilatérale dans 100% des préparations testées. (B) 

Représentation schématique d’un cycle moteur. Les rectangles gris indiquent les phases du cycle 

locomoteur dans lesquelles une stimulation provoque un recadrage de l’activité motrice. (C) 

Histogramme montrant l’évolution de la période locomotrice avant et après la reinitialisation. (D) Une 

stimulation de 10 secondes du  nerf vestibulaire provoque des modi"cations de l’amplitude des bou ées 

d’activités motrices enregistrées bilatéralement au niveau lombaire L2 et L5. i, ipsilatéral; c, contralatéral.

iL2

cL2

iL5

cL5

iL2

cL2

iL5

cL5

iL2

cL2

iL5

cL5



! ")&!

M&'#,''&3%*

6@*5"+3%')'*(3./&#)'*X*,%)*'.&(,0$.&3%*2,*%)/T*O===*

8% ?/;KB*% B/>+*% ;[['=CR*% (?*C,'=[R_)K=?=TK]>*% *L,';C*??>?;K'*% *,% K+,';C*??>?;K'*Q% +=>)%

;J=+)% [>% (,>BK*'% ?*)% C=++*LK=+)% M=+C,K=++*??*)% *+,'*% ?*)% +=_;>L% J*),KE>?=)[K+;>L% *,% ?*)%

BKMM('*+,)% )*TD*+,)% B*% ?;%D=*??*% ([K+Kc'*Q% ;>% '*[=)% *,% ;>% C=>')% B*% ?;% ?=C=D=,K=+% `fKT^%Yb^%

./;C,KJ;,K=+%B*)%+=_;>L%J*),KE>?;K'*)%)/*),%M;K,*%B*%D;+Kc'*%K+BK'*C,*%[;'%>+*%)KD>?;,K=+%B*)%

;MM('*+C*)% B>% +*'M% 3222^% x% C;>)*% B*% ?KDK,;,K=+)% ,*CR+K]>*)Q% ?;% ,=,;?K,(% B>% +*'M% 3222% ;% (,(%

),KD>?(Q% );+)% )([;'*'% ?*)% C=D[=);+,*)% J*),KE>?;K'*)% *,% ;>BK,KJ*)^% 5*% [?>)% K?% +=>)% *),%

KD[=))KE?*%B*%)([;'*'%?*)%;MM('*+C*)%*+%['=J*+;+C*%B*)%BKMM('*+,*)%),'>C,>'*)%J*),KE>?;K'*)%

`='T;+*)% =,=?K,RK]>*% *,% C;+;>L% )*DKOCK'C>?;K'*b^% #+% *MM*,Q% ?;% [*,K,*% ,;K??*% B>% )_),cD*%

?;E_'K+,RK]>*%CR*g%?*%';,%+=>J*;>O+(%'*+B%>+*%BK))*C,K=+%['(CK)*%KD[=))KE?*^%:R*g%?;%)=>'K)%

;B>?,*Q%>+*%;C,KJ;,K=+%)(?*C,KJ*%B*)%;MM('*+C*)%*+%['=J*+;+C*%)=K,%B*)%='T;+*)%=,=?K,RK]>*%

)=K,%B*)%C;+;>L% )*DKOCK'C>?;K'*)%T(+c'*%>+*% '([=+)*%;>%+KJ*;>%B*)%D=,=+*>'=+*)% )[K+;>L%

`!;e*D>';%q% SK+TQ% FGGAp% $R*_eR=?*)?;DK% (%# )*+Q% FGGVb^% .;% '([=+)*% *+'*TK),'(*% B;+)% +=,'*%

(,>B*%*),%B=+C%B>*%-%?/;C,KJ;,K=+%B*%?/*+)*DE?*%B*%C*)%;MM('*+C*)^%

:=DD*% ['(C(B*DD*+,% B(D=+,'(% CR*g% ?;% )=>'K)% `S;)>D;CKC% (%# )*+Q% FGHGbQ% ?;%

),KD>?;,K=+% B>% +*'M% 3222% [*'D*,% B*% B(C?*+CR*'% >+*% ;C,KJK,(%D=,'KC*% )*% ['=[;T*;+,% '=),'=O

C;>B;?*D*+,% ?*% ?=+T% B*% ?;%D=*??*% ([K+Kc'*^%1=>)% ;J=+)% '*D;']>(%]>/K?% *LK),*% >+% [=K+,% B*%

'>[,>'*%B;+)% ?;%JK,*))*%B*%['=[;T;,K=+%B*%C*,,*%;C,KJK,(%*+,'*% ?*)%)*TD*+,)% ,R=';CK]>*)%*,%

?=DE;K'*)%`fKT^%H:b^%1=>)%;J=+)%J>%]>*%C*)%J=K*)%J*),KE>?=)[K+;?*)%['=m*,,*+,%[=>'%[;',K*%B*%

D;+Kc'*% BK'*C,*% )>'% ?*)% )*TD*+,)% ?=DE;K'*)% );+)% '(;?K)*'% B*% '*?;K)% ;>% +KJ*;>% C*'JKC;?% *,%

,R=';CK]>*%`fKT^%F8bQ%*,%]>*%?*%B(?;K%B/;[[;'K,K=+%B*%?;%'([=+)*%;>%+KJ*;>%?=DE;K'*%B;+)%C*,,*%

C=+BK,K=+% *),% )KDK?;K'*% -% C*?>K% *+'*TK),'(% *+% C=+,'\?*^% :*?;% )>TTc'*% ]>*% ?*)% D(C;+K)D*)%

KD[?K]>()%B;+)%?*%CR;+T*D*+,%B*%?;%JK,*))*%B*%?;%['=[;T;,K=+%)*%)K,>*+,%;>%+KJ*;>%?=DE;K'*^%

1=>)% ;J=+)% J>% ]>/>+*% [;',K*% B*)% J=K*)% J*),KE>?=)[K+;?*)% '(;?K)*% >+% '*?;K)% ;>% +KJ*;>%

['(D=,=+*>'=+;?% ;J;+,% B/;C,KJ*'% ?*)% D=,=+*>'=+*)% ?=DE;K'*)% .F% `fKT^% F6b^% :*% B(?;K%

K+,*')*TD*+,;K'*% *+,'*% ?*)% '(TK=+)% ,R=';CK]>*)% *,% ?=DE;K'*)% [=>'';K,% a,'*% C;>)(% [;'% ?;%

['()*+C*% B*)% :&<)^% #+% *MM*,Q% C*,,*% '>[,>'*% B*% ?;% JK,*))*% B*% ['=[;T;,K=+% D(,;CR'=+;?*%

';[[*??*% C*??*%=E)*'J(*%;>%C=>')%B*% ?;%+;T*%CR*g% ?;% );?;D;+B'*% `5*?J=?J(%(%#)*+Q% HVVVbQ%=n%

>+*%JK,*))*%B*%['=[;T;,K=+%+=+%>+KM='D*%;%(,(%*+'*TK),'(*% ?*% ?=+T%B*)%BKMM('*+,*)% '(TK=+)%



cT7

iL2

cL2

iL5

cL5

30s,  5Hz 30s,  5Hz

10s 10s

30s, 5Hz

iL2

cL2

iL5

cL5

cT7

40s, 5Hz

10s 10s

A1 A2

B C + Low Ca/High Mg on compartment C

NMA/5HT

NMA/5HT

C

Figure 6 : Effet d’une s"mula"on des noyaux ves"bulaires sur la locomo"on.

!!") Une s!mula!on du nerf VIII de 40s augmente l’amplitude des bouffées motrices déclenchées par la 

perfusion de  NMA/5HT sur l’ensemble de la prépara!on dans 50% des prépara!ons, (A2) et perturbe l’ac!vité 

rythmique dans les 50% autres prépara!ons. (#) Au cours d’une ac!vité de locomo!on fic!ve lombaire 

déclenché par la perfusion des segments lombo-sacrés uniquement, la s!mula!on du nerf VIII déclenche un 

bouffée d’ac!vité tonique au niveau thoracique et perturbe la régularité du rythme lombaire. ($) Dans ce$e 

même condi!on, la perfusion des segment cervicaux et thoraciques (compar!ment C) par un milieu bas 

calcium-haut magnésium bloque l’ac!vité au niveau thoracique. La s!mula!on du nerf VIII ne déclenche 

aucune perturba!on dans le rythme lombaire. i, ispilatéral; c, contralatéral.
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Figure 7: Schéma récapitul!f des connexions ves!bulospinales.
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ves bulospinaux proje"ent sur l'ensemble de la moelle épinière, de manière bilatérale. Nous avons 

montré une projec on sur le réseau locomoteur lombaire et les motoneurones lombaires. Il reste à 

déterminer les projec ons ves bulospinales sur les réseaux axiaux et le réseau locomoteur cervical.
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Figure 1 : Représenta!on schéma!que des voies de projec!ons impliquées dans le couplage des

réseaux thoraciques et lombaires, et des voies ves!bulospinales.
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Figure 2 : Contrôle de l’ac!vité des nerfs moteurs extraoculaires par la moelle épinère, chez le Xénope.

!!") Prépara!on de moelle épinière-tronc cérébral in vitro de larve de Xénope illustrant le disposi!f 

expérimental. (!#) Les bouffées d’ac!vités rythmiques sont coordonnées entre la racine ventrale spinale 12 

(noir) et les nerfs moteurs extraoculaires gauche (bleu) et droit (rouge). Les panneaux inférieurs montrent 

la décharge lors des cinq cycles présentés dans le panneau supérieur, et la décharge moyenne (±SEM, zone 

ombrée sur chaque trace) pour un cycle locomoteur moyen, calculé à par!r de 25 cycles consécu!fs. 

(modifié d'apès Lambert !"#$%&' 2012) ($") Prépara!on de moelle épinière-tronc cérébral in vitro de Xénope 

juvénile illustrant le disposi!f expérimental. ($#) L’ac!vité enregistrée au niveau des nerfs extraoculaires 

(ri-Ocl, le-Ocl, ri-Abd) est coordonnée avec l’ac!vité motrice enregistrée au niveau du nerf extenseur droit 

lors d'épisodes de nage fic!ve spontannés (ri-Ext). (modifié d'apès von Uckermann !"#$%&' 2013)
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Studies devoted to understanding locomotor control have mainly addressed the functioning

of the neural circuits controlling leg movements and relatively little is known of the operation

of networks that activate trunk muscles in coordination with limb movements. The aim

of the present work was (1) to identify the exogenous neurotransmitter cocktail that

most strongly activates postural thoracic circuitry; (2) to investigate how the biogenic

amines serotonin (5-HT), dopamine (DA), and noradrenaline (NA) modulate the coordination

between limb and axial motor networks. Experiments were carried out on in vitro isolated

spinal cord preparations from newborn rats. We recorded from ventral roots to monitor

hindlimb locomotor and axial postural network activity. Each combination of the three

amines with excitatory amino acids (EAAs) elicited coordinated rhythmic motor activity at

all segmental levels with specific characteristics. The variability in cycle period was similar

with 5-HT and DA while it was significantly higher with NA. DA elicited motor bursts of

smaller amplitude in thoracic segments compared to 5-HT and NA, while both DA and NA

elicited motor bursts of higher amplitude than 5-HT in the lumbar and sacral segments.The

amines modulated the phase relationships of bursts in various segments with respect

to the reference lumbar segment. At the thoracic level there was a phase lag between

all recorded segments in the presence of 5-HT, while DA and NA elicited synchronous

bursting. At the sacral level, 5-HT and DA induced an intersegmental phase shift while

relationships became phase-locked with NA. Various combinations of EAAs with two or

even all three amines elicited rhythmic motor output that was more variable than with one

amine alone. Our results provide new data on the coordinating processes between spinal

cord networks, demonstrating that each amine has a characteristic “signature” regarding

its specific effect on intersegmental phase relationships.

Keywords: dopamine, serotonin, noradrenaline, locomotion, posture, spinal cord, neuromodulation

INTRODUCTION

The achievement of efficient locomotory movements necessary

for survival in a demanding external environment requires the

integrated functioning and synergistic action of many mus-

cle groups in order to ensure the appropriate positioning of

all body regions during self-motion (Cazalets, 2000; Falgairolle

et al., 2006). However, most studies devoted to understand-

ing locomotor control in humans and quadrupeds (Rossig-

nol, 1996; Duysens and Van de Crommert, 1998) have only

addressed the functioning of the neural circuits controlling

leg movements, and relatively little is known about the func-

tioning of neuronal networks that activate trunk muscles in

coordination with limb movements (Thorstensson et al., 1982;

Koehler et al., 1984; Zomlefer et al., 1984; Gramsbergen et al.,

1999; De Sèze et al., 2008; Rauscent et al., 2009; Combes et al.,

2012). Similarly, the role of the forelimbs during locomotion

remains poorly understood (Akazawa et al., 1982; Duenas et al.,

1990; Ballion et al., 2001; Zehr and Duysens, 2004). Indeed all

these motor networks do not operate in isolation but interact

with each other, and it is only recently that increasing atten-

tion has been paid to the interactive functioning of various

spinal segments in quadrupedal mammals and humans during

locomotion (Cazalets, 2000; Wannier et al., 2001; Dietz, 2002;

Falgairolle et al., 2006, 2013; Maclellan et al., 2011; Nakajima et al.,

2013).

Several seminal reviews (Harris-Warrick, 2011; Miles and Sil-

lar, 2011) have recently highlighted the role of neuromodulators

in governing the functional flexibility of spinal circuitry. The

motor networks responsible for locomotor activity and which

are the potential targets of neuromodulators are intrinsic to the

spinal cord and can generate rhythmic motor activity in the

absence of sensory feedback. The cervical and lumbar enlarge-

ments contain the neural machinery necessary to operate the

fore- and hind-limbs, respectively, while thoracic and sacral

segments control the axial systems. As underlined by Harris-

Warrick (2011), neuromodulatory actions are required for the

normal function of these networks. In using the in vitro iso-

lated spinal cord from new born rat, the neuromodulatory impact

of the three biogenic amines serotonin, dopamine (DA), and

noradrenaline (NA) on locomotion has been extensively stud-

ied. Their effect had been previously established for the motor

activity generated by the lumbar segments and subsequent stud-

ies further investigated aspects of their pharmacological features

(Cazalets et al., 1992; Kiehn and Kjaerulff, 1996; Kiehn et al.,
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1999; Sqalli-Houssaini and Cazalets, 2000; Barriere et al., 2004;

Madriaga et al., 2004; Pearlstein et al., 2005; Gordon and Whelan,

2006; Liu et al., 2009). It has been shown that they may dif-

ferentially modulate a motor pattern according to the specific

receptor subtypes they activate (for review, see Miles and Sil-

lar, 2011). 5-HT exerts an excitatory (permissive) effect through

an activation of 5-HT2 and 5-HT7 receptors (Madriaga et al.,

2004; Pearlstein et al., 2005; Liu et al., 2009) or an inhibitory

(suppressive) action through 5-HT1 receptor activation (Beato

and Nistri, 1998) on motoneurons or interneurons (Zhong et al.,

2006a). Similarly, NA (Kiehn et al., 1999; Sqalli-Houssaini and

Cazalets, 2000), exerts a multi-modal control of lumbar loco-

motor networks through an α1 receptor mediated activation and

an α2 receptors mediated inhibition (Sqalli-Houssaini and Caza-

lets, 2000; Gabbay et al., 2002; Gordon and Whelan, 2006). The

dopaminergic modulation of lumbar locomotor patterns (Kiehn

and Kjaerulff, 1996; Whelan et al., 2000; Madriaga et al., 2004)

is mediated via D1 and D2 receptor activation leading to an

increase in motoneuron and Hb-9 interneuron excitability (Han

et al., 2007). Most of the effects reported for these drugs were also

found to occur in spinally transected adult rodents (Landry et al.,

2006; Lapointe and Guertin, 2008; Lapointe et al., 2008, 2009).

Surprisingly, however, despite the numerous studies that have

investigated the individual action of each amine alone or in com-

bination with excitatory amino acids (EAAs), there has not been

a study that has systematically compared the action of the three

amines, alone or in various combinations, on locomotor pattern

genesis.

The aim of the present study therefore was (1) to identify

the neuromodulator mixture that most strongly activates spinal

motor networks involved in hindlimb and axial muscle control;

(2) to investigate how the biogenic amines serotonin (5-HT), DA,

and NA, shape the operation of and the interactions between

the limb and axial motor networks during ongoing locomotor-

like rhythmogenesis initiated by excitatory amino-acid receptor

activation.

MATERIALS AND METHODS

Experiments were performed on the in vitro isolated spinal cord

of newborn Sprague–Dawley rats aged between 1 and 5 post-natal

days (P1–P5, n = 25 preparations). All procedures were conducted

in accordance with the local ethics committee of the University of

Bordeaux and the European Committee Council Directive. All

efforts were made to minimize animal suffering and to reduce the

number of animals.

IN VITRO ISOLATED SPINAL CORD

Rat pups were anesthetized using isofluorane until no reflex could

be elicited in response to tail or toe pinching. Animals were decap-

itated, the skin of the back removed, and the preparations were

placed ventral side up in a dissecting chamber. A laminectomy was

performed to expose the spinal cord that was then dissected out

using fine forceps and microscissors under binocular microscope

control. Dissections and recording procedures were performed

under the continuous perfusion of an artificial cerebrospinal fluid

(aCSF) equilibrated with 95% O2–5% CO2, pH7.4 at room tem-

perature (24–26◦C) and containing (mM): NaCl 130, KCl 3, CaCl2

2.5, MgSo4 1.3, NaH2PO4 0.58, NaHCO3 25 and glucose 10.

Spinal cords were sectioned at the T2 level at the beginning of

the experiment.

ELECTROPHYSIOLOGICAL RECORDINGS AND ANALYSIS

Extracellular motor activities were recorded from various spinal

cord ventral roots using Vaseline-insulated, stainless steel pin elec-

trodes at the lumbar level and glass suction electrodes for the

shorter thoracic ventral roots. Recorded activities were amplified

using custom-made amplifiers then digitized (Digidata 1322A,

Molecular Device, CA, USA) using an interface driven by Axo-

graph software (Axograph, AU). The raw signals were high-passed

(50 Hz), rectified and integrated before analysis. Burst amplitudes

(trough to peak) and locomotor pattern cycle periods were cal-

culated using a program developed in Matlab (Mathworks) based

on burst onset and offset detection. Since it is not possible to

compare absolute amplitude values of extracellular data between

experiments, we calculated only the relative change in amplitude

from a control condition. Such amplitude changes could be either

due to changes in firing frequency of already active motor units or

to a recruitment of previously silent units. Due to the difficulty in

establishing stable and persistent rhythmic locomotor-like activ-

ity with bath-application of EAAs alone, the combination of EAAs

and 5-HT that is the most commonly used cocktail to induce

locomotor-related activity in vitro (Sqalli-Houssaini et al., 1993)

was taken as the reference condition to compare the actions of the

amines.

We used recordings at L2 as the reference trace because it

invariably exhibited the best signal-to-noise ratio. Pair-wise phase

relationships between bursting activities recorded simultaneously

from different ventral roots were calculated using wavelet trans-

form analysis (for an extensive description of the method see

Grinsted et al., 2004; Mor and Lev-Tov, 2007; Torrence and

Compo, 2010). For this purpose, we used custom-made soft-

ware based on the MatLab wavelet coherence package provided

by Aslak Grinsted (http://noc.ac.uk/using-science/crosswavelet-

wavelet-coherence). For each pair-wise recording we performed

both a cross wavelet transform and a wavelet coherence determi-

nation. The results obtained with both algorithms were combined

into a single time-frequency map so as to extract phase relation-

ships from delineated coherent common high power frequency

regions. Phase values were plotted as a circular representation

(0–1 rad), with the mean phase being indicated by the direction

of the vector, and its length (range from 0 to 1) indicating the

strength of the mean.

PHARMACOLOGY

Episodes of locomotor-like activity were elicited by the exogenous

application of a mixture of 15 µM N-methyl-D,L-aspartate (NMA,

Sigma) and serotonin (5-HT, Sigma) and/or DA (Sigma), and/or

NA (Sigma). DA and NA were freshly prepared and protected from

light exposure during bath superfusion in order to prevent photo-

degradation. Sodium metabisulfite (0.1%; Sigma) was also added

to the DA supply in order to prevent oxidation (Barriere et al.,

2004). Drugs were bath-applied using a peristaltic pump (flow

rate 4 ml/min; recording chamber volume 4 ml). The effects of the

drugs were monitored from 5 to 10 min after reaching the Petri
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dish (the time required for total replacement of the normal saline

and diffusion into the tissue).

Different drug combinations were tested on the same prepa-

ration in a random order except for DA. Since we previously

demonstrated that high DA concentrations (500 µM) may exert

long-lasting effects on the in vitro newborn rat spinal cord (Bar-

riere et al., 2004), this amine was always tested after the other

amines in a given experiment and at a 10 times lower concentra-

tion than that found to exert prolonged actions (i.e., 50 µM instead

of 500 µM). When different drug concentrations were tested in

the same preparation, we always began with the lowest concen-

tration. Total drug application lasted 20 min. During an episode

of locomotor-like activity, cycle periods were initially longer and

then shortened progressively until stable rhythmicity was reached

within 5 min (Sqalli-Houssaini et al., 1993; Cazalets et al., 1999).

All measurements were performed on 30 consecutive cycles dur-

ing this steady-state condition. Each drug bath-application was

followed by a prolonged wash out with normal saline for at least

30 min.

STATISTICAL ANALYSIS

Data were tested for normality, and in its absence, non-parametric

analysis was applied. Statistical analyses were performed using

Prism software (Graphpad software, CA, USA). The coefficient of

variation (COV), known as “relative variability,” was determined

by the SD divided by the mean and expressed as a percent. In each

experiment it was calculated from the same recording sequence as

the motor period and amplitude. The degree of variability (or sta-

bility) of the motor pattern cycle period was assessed by computing

the COV. Comparisons between conditions were performed using

Student’s t-test, one-way or two-way ANOVA with Tukey’s test

post hoc analysis. The equality of group variance was tested using

the Bartlett’s test or the F test.

Statistical analyses of circular data were performed on raw data

by descriptive statistics of circular distribution using IgoPro soft-

ware (Wavemetrics, OR, USA) and Oriana software (KCS, UK).

The Rayleigh test was used to determine the coupling strength.

The Watson–Williams test (a circular analog of the one-factor

ANOVA, Berens, 2009) and a non-parametric second-order two-

sample test (which is less sensitive to departure from normality)

consisting of pre-processing where the grand mean is subtracted

from the two inputs followed by application of Watson’s U2-test

(IgoPro software, Wavemetrics, OR, USA) were used.

The significance threshold was taken to be p < 0.05 unless

otherwise specified. All data values in the text are means ± SEM.

RESULTS

Since no direct comparison of the neuromodulatory action of the

three monoamines 5-HT, NA and DA has been so far reported,

we first established how they each modulate the basic rhythmic

motor activity elicited by EAAs. For this purpose we recorded

ipsi- and contra-lateral L2 and L5 lumbar ventral roots to respec-

tively monitor the flexor and extensor phases of the motor pattern

cycle (Figures 1A1–A3). From a given experiment we selected

representative episodes of locomotor-like activity with compara-

ble cycle periods elicited by the conjoint bath-application of the

EAA agonist NMA and one amine in order to highlight possible

differences between other parameters (such as COV, phase rela-

tionship, and motor burst amplitude). Several parameters that

characterize the ongoing locomotor patterned activity were then

calculated, namely the cycle period (the time that separates the

onsets of two successive bursts of activity, Figure 1B), the COV

of cycle period which is an index of the temporal regularity of the

motor pattern (Figure 1C) and the burst amplitude (Figure 1D).

As previously found (Sqalli-Houssaini and Cazalets, 2000; Barriere

et al., 2004), there was a significant dose-dependent action for DA

on cycle period (one-way ANOVA, F = 6.06, p = 0.0016) but not

for NA (one-way ANOVA, F = 0.8, p = 0.5) and 5-HT (Student’s

t-test, t = 1.53, p = 0.14), over the range of concentrations tested.

In the present study, subsequent experiments were performed

using DA at 50 µM, an intermediate concentration in the dose-

dependent range. When comparing the variance of cycle period

in the presence of the three amines at the concentrations used in

Figure 1A (and throughout the study), we found that values were

significantly different (Bartlett’s test for equal variance, Bartlett’s

statistics = 10.5, p = 0.005). This variability in cycle period

revealed by the COV calculation (Figure 1C), was comparable

for NMA/5-HT and NMA/DA (9.3 ± 1.3% and 11 ± 2%, respec-

tively) while it was significantly higher for NMA/NA (20.7 ± 2.8%,

one-way ANOVA, F = 10.5, p = 0.0002). For each amine, there

was no evident dose-dependency for period variability. Figure 1D

shows the relative changes in motor burst amplitude. For each

trial, the mean burst amplitude of activity in an individual ventral

root under NMA/5-HT was considered as the control condition

and measurements under other pharmacological conditions were

normalized to this value. Both DA and NA significantly increased

the amplitude of flexor (L2) and extensor (L5) motor bursts.

Altogether, these results confirm the previously reported indi-

vidual effects of the amines on EAA-induced locomotor-related

rhythmicity, although our comparative assessment indicates that

each amine exerts a specific action on hindlimb motor network

activity.

In a next step, we tested which amine most strongly activates

the axial and hindlimb motor networks. Figure 2A presents typi-

cal simultaneous recordings from thoracic (T6 and T11), lumbar

(L2) and sacral (S1, S3) ipsilateral ventral roots obtained from

the same experiment in the presence of NMA and successively

5-HT (A1), DA (A2), and NA (A3) at amine concentrations

that elicited motor rhythms with similar cycle periods. Each

amine elicited coordinated motor burst at all segmental levels,

although with qualitative differences. Visual trace inspection sug-

gests that the most striking changes took place in the sacral

burst amplitude in the presence of DA and especially NA. In

the thoracic region, motor bursts were more distinguishable

in the presence of 5-HT than either DA or NA. Figure 2B

indicates the proportion of experiments in which motor bursts

were recorded from thoracic and sacral segments when sus-

tained lumbar locomotor-like activity was elicited as defined in

Figure 1. In this respect, 5-HT and NA were noticeably more

effective than DA. Moreover, relative amplitude calculations indi-

cate that burst amplitudes in thoracic segments were significantly

decreased by DA (Figure 2C; paired Student’s t-test, t = 5.4,

p = 0.0002), while burst amplitude in the sacral segments was

significantly increased by DA (Figure 2C; paired Student’s t-test,
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FIGURE 1 | Comparison of lumbar locomotor network activation in vitro

by 5-HT, or DA or NA. (A) Each amine was added to the bathing saline

containing the NMDA excitatory amino acid receptor agonist NMA (15 µM),

while extracellular recordings were made from the second left and right

lumbar ventral root (lL2, rL2) and the fifth left lumbar ventral root (lL5) of the

isolated spinal cord. (B) Plots of mean cycle period value obtained for

different amine concentrations. A dose-dependent effect is only observable

for DA. (C) Plots of the coefficient of variation (COV) of cycle period for each

amine (NMA 15 µM, 5-HT 15 µM, DA 50 µM, NA 50 µM), indicating that NA

leads to a more unstable motor activity. (D) Plots of mean relative amplitude

changes normalized to the amplitude observed in the NMA/5-HT condition

(green bar). DA and NA elicit larger burst amplitude in the lumbar ventral

roots. In this and in subsequent figures, the number on each bar histogram

indicates the number of experiments. ∗p < 0.05.

t = 2.8, p = 0.03) and NA (Figure 2C; Student’s t-test, t = 4.5,

p = 0.006).

Since the combination of NMA and the amines elicited coor-

dinated rhythmic motor activity in the various spinal cord areas,

we examined whether, in addition to their effects on cycle period

and burst amplitude, they were able to shape locomotor-related

activity by modulating the phase relationships between the vari-

ous segmental levels. Phase relationships were calculated by taking

the ipsilateral L2 ventral root recording as the reference trace

(see Materials and Methods). Figure 3A presents averaged indi-

vidual cycles replicated in a continuous sequence to reveal the

rhythmic nature of the activity (see Figure 6A in Falgairolle and

Cazalets, 2007), in the presence of each of the three amines.

Each time a burst was detected in the reference L2 trace, it

was sampled with the other associated recorded traces. Individ-

ual cycles were superimposed and then averaged. This process

allowed switching from a continuous mode of recording to an

episodic one (Figures 3A and 4B) so as to increase the signal-

to-noise ratio in order to obtain a more accurate detection of

burst peaks (Falgairolle and Cazalets, 2007). None of the amines

elicited significantly different phase relationships in the lumbar

left/right alternating pattern, the flexor and extensor coordination

nor burst durations, as indicated by the strict superimposition of

L2 and L5 traces under all three amine conditions. In contrast,

each amine established a distinct phase relationship between the

thoracic, sacral and lumbar segments. Figure 3B illustrates the

phase relationships between each recording location and reference

L2. Data were pooled for all concentrations tested as there was

no dose-dependent effect of concentration for any amine and

any ventral root (multisample Watson–Williams test, p > 0.1).

Each point in the polar plots represents the mean phase value

obtained in a single experiment, with the vector direction repre-

senting the mean phase value and its length the coupling strength.

Inspection of the polar plots reveals that with 5-HT and DA, the

phase values were more variable between experiments in the sacral

region than in the lumbar or thoracic segments. In the presence

of 5-HT there was a phase lag between lumbar and thoracic seg-

ments that was previously shown to increase significantly with

the intervening distance (Falgairolle and Cazalets, 2007), while

almost synchronous bursting occurred in the recorded thoracic

segments with no phase lag increase with segmental distance in

the presence of DA (mean vector value 0.93 in T6 and 0.88 in T11;

Mardia’s two sample U 0.08, p > 0.2, Figure 3) and NA (mean

vector value 0.94 in T6 and 0.89 in T11; Mardia’s two sample U

0.07, p > 0.2, Figure 3). At the sacral level, a significant progres-

sive phase shift relative to L2 occurred both in the presence of

5-HT (mean vector value 0.61 in S1 and 0.52 in S3; Mardia’s two

sample U 0.24, p < 0.02, Figure 3), and DA (mean vector value

0.91 in S1, 0.61 in S3; Mardia’s two sample U 0.3, p < 0.005,

Figure 3). In contrast, NA elicited a phase-locked motor pat-

tern with a similar phase relationship at all sacral levels (mean

vector value 0.97 in S1 and 0.93 in S3; Mardia’s two sample U

0.18, p > 0.05, Figure 3). These results therefore demonstrate that

each amine possesses a specific instructive “signature” regarding
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FIGURE 2 | Comparison of axial locomotor network activation in vitro by

5-HT, or DA or NA. (A) Each amine was added to 15 µM NMA-containing

saline during recordings from the sixth and eleventh left thoracic ventral roots

(lT6, lT11), the second left lumbar ventral root (lL2), and the first and third left

sacral ventral roots (lS1, lS3). (B) Plots indicating the percentage of

experiments in which rhythmic motor activity was observed at a given

segmental level. In these experiments, lumbar locomotor activity was always

expressed. (C) Plots of mean relative amplitude changes normalized to the

amplitude observed in the NMA/5-HT condition (green bar). Note the higher

noradrenergic sensitivity of the more distal segments. ∗p < 0.05.

its modulatory affect on the distributed temporal aspects of the

motor pattern.

Finally, we investigated different neuromodulatory combina-

tions by mixing EAA receptor agonists with two or even the

three amines (Figure 4). A typical experiment in which the four

drugs were added to the bath saline is shown in Figure 4A.

This neuromodulatory cocktail still elicited rhythmic motor out-

put that, at a first glance, did not differ markedly from the

condition with one amine alone. However, rhythmic bursting

was less frequently observed (67% of experiments, Table 1), in

the thoracic compartment under the multiple amine condition.

Moreover, the amines in combination elicited motor rhythms

with significantly longer cycle periods (Figure 4B; unpaired Stu-

dent’s t-test; 5-HT/DA, t = 2.96, p = 0.0057; 5-HT/DA/NA,

t = 6.82, p = 0.0001) and increased burst amplitude in the

most caudal (L5 and sacral) segments (Figure 4C; paired Stu-

dent’s t-test; 5-HT/NA in L2, t = 2.5, p = 0.04; 5-HT/NA in

L5, t = 2.5, p = 0.04; 5-HT/NA in S1, t = 4.8, p = 0.002; 5-

HT/NA/DA in S1, t = 3.5, p = 0.017). The rhythm stability,

as indicated by the COV was within the same range as values

with the mixture of NMA/5-HT or NMA/DA (see Figure 1C),

i.e. 10.4 ± 1.2% for NMA/5-HT/DA, 13 ± 2% for NMA/5-

HT/NA and 12.6 ± 3.4% for NMA/5-HT/DA/NA. Moreover,

phase analysis (Figure 4D), revealed that the flexor/extensor rela-

tionship remained extremely stable under all conditions (see also

Figure 3B). In contrast, and especially for the sacral segments, the

phase relationships generally became more variable with a very

small vector length. Interestingly, however, in the mid-thoracic

segment (T6), the phase relationships observed in the presence

of all three amines or 5-HT/DA or 5-HT/NA was close to that

observed in the presence of 5-HT alone (i.e., at about 0.19; see

Table 2).

DISCUSSION

COMBINATORY ACTION OF DRUGS ON MOTOR RHYTHM GENERATION

AND STABILITY

As pointed out by Guertin (2009) there is a need in the field

of spinal cord injury and recovery for elaborating therapeutic

strategies based on drug-induced CPG activation. Hence the iden-

tification of candidate molecules that could become first-in-class

treatments for spinal cord injured patients in animal models

becomes a prerequisite. The first objective of the present work

was therefore to determine which neuromodulator cocktail most

effectively activates spinal motor networks involved in locomo-

tion. In pioneering studies (Kudo and Yamada, 1987; Smith and

Feldman, 1987), the EAA receptor agonist NMDA was reported
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FIGURE 3 | Control of phase relationships by 5-HT, DA, or NA.

(A) Averaged and replicated cycle sequences during locomotor-like activity

induced by a combination of NMA (15 µM) and one of the three amines

(5-HT, 15 µM; DA, 50 µM; NA, 50 µM). Bursts were normalized for the

amplitude. Note phase differences relative to reference L2 bursts shift

occurring in the thoracic and sacral segments. (B) Circular plots showing

the mean phase values for burst activity in the six ventral roots recorded in

A relative to the L2 ventral root in the presence of each three amines. Each

point is the phase value measured from one experiment. The vector

direction represents the grand mean phase value and its length is a

function of the coupling strength. Data were pooled from all concentrations

tested. i; ipsilateral; c, contralateral. ∗p < 0.05.

as the first molecule to evoke locomotor-like episodes in the iso-

lated neonatal rat spinal cord. Later on, we established 5-HT as

one of the main actors in locomotor network activation in rodents

(Cazalets et al., 1990, 1992), and discovered that the combined

bath-application of 5-HT and EAA agonists was a very effective

way to reliably elicit sustained episodes of locomotor-like activ-

ity (Sqalli-Houssaini et al., 1991, 1993). Since then, it has become

the most widely used method to eliciting locomotor-like activity

in this preparation, and hundreds of reports have been released

based on this seminal observation. In contrast, only few stud-

ies have documented the combined activating action of EAA/DA

or EAA/DA/5-HT (Kiehn and Kjaerulff, 1996; Jiang et al., 1999;

Whelan et al., 2000; Juvin et al., 2005; Zhong et al., 2007; Talpalar

and Kiehn, 2010), or EAA/NA (Kiehn et al., 1999; Sqalli-Houssaini

and Cazalets, 2000), and in each case there was no clear experimen-

tal rational for employing this combined EAA/amine approach.

Surprisingly, despite the outstanding opportunity provided by

the use of an in vitro preparation, no study has systematically

addressed the issue of combined drug actions and no compara-

tive study of permissive neuromodulator interactions is available.

Although some idea of the influences of these amines together

can be gleaned indirectly from the literature, the disparity in

protocols used (saline composition, temperature, rat strain,. . .)

has prevented a direct comparison to be made. Furthermore in

most studies, motor output from only the lumbar cord region was

investigated.

An important prerequisite is to clearly define the limits and

the terms of what can be considered as the “optimal” form of

locomotor output in vitro. There is a general consensus in the

field that spinally generated rhythmic motor activity is considered

as “locomotor-like” when alternating flexor and extensor bursts

are recorded extracellularly from the L2 and L5 ventral roots

(Cazalets et al., 1992; Kiehn and Kjaerulff, 1996) and when the

pattern cycle period falls within a range similar to that observed in

the intact animal at the same age (1s; Cazalets et al., 1990; Jamon

and Clarac, 1998). However, caveats in the respect include the
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FIGURE 4 | Control of activity phase relationships by various

combinations of NMA and 5-HT/DA/NA. (A) Simultaneous recordings of

seven ventral roots in the presence of all four drugs. (B) Plots of mean cycle

periods under various drug combinations. (C) Plots of mean relative amplitude

changes normalized to the amplitude observed in the NMA/5-HT condition

(green bar). (D1) Averaged and replicated cycles during locomotor-like activity

induced by a combination of NMA (15 µM) and the three amines in various

combinations. (D2) Circular plots calculated from the recordings in D1

showing the mean phase values for the six ventral roots relative to L2 in the

presence of NMA and the different amine cocktails. All data presented were

obtained at the following drug concentrations: NMA, 15 µM; 5-HT, 15 µM;

DA, 50 µM; NA, 50 µM. ∗p < 0.05.

effect of temperature on the in vitro rhythm frequency, since from

25◦C (the typical mean room temperature used in most in vitro

studies) to 35◦C (the usual pup body temperature and the tem-

perature at which in vivo experiments are performed (Cazalets

et al., 1990), the cycle period decreases by more than 50% (Sqalli-

Houssaini et al., 1991). A similar observation has been reported

for saline K+ concentration that is frequently twice the normal

concentration (3 mM; Somjen, 1979) measured in the intact ani-

mal. As such, the “best” in vitro motor output pattern would

have a cycle period of ∼2–3 s (when taking into account the

slowing down of the motor period resulting from the isolated

CNS conditions), with fictive locomotor episodes lasting for the

duration of drug bath-application (i.e., without receptor desen-

sitization or any other processes that would prematurely curtail

rhythmogenesis) and ventral root bursts that, in a given drug

condition, occur as regularly as possible and with little variation

both in their amplitude and inter-root phase relationships. Based

on these premises, Table 1 summarizes the data collected in the

present and previous studies. It includes data of thoracic, lum-

bar and sacral motor output and under exposure to various drug
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Table 1 | Summary of the effects of 5-HT, DA and NA.

Episode duration Period (s) Period variability (%) Relative Amplitude Presence of motor bursts (%)

Thoracic Lumbar Sacral Thoracic Lumbar Sacral

NMA 3.04 ± 0.5

NMA/5-HT All bath-application 3.55 ± 0.10 9.30 ± 1.34 1 1 1 98 100 76

NMA/DA 50µM All bath-application 3.47 ± 0.24 11.04 ± 1.17 0.66 ± 0.06 1.40 ± 0.18 1.54 ± 0.21 89 100 79

NMA/NA 50µM All bath-application 3.8 ± 0.16 20.68 ± 2.76 1.18 ± 0.29 1.22 ± 0.17 2.68 ± 0.45 90 100 100

NMA/5-HT/DA All bath-application 4.41 ± 0.32 10.38 ± 1.79 0.96 ± 0.10 0.97 ± 0.06 2.35 ± 0.57 85 100 78

NMA/5-HT/NA All bath-application 3.82 ± 0.36 13.03 ± 1.00 1.04 ± 0.11 1.24 ± 0.09 2.81 ± 0.37 81 100 83

NMA/5-HT/DA/NA All bath-application 5.56 ± 0.42 12.65 ± 3.40 1.06 ± 0.17 1.09 ± 0.09 3.35 ± 0.57 67 100 92

Note that the category “episode duration” indicates that a given neuromodulator cocktail induced rhythmic motor activity throughout bath-application.

Table 2 | Phase and mean vector length (r ) value for burst activity in the six ventral roots (Figure 4D2) relative to the L2 ventral root in the
presence of various combinations of NMA and 5-HT/DA/NA.

iT6 iT11 cL2 iL5 iS1 iS3

Phase (n) R Phase R Phase R Phase R Phase R Phase R

NMA/5-HT 0.19 (31) 0.86 0.08 (31) 0.88 0.43 (28) 0.93 0.49 (18) 0.91 0.61 (15) 0.41 0.53 (9) 0.92

NMA/DA 0.93 (39) 0.40 0.89 (45) 0.54 0.51 (47) 0.94 0.44 (38) 0.80 0.91 (25) 0.67 0.67 (13) 0.49

NMA/NA 0.94 (21) 0.85 0.90 (23) 0.794 0.48 (26) 0.88 0.49 (23) 0.87 0.97 (21) 0.86 0.93 (13) 0.89

NMA/5-HT/DA 0.19 (11) 0.90 0.12 (12) 0.63 0.48 (12) 0.71 0.49 (10) 0.61 0.41 (8) 0.18 0.30 (6) 0.27

NMA/5-HT/NA 0.16 (5) 0.74 0.16 (8) 0.19 0.50 (8) 0.92 0.46 (8) 0.89 0.86 (8) 0.66 0.64 (5) 0.84

NMA/5-HT/DA/NA 0.12 (3) 0.42 0.00 (5) 0.56 0.50 (6) 0.97 0.45 (5) 0.95 0.19 (6) 0.16 0.40 (6) 0.21

combinations. A comparison of the compiled values indicates that

there is no optimal way to elicit locomotor-like activity in vitro

since several neurotransmitter combinations are able to elicit sta-

ble rhythmicity with in vitro locomotor compatible periods and

phase-relationships. For example, motor burst amplitude is evi-

dently more sensitive to NA, whereas rhythm stability is provided

by DA or 5-HT. Presumably such differences indicate that the

various parameters of the spinal motor system can be separately

adjusted according to changing behavioral requirements. Never-

theless, it remains apparent that the combination of EAA/5-HT

constitutes a good compromise in terms of rhythm stability, burst

amplitude, and the recruitment of the different spinal compart-

ments. However, specifically for sacral activity, it would be perhaps

more interesting to use NA or DA which elicit higher burst ampli-

tudes. To date it is not possible to determine the location at which

the neuromodulatory processes described here may occur. With

increasing age, there is a decrease in the motor period variability in

the intact animal (Cazalets et al., 1990). Both the bath-application

technique used here and the developmental changes undergone

by neuromodulatory pathways themselves do not allow us to draw

any conclusion about the precise functional role played by each

amine in the intact adult animal.

Rhythmic motor activity elicited by the conjoint bath-

application of EAA agonists and the three amines separately

or in combination always led to locomotor pattern genesis

(Figures 1 and 4). Our previous studies have already described the

pharmacological action of the three amines and how they modu-

late NMA-induced locomotor-like activity (Sqalli-Houssaini et al.,

1993; Sqalli-Houssaini and Cazalets, 2000; Barriere et al., 2004).

In the present study, the same NMA concentration was the

common parameter for all conditions, thus allowing direct com-

parison to be made between the different amine actions. Of the

three amines, however, only 5-HT triggered activity that cor-

responded most closely to actual locomotion in terms of cycle

period and inter-segmental phase relationships. In contrast, nei-

ther NA nor DA alone evokes locomotor-compatible rhythms,

the latter in terms of cycle periods (Kiehn and Kjaerulff, 1996;

Barriere et al., 2004) and the former in terms of cycle peri-

ods and flexor/extensor phase relationships (Kiehn et al., 1999;

Sqalli-Houssaini and Cazalets, 2000; Gabbay and Lev-Tov, 2004).

On this basis, therefore, it could be that the locomotor signa-

ture of spinal output rhythmicity is provided mainly by EAAs

since the activity they elicit possess the closest parameters to

the cycle periods and flexor and extensor alternation observed

in vivo (Kudo and Yamada, 1987; Cazalets et al., 1992). In such a

framework, EAAs could establish basal temporal features of the

motor rhythm with a cycle period that varies according to the

amount of endogenous EAA released (Kudo and Yamada, 1987;

Cazalets et al., 1992; Beato et al., 1997; Talpalar and Kiehn, 2010).

During real CPG operation, the main task of the amines would

Frontiers in Neural Circuits www.frontiersin.org August 2014 | Volume 8 | Article 99 | 8



Beliez et al. Neuromudulation of spinal motor networks

be to modulate this “primary” EAA-induced pattern via their

combinatorial release.

To date, the cellular mechanisms by which the amines exert

their effects remain unclear, although undoubtedly they will be

multiple and complex (Harris-Warrick, 2011). It is likely that each

parameter set by an amine – motor burst period, amplitude and

stability – involves various cellular targets. For example, all three

amines strengthen burst activity, i.e. they increase the amplitude

and regularity of bursting by increasing neuronal excitability at the

motoneuronal and/or premotoneuronal levels (Berger and Taka-

hashi, 1990; Sqalli-Houssaini and Cazalets, 2000; Kjaerulff and

Kiehn, 2001; Gabbay et al., 2002; Zhong et al., 2006b; Han et al.,

2007).

Their dose-dependent action on rhythm cycle period (Caza-

lets et al., 1992; Sqalli-Houssaini and Cazalets, 2000) suggests that

the amines directly access components of the spinal CPG itself.

Moreover, since EAAs and amines individually increase neuronal

excitability, it could be expected that the period of the motor

rhythm induced by their combined presence would be even shorter

than when each compound is acting separately. This was not the

case, and indeed the cycle period was found to be set at an inter-

mediate value between that evoked by EAA or the amine alone

(Figure 1; Table 1). Pharmacological data provide a partial expla-

nation for the aminergic effect on cycle period, since as mentioned

previously, both NA and 5-HT slow down the locomotor rhythm

through an inhibitory action via α2 receptors (Sqalli-Houssaini

and Cazalets, 2000; Gabbay and Lev-Tov, 2004), and 5-HT1 (Beato

and Nistri, 1998), while α1, 5-HT7, and 5-HT2 receptor agonists

have an activatory action on pattern generation (Cazalets et al.,

1992; Sqalli-Houssaini and Cazalets, 2000; Madriaga et al., 2004;

Landry et al., 2006; Liu et al., 2009). Surprisingly, however, DA

which has been reported solely to have activatory effects also slows

down the EAA-induced spinal motor rhythm (Figure 1; Barriere

et al., 2004). Therefore, it is likely that several underlying processes

are operating simultaneously, as reported in other preparations

(Harris-Warrick, 2011; Miles and Sillar, 2011; Clemens et al.,

2012). For example, in the lamprey the serotonin-induced prolon-

gation of motor burst duration and cycle period involves at least

two mechanisms, presynaptic inhibition of glutamate release on

CPG neurons (Schwartz et al., 2005) and post-synaptic blockade

of sAHP (Wallen et al., 1989; El Manira et al., 1994).

AMINERGIC SHAPING OF THE SPINAL MOTOR PATTERN

The physiology of locomotion in quadrupeds relies mostly on

a simplified dichotomy between dynamic locomotor activity in

which only hindlimb movements are considered and postural

activity during static tasks. The main characteristics of locomotor-

like rhythmic activity recorded in the in vitro spinal cord prepara-

tion essentially consist of burst cycle period, alternating left/right

and flexor/extensor phase relationships, and burst duration. We

found here that these parameters were amazingly constant what-

ever the neuromodulatory condition (Figures 1 and 4; Table 2).

This lack of flexibility may reflect a real functional situation since

during ongoing locomotion there is an absolute requirement for

fundamental parameters such as right/left movement alternation

to be strictly maintained on order preserve balance and speed.

Alternatively, the apparent lack of modulator-induced flexibility

may be attributable to an in vitro bias. In the isolated spinal cord

preparation, simultaneous ventral root recordings provide only

a global view of various temporally overlapping motor activities

and, for example, the slightly differing temporal relationships that

exist between various muscle groups, as has been observed with

electromyographic recordings in the intact animal (Leblond et al.,

2003), may not be evident.

In several systems, interactions between distinct rhythmically

active networks have been also described, as for example between

walking and swimmeret movements in crustaceans (Cattaert and

Clarac, 1983; Chrachri and Neil, 1993), gastric and pyloric motor

rhythms in the crustacean stomatogastric system (Bartos et al.,

1999; Faumont et al., 2005), trunk and hindlimb activities in

Xenopus (Beyeler et al., 2008; Rauscent et al., 2009), locomotion

and respiration (Kawahara et al., 1989; Morin and Viala, 2002),

scratching and locomotion (Hao et al., 2011), respiration and

swallowing (Gestreau et al., 2000). In the newt, axial neuronal

networks switch from sequential motor burst propagation to sta-

tionary phase-locked activation of the same axial muscles when

the animal switches from swimming to quadrupedal locomotion

(Delvolve et al., 1997). To date, however, the link between the

systems level and the underlying cellular mechanisms has only

been established in simpler invertebrate systems in which identi-

fied neurons can be individually activated and recorded (Cang and

Friesen, 2002; Smarandache et al., 2009). Indeed the pharmacolog-

ical approach that we have used in the present study also has some

limitations, especially when considering the temporal aspects of

neuromodulation. During functioning in the intact animal it is

likely that descending aminergic pathways are momentarily active

whereas the pharmacological protocol used here necessarily con-

sists of tonic, continuous bath-application that in turn leads to

the disappearance of the temporal dimension of neuromodula-

tion. A second limitation is the state dependence of the system

when several bath-applications are performed on the same spinal

cord. Indeed, for the NMA/5-HT combination, we observed in

a previous study that successive applications elicited sequences

of locomotor-like activity with the same characteristics (Cazalets

et al., 1999). Exogenous DA has been shown in other systems to

lead to persistent changes in ionic conductances (Rodgers et al.,

2011; Krenz et al., 2014), and we also reported in the isolated spinal

cord preparation (see Materials and Methods, Barriere et al., 2004)

that it may exert long-lasting effects. It is for this reason that DA

was always the last drug tested in our experiments and at a much

lower concentration than that at which these long-lasting effects

were previously observed. There is no evidence that NA exerts such

persistent actions.

When considering the integrated functioning of hindlimb and

axial networks involved in dynamic posture, a different perspec-

tive is required since as we demonstrate, this «metanetwork» can be

configured into various functional states according to the neuro-

modulatory environment. As shown in Figures 1 and 2, although

the amines and EAAs have a qualitatively cumulative effect on

rhythm stability and burst amplitude, each amine has its own char-

acteristic imprint. DA and NA specifically enhance sacral motor

bursts (Figure 2) while 5-HT and DA better stabilize the tempo-

ral parameters of the motor pattern (Figure 1). Each amine can

also specify distinct phase relationships between the various spinal
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segments (Figure 3). In a previous study, in which only the action

of a mixture of NMA/5-HT on the interconnected spinal networks

was investigated, we found a constant lag between lumbar and

thoracic segments, with a significant tendency for caudo-rostral

propagation (Falgairolle and Cazalets, 2007). Here, we find that

DA and NA, in contrast to 5-HT’s action, substantially decreases

the phase lags along the cord so that almost synchronous bursting

occurs throughout the spinal cord. Changes from rostro-caudal to

caudo-rostral propagation are also observed in the lamprey, when

switching from forward to backward swimming occurs (Islam

et al., 2006). Although, the cellular targets have not been identified,

spinal commissural interneurons could be one possible target as

they are known to be modulated by 5-HT (Zhong et al.,2006a), and

since we previously established in the neonatal rat that a partial or

complete hemicord section suppressed the phase delays between

sacral segments (Falgairolle and Cazalets, 2007).

In conclusion, the present paper provides new data on the coor-

dinating processes between spinal cord networks. We demonstrate

that each of three amines 5-HT, DA, and NA, when associated

with EAA receptor agonists elicits a specific locomotor pattern

whose temporal characteristics, motor burst amplitude and inter-

segmental phase relationships have a distinct signature. These

differences are likely to be related to changing behavioral require-

ments. Furthermore, we find here that the various amines acting

in combination do not elicit more robust locomotor-like activ-

ity than when bath-applied alone (i.e., more is not better!). The

aminergic neuromodulators thus represent an important potential

source of adaptive flexibility at the level of the underlying central

neuronal networks and the motor output patterns they produce.
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Abstract (250 words max) 

Effective quadrupedal locomotor behaviors require the coordination of many muscles from 

the limbs, back, neck and tail. Because of the spinal motoneuronal somatotopic organization, 

motor coordination implies interactions between distant spinal cord networks. In the present 

work, we have investigated part of the interactions between the lumbar locomotor network 

controlling limb movements and the thoracic networks in which motoneurons controlling axial 

muscles involved in trunk movement are located. For this purpose, we used an in vitro 

isolated newborn rat spinal cord (from T2 to sacrococcygeal). Using extracellular ventral root 

recordings, we showed that the isolated thoracic cord do not get the endogenous capacity to 

organize its own rhythmic locomotor-like pattern. Actually, thoracic locomotor bursts were 

less easily obtained than at the lumbar level and undoubtedly requires the pharmacological 

co-activation of the thoracic and lumbar segments. Blocking synaptic transmission in some 

thoracic areas revealed that the lumbar locomotor network could trigger locomotor bursting in 

distant thoracic segments through short and long propriospinal pathways. Patch clamp 

recordings of thoracic motoneurons revealed that 72% of them (locomotor-driven 

motoneurons) expressed membrane potential oscillations and spiking activity coordinated to 

the locomotor activity expressed in the lumbar cord. Although a biphasic excitatory/inhibitory 

synaptic drive has been previously shown in lumbar motoneurons, only a NMDA and non-

NMDA receptors dependent glutamatergic excitatory drive could be clearly highlighted in 

thoracic locomotor-driven motoneurons. Finally, we found evidence that part of this locomotor 

drive involved a monosynaptic component coming directly from the lumbar locomotor 

network. 
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Introduction (500 words max) 

Locomotor behaviors not only require the production of forces exerted towards the substrate 

to propel the body, but also the maintenance of the body balance that is dynamically 

challenged during each locomotor cycle. Kinematic and electromyographic analyses of 

locomotor behavior in vertebrates have shown that this is achieved through organized pattern 

of activation of hindlimbs, forelimbs and axial body segments muscles. This implies that 

synergistic operations take place between the supraspinal and spinal pre-motoneuronal 

networks involved in locomotion and posture (Grillner et al., 1995; Falgairolle et al., 2006; 

Rossignol et al., 2006; Deliagina et al., 2008). 

  Coordination of trunk and limb muscles during locomotion has been described in man 

(Thorstensson et al., 1982; Sèze et al., 2008; Ceccato et al., 2009), rat (Gramsbergen et al., 

1999) and cat (Carlsson h et al 1979, Zomlefer, 1984), and evidence for a central 

coordination mechanism was obtained from experiments in cats (Koehler et al., 1984) and 

neonatal rats (Falgairolle and Cazalets, 2007). So far, however, most of our knowledge about 

the organization of the motor control of the trunk during locomotion derived from undulatory 

species in which the trunk is the core of the locomotor system (Roberts, 1990; Grillner, 2002; 

Falgairolle 2013, Cohen, 1987; Matsushima & Grillner, 1992; Roberts et al. 1998; McClellan 

& Hagevik, 1999; Grillner & Wallen, 2002; for review see Falgairolle et al., 2013). 

Surprisingly, little is known about the cellular mechanisms involved in the control of trunk 

movement during locomotion in limbed vertebrates. 

  Recently, using an isolated spinal cord preparation of newborn rat, we showed that 

the thoracic segments, in which back muscles motoneurons are distributed, displayed motor 

bursts with 1:1 phase relationship with lumbar motor bursts during locomotor-like activity 

(Falgairolle and Cazalets, 2007). Interestingly, we showed that the temporal organization of 

these in vitro activities, propagating in the caudo-rostral direction along the thoracic cord 

could account for the travelling bending wave observed along the body axis of rat pups 

during actual locomotor movements. This indicated that intraspinal coupling mechanisms 

might contribute to the coordination of the body segments observed during actual locomotion. 

In the present work, we have used the same preparation to go one step further in the 

identification of some of the mechanisms involved in the coupling of lumbar and thoracic 

activities during fictive locomotion. We provide evidence that the expression of a locomotor 

pattern at the thoracic level depends on the activation of the lumbar locomotor network itself. 

At the cellular level, we identified two thoracic motoneuron sub-populations: (1) locomotor 

driven motoneurons that displayed membrane potential oscillations and spiking activity in 

relationship with the locomotor cycle and (2) non locomotor driven motoneurons whose 
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membrane potential fluctuations and spiking activity were not correlated with locomotor-like 

activity. In the former group, we showed that part of the locomotor-related synaptic drive 

directly arises from the lumbar locomotor network whose command spreads up throughout 

thoracic segments via short and long propriospinal pathways. 

 

Materials and methods 

 Experiments were performed from in vitro isolated spinal cord of newborn Sprague-

Dawley rats aged from one to five post-natal days (P1-P5, n= 79 preparations). All 

procedures were conducted in accordance with the local ethics committee of the University of 

Bordeaux and the European Committee Council Directive. All efforts were made to minimize 

animal suffering and to reduce the number of animals. 

 

In vitro isolated spinal cord preparation. Rat pups were anesthetized using isofluorane until 

no reflexe could be elicited in response to tail or toe pinching. Animals were decapitated and 

the skin of the back removed before placing the preparations dorsal side up in a dissecting 

chamber. A laminectomy was performed to expose the spinal cord that was carefully 

dissected out using fine forceps and microscissors under a binocular magnifier. Dissections 

and recording procedures were performed under the continuous superperfusion of artificial 

cerebrospinal fluid (aCSF) equilibrated with 95%O2-5%CO2, pH7.4 at room temperature (24-

26°C) and containing (in mM): NaCl 130, KCl 3, CaCl2 2.5, MgSo4 1.3, NaH2PO4 0.58, 

NaHCO3 25 and glucose 10. Spinal cords were sectioned at the T2 level at the beginning of 

the experiment. In some experiments, the spinal cord was artificially partitioned using 

Vaseline walls as previously described (Cazalets et al., 1995), to restrict the bath application 

of pharmacological agents to specific spinal segments. The watertightness of the barriers 

was systematically checked at the end of the experiment by observing the movements of 

methylene blue added to the bathing medium on one side of the Vaseline bridge.  

 

Electrophysiological recordings and analyses. To readily get access to axial muscle 

motoneurons, we developed a specific preparation in which a transverse section of the spinal 

cord at a given thoracic segment was performed using fine scissors (Moria, MC-26B). The 

cut surface of the spinal cord was positioned on a Sylgard block in order to be set upright and 

facilitate glass micro-electrode positionning (Fig4B). From the 59 motoneurons used in the 

present study, 32 were patch clamp recorded in whole cell configuration and 27 recorded 

with intracellular sharp microelectrodes using a Multiclamp 700B amplifier (Molecular device, 

USA). Motoneurons were identified by the presence of antidromic action potentials elicited by 
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segmental ventral root stimulations. Only motoneurons with a resting membrane potential 

below -50 mV and a spike amplitude of at least 50 mV were considered. Patch clamp glass 

microelectrodes (4-7MΩ) were filled with the following solution (in mM): K-gluconate 120, KCl 

20, MgCl2, 0.1, EGTA 1, HEPES 10, CaCl2 0.1, 0.1mM GTP, 0.2mM cAMP, 0.1mM 

Leupeptin, 77mM d-Mannitol, and 3mM Na2-ATP, pH 7.3. Sharp glass microelectrodes 

(70MΩ) were filled with 2M K acetate. Extracellular motor activities were recorded from 

various spinal cord ventral roots using vaseline-insulated stainless steel pin electrodes for 

long ventral rootsat the lumbar level and glass suction electrodes for the short thoracic 

ventral roots. Extracellular activities were amplified using custom-made amplifiers. 

Electrophysiological recordings were digitized using an A/D interface  (Heka, Germany) 

driven by the Axograph software (Axograph, AU). Extracellular raw signals were high-passed 

(50Hz), rectified and integrated before analysis. Locomotor parameters were computed using 

custom-made routines written in Matlab (Mathworks). Mean cycles were computed using one 

L2 ventral root as the reference because it invariably exhibited the best signal-to-noise ratio 

(see Fig 1). Wavelet transform analyses (Mor and Lev-Tov, 2007) were performed using the 

Matlab wavelet coherence package provided by Aslak Grinsted (http://noc.ac.uk/using-

science/crosswavelet-wavelet-coherence). A detailed explanation of the wavelet based 

methodology used in the present work had been previously presented by Mor and Lev-Tov 

(2007, see also (Torrence and Compo, 1998; Grinsted et al., 2004). For this purpose, raw 

extracellular signals were high-passed (50Hz), rectified and smoothed. Each pre-treated 

signal was decomposed in the frequency domain over time using continuous wavelet 

transform (Morlet wavelet, 10 octaves per scale). Cross-wavelet and wavelet coherence 

algorithms were applied to paired pre-treated signals to highlight common high power 

frequencies (color coded) and significant correlation (color coded) between each frequency 

component between signals over time.  The changes in rhythmic activity frequencies and the 

coherence and phase relationships between signals were then extracted from region of 

interests defined from maps combining the results of the cross wavelet and wavelet 

coherence (Mor and Lev-Tov, 2007). 

 

Pharmacology. Episodes of locomotor-like activities were elicited by exogenous application 

of a mixture of 15µM N-methyl-D,L-aspartate (NMA, Sigma) and 15µM serotonin (5-HT, 

Sigma, Sqalli-Houssaini et al., 1991). Glycinergic receptors were blocked using strychnine 

(1µM, Sigma) and glutamatergic NMDA and non-NMDA receptors by the (2R)-amino-5-

phophonovaleric acid (APV, 0.5µM, Sigma) and the 6,7-dinitroquinoxaline-2,3-dione (DNQX, 

0.5µM, Sigma) respectively. We have also occasionally replaced the normal saline by a 
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modified aCSF that contains a low calcium / high magnesium concentrations (0.1mM CaCl2, 

5mM MgCl2) to locally block the chemical synaptic transmission (Richards and Sercombe, 

1970; Morin and Viala, 2002) or by an isotonic sucrose solution (339 mM in distilled water, 

adjusted to pH7.4) to reversibly block neuronal activity in some segments (Sqalli-Houssaini et 

al., 1993). A high cation-containing aCSF (7.5mM CaCl2 and 8mM MgSO4) was also used to 

decrease polysynaptic transmission in spinal segments (Berry and Pentreath, 1976; Jahr and 

Yoshioka, 1986; Cazalets et al., 1995).  

 

Immunochemistry: Spinal cords were fixed in 4% paraformaldehyde in phosphate-buffered 

saline (PBS) overnight at 4°C, cryoprotected in 20% sucrose, embedded in OCT Tissue-Tek, 

frozen and cut transversally on a cryostat (30µM). The slices were mounted on slides and 

processed for Choline Acetyl Transferase (ChAT) immunodetection using a goat anti-CHAT 

antibody (1/100, Millipore) revealed with an Alexa fluor 488 donkey anti-goat secondary 

antibody (1/500). Images of ChAT-immunopositive cells were aquired with a Nikon AZ100M 

microscope. 

 

Statistical analysis: Statistical analyses were perfomed on raw data with non-parametric t-

tests using Prism software (Graphpad). Wilcoxon matched pairs test was used to compare 

two series of data. One-way analysis of variance (ANOVA) was carried out to test more than 

two groups. The level of significance was set at p<0.05. All data are expressed as means ± 

SEM in the text and in the figures. The asterisks in the figures indicate positive significance 

levels, and the numbers in or above the histogram bars refer to the number of neurons 

tested. Circular statistics were performed using the Circular statistic toolbox in Matlab 

(Berens, 2009) and Oriana (Kovach Computing Services). 

 

Retrograde labeling of back muscles motoneurons: Neonatal rats (P1 to P3) were 

anesthetized with isofluorane until the loss of reflex movement in response to tail or toe 

pinching, and then placed on a cold pad. Small incisions of the skin were made to expose 

back muscles. Crystals of the retrograde tracer, cholera toxin ß subunit Alexa Fluor 488 

conjugate (Molecular Probes, OR, USA) were carefully inserted using insect pins into right 

back muscles at different levels along the axis. The skin was bonded with surgical glue and 

pups were progressively warmed up and checked during the recovery from the anesthetic 

before returning to their mother. Two days after tracer injection, pups were anesthetized 

using isoflurane, their spinal cord dissected out and post-fixed in 4% paraformaldehyde in 
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0.2M phosphate buffer. After dehydration, the spinal cord was cut and prepared for choline 

acetyl transferase (ChAT) immunochemistry. 

 

Results 

Coordination of thoraco-lumbar activity pattern during fictive locomotion 

In this series of experiments, locomotor-like activity was elicited from isolated spinal cord 

preparations using exogenous applications of NMA (15 μM) and serotonin (5-HT, 15 µM). 

When bath-applied to the whole thoraco-lumbo-sacral spinal cord, this cocktail elicited 

sustained episodes of stable locomotor-like activity at the lumbar level in all the preparations 

tested (n=79, mean period 3.32 ± 0.09 s) characterized by a bilateral alternation of 

segmental motor bursts together with homolateral alternation of flexor-like and extensor-like 

motor bursts recorded from the L2 and L5 ventral roots respectively. In this experimental 

condition, thoracic ventral roots showed rhythmical bursting activities in 46/79 preparations 

(58%, Figure 1A). In the remaining 33/79 preparations, the locomotor activity recorded at the 

lumbar level did not spread up to the thoracic segments where a tonic activity was only 

observed (data not shown). In the 46 preparations from which thoracic motor bursts could be 

evoked, we computed the level of tonic depolarization from baseline materialized by the gray 

area below each rectified and smoothed ventral roots recordings in the left panel of Figure 

1B. The ratio between the burst amplitude and the tonic background level of the recorded 

activities was smaller in the thoracic than in the lumbar segments. On average, the mean 

ratio obtained from L2 ventral roots in all experiments (n= 46 preparations, 1.75 ± 0,08) was 

significantly greater than the mean ratio obtained from pooled thoracic recordings (1.09 ± 

0.01, p<0.0001, Mann–Whitney test). A serotonergic activation of sympathetic related 

neurons in the intermediolateral cell column at the thoracic level may contribute to decrease 

the ratio at this level (Pierce et al., 2010). In this context, we decided to use wavelet 

transform based method to investigate the relationships of thoracic and lumbar activities. 

This methodology is indeed more accurate than conventional manually or semi-automated 

burst detection methods especially when one is dealing with low signal to noise ratio 

recordings (Mor and Lev-Tov, 2007). Using this method one can get access to the evolution 

of the frequency content of the signal over time. Of particular interest is the possibility to 

extract using cross wavelet transform (XWT) and wavelet coherence (WC) the common 

power, correlation and phase between two signals acquired simultaneously (Torrence and 

Compo, 1998; Grinsted et al., 2004). This is illustrated in Figure 1C (top panel) in which the 

time-frequency map presented between 0.0625 and 2 Hz was obtained by a XWT of the 

bilateral L2 ventral roots recordings presented in figure 1A. From this time-frequency map, in 
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which the power of each frequency is coded from cold (low power) to hot (high power) colors, 

we can see that both L2 share a high power in a frequency band ranging from 0.25 to 0.4 Hz. 

This band was included in an area within which both signals were highly coherent as shown 

from the coherence spectrum obtained using wavelet coherence (Figure 1C, middle panel). 

For convenience, the cross-wavelet and coherence spectrums were combined so as to 

remove non-coherent areas from the cross wavelet spectrum (Mor and Lev-Tov, 2007), 

Figure 1C, bottom map). From this map, we defined a region of interest (dashed white 

rectangle) from which the locomotor frequency (0.28 ± 0.01 Hz, mean ± SD) and coherence 

values (0.96 ± 0.01, mean ± SD) were extracted (from the cross wavelet and coherence 

spectrum, respectively) and plotted over time (Figure 1C, bottom plot). Finally, we could 

extract from the cross wavelet transform the phase relationship between both L2 (172,2 ± 

8.6°, mean ± SD) within the frequency range of interest. The polar plots in Figure 1D present 

the phase relationships between all recorded ventral roots and the right L2 taken as 

reference using the same procedure. It indicates that bursting activity recorded at the 

thoracic level were phase-locked to the lumbar locomotor activity. As previously observed  

there was a progressive caudo-rostral propagation of motor bursts along the thoracic 

segments (Falgairolle and Cazalets, 2007; Beliez et al., 2014). Indeed, computing the phase 

relationships between the bursting activity recorded from the various ventral roots and the 

right L2 showed that the phase value increased from caudal to rostral ipsilateral thoracic 

segments (rT12/rL2, 17.8 ± 10.2°; rT10/rL2, 40.7 ± 11.7°; rT6/rL2, 62.0 ± 12.5°; rT4/rL2, 63.2 

± 16.8°). In addition to the segmental alternating activity (lL2/rL2, 172.3 ± 8.6°) and between 

homolateral extensor-like and flexor-like activities (rL5/rL2, 155.3 ± 9.8°) during fictive 

locomotion, segmental thoracic bursts also alternated as shown by the opposite direction of 

the mean vector computed from the left T12 and right T12 bursting activities and the right L2 

(lT12/rL2, 175.5 ± 11.8°; rT12/rL2, 17.8 ± 10.2°). 

 

Conditional rhythmogenic capacity of the isolated thoracic cord 

To investigate the rhythmogenic capacity of the thoracic segments, the spinal cord was 

artificially partitioned at the T12/T13 level (n=28 preparations) so as to restrict the bath 

application of NMA/5-HT to the thoracic or lumbosacral segments. In control condition, i.e. 

when NMA/5HT was bath applied in both compartments, the rhythmic activity in the two 

regions was synchronized (Figure 2A1). In the same preparations, restricting the NMA/5-HT 

bath-application to the lumbosacral segments triggered locomotor-like activity at the lumbar 

level while the thoracic segments remained silent (Figure 2A2). In this later case, however, 

the lumbar locomotor period (2.68 ± 0.14 s, n=28 preparations) was significantly decreased 
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compared to control (3.16 ± 0.14 s, p<0.05, paired t-test), indicating that the thoracic 

segments contribute to regulate the cycle duration of the lumbar locomotor network (Figure 

2B). In all cases, applying NMA/5-HT to the single thoracic segments only triggered a tonic 

activity at the thoracic level and failed to initiate any rhythmical activity (Figure 2A3). 

 In a previous work, we have shown that the thoracic cord was nonetheless able to 

generate rhythmic bursting when isolated from the lumbar enlargement by a transection of 

the cord at the T12/T13 level (Falgairolle and Cazalets, 2007). In the present work, following 

the same transection, NMA/5-HT bath-application elicited rhythmic activity in 6/18 

preparations as llustrated in Figure 2C1-C2. In control condition, i.e. before transection, 

NMA/5-HT applied over the whole spinal cord triggered coordinated locomotor bursting 

activities between the thoracic and lumbar cord (Figure 2C1). Following the transection, a 

new application of NMA/5-HT elicited a slow rhythmic bursting activity at the thoracic level 

that was no longer related to lumbar locomotor-like activity (Figure 2C2). The thoracic and 

lumbar cycle periods were significantly increased (7.87 ± 0.87 s, n= 62 cycles) and 

decreased (2.6 ± 0.01 s, n=202 cycles) respectively, compared to the control cycle period 

measured before transection (3.00 ± 0.09 s, n=51 cycles, p<0.05, Mann–Whitney test). 

Under the same condition however, 12/18 preparations only expressed a tonic activity 

following the transection. In these later preparations, increasing the excitability of the thoracic 

networks by adding a GABAergic antagonist (gabazine, 1 µM) to the NMA/5-HT containing 

saline solution triggered a slow motor activity (n=9 preparations, 7.82 ± 0.76 s) similar to the 

one described above (data not shown). 

 Because the use of transection in this preparation can lead to an underestimation of 

the endogenous rhythmic capacities of restricted spinal cord segments (Juvin et al., 2005), 

we also bath-applied NMA/5-HT to the thoracic cord after a blockade of neuronal activity with 

an isotonic sucrose solution superfused on the lumbo-sacral segments (see Material and 

Methods). Under this condition, we observed the same slow pattern of thoracic bursting than 

observed after transection (compare Figure 2D1-D2), with a significant increase of the 

bursting period (n=7 preparations, 8.23 ±1.06 s) compared to the control locomotor period 

(3.57 ± 0.37s). 

 The coordinating mechanisms between the thoracic and lumbar networks may involve 

long ascending propriospinal pathways and/or segmentally relayed ascending inputs 

propagating from one thoracic segment to another. In order to test these hypotheses, the 

spinal cord was artificially divided in three compartments (T3-T5, T6-T11, T12-cauda equina) 

using Vaseline walls. In all 6 preparations tested, applying NMA/5-HT simultaneously in the 

three compartments triggered coordinated locomotor bursts along the spinal cord (Figure 
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3A). A blockade of synaptic activity by local application of low Ca2+/high Mg2+ containing-

aCSF over the T6-T11 segments did not prevent the expression of locomotor bursting in the 

upper thoracic segments that remained locked to the lumbar activity (Figure 3B). This 

synaptic blockade of interposed thoracic relays, elicited, however, a significant phase shift 

(p<0.005, Watson U2 test) of upper thoracic motor bursting at the T5 (mean phase value: 

control, 54.0 ± 28.8°; low Ca2+/high Mg2+, 122.4 ± 39.6°) and T3 (mean phase value : control, 

79.2 ± 43.2°; low Ca2+/high Mg2+, 140.4 ± 39.6°, Figure 3C) levels. This indicates that both 

long ascending propriospinal fibers and segmentally relayed ascending information 

contribute to the coordination of thoracic and lumbar bursting activities. 

 

Localization of thoracic motoneurons innervating paraspinal back muscles 

In a previous study, we have shown that motoneurons innervating back muscles 

(longissimus and multifidus dorsali muscles) were organized in column along the thoraco-

lumbar spinal cord (Falgairolle and Cazalets, 2007), but their location in the transversal plane 

was not defined. Prior to achieve intracellular recordings from axial thoracic motoneurons, it 

was a prerequisite to precisely determine where they are located in the spinal cord. Choline 

acetyl-transferase immunolabelling revealed the two main motoneuronal populations in 

lamina IX (Figure 4A, left panel) along the thoracic cord. In order to locate back muscles 

motoneurons, Alexa Fluor 488-conjugated cholera toxin β subunit (CTβ-AF 488) crystals 

were inserted into the longissimus and multifidus dorsali muscles on one side (n=3 

preparations). In agreement with the literature (Smith and Hollyday, 1983), retrogradly 

labeled motoneuron somata from these muscles (Figure 4A, middle panel) were exclusively 

located in the ventromedian motoneuronal population (Figure 4A, right panel). 

 

Locomotor and non locomotor-driven thoracic motoneurons 

Intracellular patch clamp recordings from motoneurons were performed along the thoracic 

cord (from T3 to T12) to investigate the activity of thoracic axial motoneurons during 

episodes of locomotor-like activity. For this purpose, we used a spinal cord preparation that 

was transversally cut at various recording levels so that ventromedially located motoneurons 

could be visually targeted (see Methods, Figure 4B). Our results are based on the recordings 

made from 59 antidromically identified thoracic motoneurons (Figure 4B, left trace) that could 

be recorded for more than 1h. 

 During NMA/5-HT bath-application to the thoraco-lumbo-sacral spinal cord 

preparations, we found that 25/33 of recorded motoneurons fired action potentials bursts 

coordinated to the locomotor activity recorded from the lumbar ventral roots. Figure 4C 
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provides a representative example of the changes that occurred in a thoracic locomotor-

driven motoneuron when the locomotor networks were actived. During the first few minutes 

of NMA/5-HT application, a tonic activity was observed in the ventral roots before a stable 

locomotor activity took place at the lumbar level. Concomitantly, the thoracic motoneuron 

membrane potential underwent a gradual depolarization associated with an increase of 

synaptic inputs (data not shown; see also Figure 6A). Thereafter, motoneurons started to fire 

action potentials during the depolarization phase of membrane potential oscillations (Figure 

4C, middle panel). Plots of spike distribution during the various motor cycle phses (arbitrarily 

divided into 10 bins; Figure 4C, right panel) showed a clear locomotor-related modulation. In 

contrast, in the remaining 8/33 thoracic non-locomotor driven motoneurons, the spiking 

activity was uniformly distributed and was not related to any particular phase of the motor 

cycle (Figure 4D, right panel). 

 In order to assess whether the absence of bursting activity in thoracic ventral roots 

observed following the restricted pharmacological activation of lumbo-sacral segments was 

due to sub-threshold activation of thoracic motoneurons, we performed intracellular 

recordings from thoracic motoneurons (Figure 5). When an NMA/5-HT-supplemented aCSF 

was specifically superfused on the lumbo-sacral cord, 13 motoneurons out of the 25 tested 

presented presented membrane potentials oscillations that were rhythmically synchronized 

with the locomotor-like activity recorded at the lumbar level. In the representative example 

provided in Figure 5A1, membrane potential oscillations appeared clearly time locked to the 

L2 ventral root bursting activity. The bottom panel of Figure 5A illustrates both the mean 

extracellular activity and intracellular voltage variations recorded during one locomotor cycle 

(repeated two fold). The remaining 12/25 motoneurons tested in the same experimental 

conditions did not demonstrate any membrane potential oscillation (Figure 5B1). The 

motoneuron nature, i.e. locomotor-driven and non locomotor-driven, was not affected by the 

experimental condition, i.e NMA/5-HT applied over the thoraco-lumbar segments or at the 

lumbar level alone (n= 20 motoneurons), indicated that two functionally different thoracic 

motoneuronal populations co-exist. From the 59 motoneurons recorded in one or both 

experimental conditions, 38 (64%) were locomotor-driven motoneurons as they expressed 

phasic membrane potential oscillations coordinated to the locomotor pattern, while the 

remaining 21 motoneurons did not expressed any coordinated activity during locomotor-like 

activity (Figure 5C). These observations suggest that the absence of extracellular motor burst 

reported when the single lumbo-sacral cord was pharmacologically activated is primarily due 

to a subthreshold activation of thoracic motoneurons. Interestingly, the proportion of 

locomotor-driven motoneurons is not uniform along the thoracic cord since we observed that 
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the proportion decreases in the caudo-rostral direction (T8-T10: 81%, T6-T7: 64%, T3-T5: 

50%, p<0.0001, Chi Square, Figure 5D). 

 

Characterization of the locomotor synaptic drive in thoracic motoneurons 

 To determine the nature of the synaptic drive received by locomotor-driven 

motoneurons (n=6 from 6 different preparations), the spinal cord was partitioned with a 

Vaseline wall at the T12/T13 level to selectively bath-apply receptors antagonists to the 

thoracic level during locomotor episodes elicited by NMA/5-HT superfusion to the 

lumbosacral cord (Figure 6). Figure 6A1 presents a T7 motoneuron recorded the course of a 

locomotor episode. This slow time scale shows that motoneuron membrane potential shows 

a slow depolarization of 6 mV during the establishment of the locomotor activity. An 

expanded view of the sequence (Fig. 6B1) revealed locomotor-related membrane potential 

oscillations (5.9 ± 0.23 mV, n= 30 cycles) on top of the slow depolarization. Following the 

bath-application of the AMPA/Kainate receptor antagonist, DNQX (5µM), to the thoracic 

compartment, both the slow depolarization and the locomotor-related oscillations amplitude 

were decreased by 13% (5.2 mV) and 59% (2.4 ± 0.08 mV, n= 29 cycles) respectively (Fig. 

6A2-B2). The subsequent addition of the NMDA receptor antagonist, AP5 (5µM) to the 

DNQX-containing saline, further decreased the amplitude of the slow depolarization (1.9 mV, 

~ 68% decrease from the control depolarization) and phasic drive (1.8 ± 0.07 mV, 69% 

decrease compared to control amplitude, n= 29 cycles, Figure 6A3-B3). We also found that 

thoracic motoneurons receive glycinergic inputs during locomotor like activity. In the T10 

motoneuron presented in Figure 6C1, the phasic membrane potential oscillations were 

abolished when strychnine (2µM) was added to the DNQX-AP5 containing saline superfused 

to the thoracic compartment (Fig. 6C2). Altogether, these experiments indicate that the 

synaptic drive sustaining the phasic activity of locomotor-driven motoneurons at the thoracic 

level is mediated through the activation of NMDA / non NMDA glutamatergic receptors and 

glycinergic receptors.  

 

The lumbar locomotor network sends a monosynaptic drive to thoracic motoneurons. 

Finally, we tested whether the locomotor synaptic drive received by locomotor-driven thoracic 

motoneurons directly originates from the lumbar locomotor network. Following the induction 

of fictive locomotion by the selective superfusion of NMA/5-HT on the lumbo-sacral 

segments, the effects of the bath-application of a high cation containing aCSF, known to 

depress polysynaptic transmission (Berry and Pentreath, 1976; Jahr and Yoshioka, 1986; 

Cazalets et al., 1995), to the thoracic cord was tested in intracellularly recorded locomotor-
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driven thoracic motoneurons (n= 5 from 5 different preparations). Figure 7 shows the 

locomotor synaptic drive of a T5 motoneuron in control condition (Figure 7A) and in the 

presence of the high cation-containing aCSF (Figure 7B). While the synaptic drive received 

by the motoenuron was strongly depressed (4.95 ± 0.15 mV in control condition, 2.49 ± 0.04 

mV in the presence of the high cation solution), it was still possible to discriminate locomotor 

related synaptic inputs when thoracic relays were depressed (Figure 7C). On average, the 

amplitude of the locomotor drive was decreased by 43.2 ± 21.5% (n=5 motoneurons) by the 

high cation-containing solution compared to control condition. This observation thus provides 

evidence that part of the locomotor synaptic drive sent by the lumbar central pattern 

generator (CPG) to the thoracic locomotor-driven motoneurons is monosynaptic. 

 

Discussion (1468 words max) 

One of the main results of the study, which are summarized in the diagram in Figure 8, is that 

the lumbar central pattern generator for locomotion makes an important contribution to the 

emergence of locomotor-like activities at the thoracic level. Using combined intracellular 

recordings of thoracic motoneurons, and pharmacological manipulation of the thoracic 

segments, we have shown that part of the thoracic motoneurons, referred as locomotor-

driven motoneurons, express locomotor-related membrane potential oscillations. Membrane 

potential oscillation in these later motoneurons are biphasic including an excitatory and an 

inhibitory phase of glutamatergic and glycinergic origin, respectively. Importantly, we showed 

for the first time that the lumbar locomotor network itself is directly impiging onto thoracic 

motoneurons and contributed to the drive of their membrane potential oscillations. 

 

Caudo-rostral organization of axial thoracic bursts during fictive locomotion 

 In the isolated neonatal rat spinal cord, although the cervical, lumbar and 

sacrococcygeal networks controlling the fore-, hindlimbs and tail locomotor movements, 

respectively, can be independently activated (Cazalets et al., 1995; Lev-Tov et al., 2000; 

Ballion et al., 2001; Gabbay et al., 2002), they produce a coordinated activity when 

simultaneously stimulated (Kremer and Lev-Tov, 1997; Cazalets and Bertrand, 2000a; 

2000b; Gabbay et al., 2002; Juvin et al., 2005; 2012). Here, we focused on the thoracic 

networks involved in the control of axial back muscles. Using simultaneous extracellular 

ventral root recordings from various spinal segments we confirmed that thoracic segments 

can be pharmacollogically activated and express a bursting activity with a 1:1 phase 

relationship with the lumbar fictive locomotor output (Falgairolle and Cazalets, 2007). Using 

continuous wavelet transform analyses, a set of objectif mathematical analytical tool 
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validated in the field (Figure 1, (Torrence and Compo, 1998; Grinsted et al., 2004; Mor and 

Lev-Tov, 2007; Hägglund et al., 2013; Talpalar et al., 2013), we also confirmed that the 

thoracic locomotor bursts were organized as ascending travelling wave along the thoracic 

cord during fictive locomotion. This ascending organization of the thoracic axial bursts that 

matched the bending of the body axis during actual locomotor cycles in rat pups contrasts 

with the rostro-caudal direction of the travelling wave during forward locomotion in swimming 

vertebrates (Wallén and Williams, 1984; Tunstall and Roberts, 1991; Matsushima and 

Grillner, 1992; Masino, 2005; Gabriel et al., 2007). Consequently, it appears that the wave 

propagation of locomotor bursts along the axial system is one basic locomotor mechanism in 

vertebrates that was adaptated during evolution to sustain the development of limb-based 

propulsion modes (Delvolvé et al., 1997). 

 

Lumbar locomotor network control of thoracic locomotor activities  

 In contrast with the cervical, lumbar and sacral regions of the spinal cord (Cazalets et 

al., 1995; Lev-Tov et al., 2000; Ballion et al., 2001; Gabbay et al., 2002), the endogenous 

rhythmogenic capacity of the thoracic networks is highly dependent on lumbar spinal cord 

networks. Indeed, the activation of lumbar segments is needed to observe locomotor like 

activities in thoracic segments. The present data further suggest that the lumbo-sacral region 

exerts a tonic inhibitory influence over the thoracic segments as non locomotor bursting 

activity could be observed in thoracic ventral roots only when thoracic segments are 

physically or pharmacologically isolated from the lumbo-sacral spinal cord (Figure 2, see also 

(Cowley and Schmidt, 1997; Kremer and Lev-Tov, 1997; Falgairolle and Cazalets, 2007). We 

have recently demonstrated that rhythmogenic capabilities and coordinations between the 

various spial levels is function of the neurochemical compounds used to elicit fictive 

locomotion (Beliez et al., 2014). Although the NMA/5-HT cocktail used in the present work 

was the most appropriate pharmacological means to trigger robust locomotor pattern  in the 

thoracic area in the whole spinal cord preparation (Beliez et al., 2014), further work will be 

needed to investigate further the rhythmogenic capabilities of isolated thoracic circuits, as it 

has been done for the sacrococcygeal networks (Kremer and Lev-Tov, 1997; Cazalets and 

Bertrand, 2000a; Gabbay et al., 2002). 

 The expression of thoracic locomotor activity involved ascending propriospinal 

pathwaysarising from lumbar segments (Reed et al., 2006; 2009; Brockett et al., 2013; Reed 

and Magnuson, 2013). In agreement with previous observations made in the lamprey spinal 

networks (Hagevik and McClellan, 1999; Miller and Sigvardt, 2000), long ascending 

pathways were sufficient to maintain a 1:1 coordination between the locomotor activity of the 
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rostral thoracic and lumbar cord segments, when synaptic transmission was blocked in 

interposed segments in the neonatal rat spinal cord (Figure 3). Also similar to what has been 

reported in the lamprey (Hagevik and McClellan, 1999; Miller and Sigvardt), segmentally 

relayed information contributed to set the timing of thoracic motor outputs in the rat spinal 

cord (Hagevik and McClellan, 1999; Miller and Sigvardt, 2000; Cazalets, 2005; Falgairolle 

and Cazalets, 2007). These observations further emphasize the importance of these two 

kinds of pathways (long and segmental) to the coordination of spinal networks. They have 

indeed been previously shown to be involved cervical and lumbar locomotor network 

interactions (Juvin et al., 2005; 2012) and in conveying descending supraspinal locomotor 

commands (Courtine et al., 2008; Cowley et al., 2008; Zaporozhets et al., 2011). 

 We found that the locomotor period was decreased when the lumbosacral segments 

were activated independently from the thoracic networks (Figure 3). This result suggests that 

thoracic neuron excitability impacts and modulates the lumbar CPG motor output. The 

relationships between the thoracic and lumbar networks then appear reciprocal. Overall, our 

data, however, do not challenge the asymmetrical nature of the relationship between the 

lumbar locomotor network and the cervical, thoracic and sacral motor networks, the former 

imposing more of its own rhythm and/or contributing to set the temporal bursting patterns of 

the others (Kremer and Lev-Tov, 1997; Cazalets and Bertrand, 2000a; 2000b; Gabbay et al., 

2002; Juvin et al., 2005). 

 

The locomotor drive received by thoracic motoneurons 

 Intracellular recording from thoracic motoneurons revealed two different populations 

along the thoracic cord (Figure 4-5). The first population gathers locomotor-driven 

motoneurons that express phasic membrane potential oscillation during fictive locomotion, 

while the second population regroups non-locomotor driven motoneurons which did not 

exhibit any locomotor related synaptic drive. It is likely that locomotor-driven motoneurons 

may correspond to ventromedial motoneurons innervating back/abdominal muscles that have 

been shown to be  rhythmically active during locomotion (Carlson et al., 1979; Thorstensson 

et al., 1982; Smith and Hollyday, 1983; Zomlefer et al., 1984; Carlson et al., 1988; Delvolvé 

et al., 1997; Gramsbergen et al., 1999; Sèze et al., 2008; Hu et al., 2012). Conversely, non-

locomotor driven motoneurons could correspond to motoneurons innervating respiratory 

muscles located more dorsally and laterally in the lamina IX (Tani et al., 1994; Giraudin et al., 

2008). However, we cannot rule out that in our experimental conditions, the number of 

locomotor-driven motoneurons may have been underestimated. First, the fact that their 

proportion decreased caudorostrally along the spinal cord (Figure 5) raises the possibility 
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that part of them, especially in rostral segments, could be recruited when the cervical 

locomotor network is active (Ballion et al., 2001). Second, the recruitment of segmental 

thoracic motoneurons may not be uniform along the cord (Tunstall and Roberts, 1994; 

Menelaou and McLean, 2012). For instance, the recruitment of specific axial motoneurons 

during swimming in larval zebrafish was shown to result from complex interactions between 

motoneuron endogenous properties and synaptic strength of incoming inputs (Tunstall and 

Roberts, 1994; Menelaou and McLean, 2012). 

 The locomotor drive recorded from thoracic motoneurons was biphasic, including an 

excitatory and an inhibitory component (Figure 6). This locomotor drive is similar to the one 

that has been described in lumbar motoneurons (Cazalets et al., 1996). Interestingly, we 

showed that the lumbar locomotor network connects monosynaptically the thoracic 

motoneurons (Figure 7). The reduced amplitude of membrane potential oscillations observed 

when polysynaptic transmission was blocked in the thoracic cord indicates that the thoracic 

circuitry actually contributed to the synaptic driving force. To our knowledge, we provide here 

the first evidence that the lumbar locomotor network can contribute to the timing of motor 

output produced in distant segments through a dual access to pre-motoneuronal and 

motoneuronal elements. Further work will be required to evaluate whether the lumbar 

locomotor network can also get access to sacral and cervical motoneurons. 

 

Conclusion 

 Although the trunk plays a central role in posture and limbed locomotion, while 

supporting and integrating the mechanical work of the limbs and contributing to gait pattern 

adaptation (Carlson et al., 1988; Sèze et al., 2008; Schmidt and Fischer, 2010), the thoracic 

networks controlling trunk muscles remained so far largely unstudied in mammals. In this 

context, we have gone one step further in the understanding of the functional coupling 

between the lumbar locomotor network and the axial thoracic networks. We showed that the 

lumbar locomotor network plays a central role in the generation of locomotor outputs in the 

thoracic cord by acting at both the pre-motoneuronal and motoneuronal level. This work is 

part of a global approach of the functioning of the spinal networks (Juvin et al., 2005; 

Falgairolle et al., 2006; Falgairolle and Cazalets, 2007; Juvin et al., 2012) the understanding 

of which will be probably helpful to design innovative therapeutic strategies to restore motor 

activites following spinal cord injuries (Bjerkefors et al., 2009). 
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Figure legends 

Figure 1. Thoraco-lumbar bursting coordination during fictive locomotion. (A) 

Schematic diagram of the experimental procedure (left panel). Simultaneous recordings from 

lumbar and thoracic ventral roots during an episode of locomotor-like activity induced by 

NMA (15µM) and 5-HT (15µM) (right panel). (B) High passed, rectified and smoothed traces 

(Left panel) taken from the sequence presented in A (grayed area). The right panel illustrates 

the mean normalized cycle repeated 2 times (n=63 cycles, right L2 taken as reference). (C) 

Example of the wavelet analysis performed between pairs of recordings. Cross wavelet 

transform (upper panel) and wavelet coherence between bilateral L2 activities revealed the 

common high power frequencies and correlation between signals over time, respectively. 

Frequencies' power and coherence between traces are color-coded with warm and cool 

colors indicating high and low values, respectively. Black contours delimitate areas within the 

5% significance level. Regions of interest (ROI, white dashed rectangle) were defined from 

the map obtained while mixing the results of the cross-wavelet and wavelet coherence 

(bottom map). Arrows indicate the phase relationship between each significant frequency 

components (the left direction indicating out of phase relationship). Bottom graphs illustrate 

the evolution of the frequency (black markers) and coherence (red markers) over time within 

the ROI. Each marker represents the mean values obtained using bins of 1s. (D) Polar plot 

representations of the phase relationships between the bursting activities recorded from 

various ventral roots and the right L2. The direction and length of the red arrows indicates the 

mean phase value (normalized from 0 to 1) and the r value, respectively. Raw values 

distribution is also provided as histograms (using bins of 5°). r, right; l,left; T, thoracic, L, 

lumbar. 

 

Figure 2. Conditional rhythmogenic capabilities of thoracic spinal segments. (A) Raw 

or integrated (∫) extracellular activities recorded coordinated rhythmical motor bursts recorded 

from the left thoracic T7 and left and right lumbar L2 ventral roots in the presence of NMA (15 

µM) and 5-HT (15 µM) on the whole spinal cord (A1), on lumbar (A2) or on thoracic 

segments (A3). (B) Plot of the locomotor period as a function of the experimental condition 

(NMA/5-HT on the whole preparation or to the lumbar part, n= 28 preparations). (C-D) 

Extracellular activities recorded from T10 or T8 and bilateral L2 ventral roots during NMA/5-

HT applied to the whole spinal cord in control conditions (C1-D1), after a T12/T13 section 

(C2) or in the presence of a sucrose block on the lumbar segments (D2). r, right; l,left; T, 

thoracic, L, lumbar. 
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Figure 3. Evidence of long ascending pathways between lumbar and thoracic 

networks. (A) Coordinated locomotor-like activities recorded at different the thoraco-lumbar 

levels triggered by NMA/5-HT bath -applied to the whole spinal cord preparation. (B) Effetcs 

of the synaptic transmission blockade in T6-T12 segments with a low Ca2+/high Mg2+-

containing aCSF on the NMA/5-HT induced locomotor activity. Note the absence of bursting 

activity on T9. (C) Polar plots of the phase relationships between T3 (bottom panels) or T5 

(upper panels) and right L2 locomotor bursts taken as reference before (control, left panels) 

and after synaptic transmission blockade in mid thoracic segments (low Ca2+/high Mg2+, right 

panels). Note the clockwise shift of the mean phase observed at both thoracic levels in the 

presence of the low Ca2+/high Mg2+ solution. r, right; l,left; T, thoracic, L, lumbar. 

 

Figure 4. Localization and intracellular characterization of thoracic motoneurons. (A) 

Localization of motoneurons innervating axial back muscles in the T12 segment. 

Photomicrographs of choline acetyltransferase (ChAT)-immunoreactivity in T12 (A1) showing 

the ventromedial and lateral motoneuronal populations in lamina IX detailled at higher 

magnification in the upper left inset. (A2) Motoneurons retrogradelly labeled iwith cholera 

toxin ß subunit Alexa Fluor 488 conjugate (CTß) injected into back muscles. (A3) The merge 

panel shows that back muscles motoneurons are located in the ventral part of the 

ventromedial motoneuronal population. Arrows in A2 and A3 point to double labeled 

motoneurons. (B) Schematic of the experimental procedure (left panel). The spinal cord was 

transected at a given thoracic segment and placed on a sylgard support to access 

motoneurons with intracellular electrodes. Motoneurons were identified by the presence of 

antidromic action potential recorded in response to stimulations of the corresponding ventral 

root (right panel). (C-D) Diagrams of the experimental procedure (left panels). Fictive 

locomotion was induced by bath-applying NMA/5-HT to the whole spinal cord preparation.  

Extracellular recordings were performed from the left and right L2 ventral roots and thoracic 

motoneurons were intracellularly recorded at different thoracic levels. Representative traces 

recorded from a T9 motoneuron that rhythmically emitted burst of action potential in phase 

with the locomotor cycle, refered to as a locomotor driven motoneuron, and a T5 motoneuron 

that exhibited action potentials independently from the locomotor activity (D) therefore 

qualified as a non locomotor driven motoneuron. Bar histograms in right panels represent the 

number of spikes emitted during the locomotor cycle (normalized and averaged from the left 

L2 bursting activity and arbitrarily split into 10 subphases, top trace). The thick black line in 

the graph indicates the percentage of cycles during which almost one action potential was 

emitted in the various locomotor cycle subphases. r, right; l,left; T, thoracic, L, lumbar. 
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Figure 5. Restricted pharmacological activation of lumbar locomotor networks 

triggers membrane potential oscillations in thoracic locomotor driven motoneurons. 

(A1-B1) Schematic of the experimental procedure. A vaseline wall was built at the T12 level 

as to be able to activate the lumbar segments separately from the thoracic cord. Extracellular 

recordings were performed from the left and right L2 ventral roots and intracellular recordings 

from motoneurons were performed at different thoracic levels. the mixture of NMA/5-HT was 

applied to the lumbar cord to induce fictive locomotion. Representative traces of 

intracellularly recorded motoneurons that exhibed (A2, locomotor driven motoneurons, Mn) 

or that did not exhibited (B2, non locomotor driven Mn) locomotor membrane potential 

oscillations in this experimental condition. (A3-B3) Mean locomotor burst and synaptic drive 

computed from the recordings presented in A2 and B2 respectively. (C) Percentage of 

locomotor-driven motoneurons showing a synaptic drive in phase with the ipsi- (grey) or 

contralateral (white) L2 locomotor bursts. (D) Cumulative histograms of the percentages of 

locomotor-driven (black) and non locomotor-driven motoneurons in the upper (T3-T5), 

intermediate (T6-T7) and lower (T8-T10) thoracic segments. Numbers in brackets indicate 

the number of motoneurons. r, right; l,left; T, thoracic, L, lumbar. 

 

Figure 6. Characterization of the synaptic drive received by locomotor-driven thoracic 

motoneurons. (A) Time courses of the overall membrane potential depolarization recorded 

from a T7 motoneuron from the onset to the end of a locomotor episode induced by restricted 

applications of NMA/5-HT to the lumbar cord in control condition (A1), and during thoracic 

bath-application of DNQX (5µM) alone (A2) or combined with AP5 (5µM, A3). Note the 

decreased amplitude of the slow depolarization in the presence of DNQX and DNQX/AP5. 

(B) Sequences of locomotor-like activityextracted from the episodes presented in A showing 

the membrane potential oscillations phased-locked to the locomotor activity. Bottom panels 

illustrate the mean cycle (repeated 4 times) obtained using the left L2 as reference in control 

condition and in the presence of DNQX and DNQX/AP5 at the thoracic level. (C) 

Representative traces of a thoracic motoneuron (T10) recorded during NMA/5-HT induced 

locomotion in control condition (C1) and in the presence of Strychnine (2µM), DNQX (5µM) 

and AP5 (5µM, C2) applied to the thoracic segments. r, right; l,left; T, thoracic, L, lumbar. 

 

Figure 7. Monosynaptic contribution of the lumbar locomotor network to the synaptic 

driving of thoracic motoneurons. (A) Membrane potential oscillations recorded from a T8 

motoneuron during NMA/5-HT induced locomotor-like activity in the lumbar spinal cord. (B) 
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Although decreased in amplitude a locomotor synaptic drive is still observed in the same 

motoneuron when a high cations containing solution is applied to the thoracic segment to 

depress polysynaptic pathways. (C) Mean synaptic drive computed from the recordings 

prsented in A and B in normal aCSF (black trace) and in high cation-containing aCSF (grey 

trace). r, right; l,left; T, thoracic, L, lumbar. 

 

Figure 8. Schematic diagram summarizing the relationships between the lumbar 

locomotor network and the thoracic circuitry. The lumbar locomotor network drives the 

thoracic activity while acting at both the premotoneuronal (dark grey) and motoneuronal 

levels through short and long propriospinal pathways. The descending arrow indicates that 

the thoracic networks can modulate the period of the activity generated by the lumbar 

locomotor network. 
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