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SUMMARY 

Spinal cord injury (SCI) leads to a range of disabilities, including locomotor impairments that seriously diminish the 

patients’ quality of life. Strategies to promote functional recovery after severe SCI will undoubtedly include 

approaches to regenerate injured pathways. The present work pursues a less ambitious, but potentially more rapidly 

applicable approach to improve function after SCI by applying neurorehabilitation augmented with neuroprosthetic 

technologies. In an intact situation, the production of standing and walking results from the integration of information 

within spinal neuronal networks that receive signals from supraspinal centers and afferent pathways. In the majority 

of cases, the spinal neuronal networks that coordinate leg movements are located below the injury. Due to the 

interruption of supraspinal signals, these networks are in a non-functional state. Over the past decades multiple 

research groups have developed interventions to access dormant spinal networks in order to enable functional states 

during rehabilitation. The underlying objective is to promote activity-dependent plasticity in the trained sensorimotor 

pathways.  

During my thesis, I contributed to the development of neuroprosthetic technologies that provide a powerful 

means to reanimate non-functional networks. The aim of these paradigms is to mimic the supraspinal signals that are 

normally delivered to spinal locomotor circuits to generate hindlimb motor function. These technologies include: (i) An 

electrical spinal neuroprosthesis that replaces the supraspinal excitatory drive to augment the central state of 

excitability, and thus increase the susceptibility of spinal circuits to respond to afferent input. (ii) A chemical spinal 

neuroprosthesis mimicking the supraspinal source of monoaminergic neuromodulation that promotes locomotor 

permissive states of spinal circuits. (iii) A robotic postural neuroprosthesis that provides optimal conditions of posture 

and balance, which enable sensory feedback to become a source of motor control after severe SCI. Multifactorial 

statistical analyses revealed that each sub-system of the developed neuroprosthetic technologies mediates distinct 

influences on the production of gait performance, suggesting targeting of selective spinal circuits. Optimal 

combinations of neuroprosthetic technologies transformed lumbosacral locomotor circuits from dormant to highly 

functional states, which enabled paralyzed rats with complete SCI to perform weight-bearing stepping with plantar 

placement for extended periods of time. After 8-weeks of locomotor training enabled by an electrochemical 

neuroprosthesis, rats with complete SCI exhibited significantly improved gait performance, which was associated with 

activity-dependent plasticity in lumbosacral circuits. Trained rats were able to instantaneously adapt hindlimb 

locomotor patterns to changes in speed, load and direction of stepping in the complete absence of brain input. Under 

these conditions, ‘the smart spinal brain’ interprets multifaceted afferent information to generate motor outputs that 

meet both internal and external requirements for maintaining successful locomotor states despite dramatic changes 

in environmental conditions.  

Non-ambulatory individuals with severe SCI typically exhibit progressive neuronal dysfunction in the chronic 

stage of injury. To investigate the underlying mechanisms, we developed a new model of severe SCI that consists of 
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two opposite side, staggered lateral hemisections. This SCI completely interrupts direct supraspinal input to spinal 

locomotor circuits, but spares a bridge of intact neural tissue through which intraspinal remodeling could occur. This 

SCI not only led to permanent paralysis but also triggered various functional alterations that resembled the signature 

characteristics of neuronal dysfunction seen in human individuals. Anatomical analyses revealed that undirected 

compensatory plasticity of sub-lesional spinal circuits was in part responsible for neuronal dysfunction in the chronic 

stage of severe SCI. This aberrant sprouting led to a chaotic recruitment of sensorimotor circuits that contributed to 

the emergence of abnormal reflex properties and deterioration of gait performance.  

We next investigated whether neurorehabilitation augmented with neuroprosthetic technologies was able to 

prevent the development of neuronal dysfunction, and instead improve functional recovery, in rats with two opposite 

side, staggered lateral hemisections. For this aim, we developed a rehabilitation program combining (i) automated 

treadmill-based training to induce beneficial activity-dependent plasticity of sub-lesional spinal circuits and (ii) 

overground active training encouraging the rat to engage its paralyzed hindlimbs in order to promote remodeling of 

descending neuronal pathways. After eight weeks of active training, paralyzed rats recovered the capacity to initiate 

and sustain full-weight bearing bipedal locomotion overground, and even to climb staircases and avoid obstacles. 

Combinations of anatomical and complementary experiments demonstrated that training promoted multi-level 

plasticity of spared neuronal pathways above and across the lesion, which restored supraspinal control of 

lumbosacral locomotor circuits. Rats that were exclusively trained on the treadmill showed improved stepping 

capacities, but plasticity was restricted to the trained spinal circuits. They failed to initiate or sustain locomotion 

overground. These results demonstrate the importance of active training under highly functional states to promote 

reorganization of spared neuronal systems through activity-dependent mechanisms after a severe SCI.   

Activity-based approaches have become common medical practices to improve functional recovery following 

incomplete SCI in humans. However, after more severe SCI these interventions show limited efficacy, possibly due to 

the non-functional state of the spinal cord during training. A recent case study tested this hypothesis in a paraplegic 

man who suffered chronic motor paralysis. Epidural electrical spinal cord stimulation was applied during stand 

training to enable functional states of spinal circuits. After several months of rehabilitation, the chronically paralyzed 

individual regained supraspinal control over specific leg joint movements in a supine position. However, this capacity 

was only present when stimulation was applied. These results suggest that the therapeutic paradigms that we 

developed and demonstrated in rats may also apply to human patients. While challenges lie ahead, 

neurorehabilitation augmented with neuroprosthetic technologies may progressively become a new treatment option 

to improve functional recovery of spinal-cord-injured human patients. The present work emphasizes the importance 

of fostering bridges between neuroscience, technology and medicine to develop neurotechnologies and rehabilitation 

paradigms that have the potential to translate into clinical practices. 
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RÉSUMÉ 

Les lésions de la moelle épinière engendrent des déficits sensori-moteurs sévères et particulièrement des troubles 

de la marche, qui altèrent significativement la qualité de vie des personnes atteintes. Jusqu’à présent, la plupart des 

stratégies visant à promouvoir la récupération fonctionnelle après une lésion sévère se sont essentiellement 

focalisées sur la régénération des voies nerveuses endommagées. Ce travail de recherche présente une nouvelle 

approche thérapeutique basée sur l’implantation de neuroprothèses. Ce nouveau paradigme, moins ambitieux, 

présente néanmoins des perspectives d’application sur l’homme beaucoup plus rapides.  

En condition normale, la production de mouvements locomoteurs résulte de l’intégration au niveau de réseaux 

locomoteurs spinaux, d’informations provenant de centres supra-spinaux et de voies sensorielles afférentes. Pour la 

majorité des patients atteints de lésion médullaire, les réseaux locomoteurs spinaux qui coordonnent le mouvement 

des membres inférieurs sont localisés en dessous de la lésion. Par conséquent, l’interruption des signaux supra-

spinaux ne permet plus d’activer les réseaux locomoteurs, les plaçant dans un état non fonctionnel (dormant). Ces 

dernières années, de nombreux groupes de recherche ont tenté de réactiver ces réseaux spinaux afin de promouvoir 

une plasticité neuronale activité dépendante en vue d’améliorer l’état fonctionnel lors de la réhabilitation.  

Au travers de mon travail de thèse, j’ai contribué au développement technologique de neuroprothèses 

permettant de réveiller des réseaux locomoteurs non-fonctionnels. Le but de ce paradigme est de mimer les signaux 

supra-spinaux qui sont normalement délivrés aux circuits spinaux afin de générer une activation motrice. Ces 

technologies incluent : (i) Une neuroprothèse spinale « électrique » qui supplée la commande excitatrice supra-

spinale par l’application de stimulations électriques épidurales afin d’augmenter la sensibilité des circuits spinaux. (ii) 

Une neuroprothèse « chimique » mimant les sources monoaminergiques cérébrales pour réactiver les circuits 

spinaux. (iii) Une neuroprothèse « robotisée » qui assiste le contrôle de la posture, tout en fournissant passivement 

une source d’activation des réseaux sensoriels périphériques pour qu’ils contribuent activement au contrôle moteur 

malgré la lésion médullaire. 

Des analyses statistiques multifactorielles ont révélé que chaque entité de la neuroprothèse module 

distinctement les performances locomotrices, suggérant un ciblage sélectif des circuits spinaux. Une combinaison 

optimale de ces techniques permet de transformer les circuits locomoteurs spinaux au niveau lombo-sacré, d’un état 

dormant vers un état hautement fonctionnel. Des rats totalement paralysés ayant bénéficié de cette technologie ont 

pu retrouver une marche coordonnée tout en supportant leur propre poids corporel. Après 8 semaines de 

réhabilitation assistée par la neuroprothèse, des rats avec une lésion complète ont démontré un niveau de 

recouvrement significatif de leur comportement locomoteur antérieur à la lésion, et cela, couplé à une plasticité 

neuronale des circuits lombo-sacraux. Les animaux entrainés ont été capables d’adapter instantanément leur patron 

locomoteur aux changements de vitesse, de support du poids corporel et de la direction de marche, en absence de 
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tout contrôle supra-spinal. Dans ces conditions, « le cerveau spinal » peut être qualifié d’intelligent, dans la mesure 

où il est capable d’interpréter les informations sensorielles afférentes pour générer des sorties motrices adaptées.  

Des patients invalides, suite à une lésion sévère de la moelle épinière, développent progressivement des 

dysfonctionnements neuronaux dans les phases chroniques post-lésionnelles. Afin d’étudier les mécanismes sous-

jacents, nous avons développé un nouveau modèle de lésion sévère de la moelle épinière qui consiste en 2 hémi-

sections placées en opposition à 2 niveaux médullaires distincts. Cette lésion interrompt complètement les signaux 

supra-spinaux vers les centres locomoteurs tout en épargnant une partie de tissu nerveux propice à un remodelage 

des circuits spinaux. Cette lésion ne conduit pas seulement à une paralysie permanente mais déclenche également 

des altérations fonctionnelles qui ressemblent à celles observées chez l’homme. Des analyses neuro-anatomiques 

ont révélées qu’une plasticité non orientée des circuits spinaux était en partie responsable de ces 

dysfonctionnements neuronaux. En effet, cette régénération spontanée conduit à un recrutement aléatoire de circuits 

sensorimoteurs contribuant à l’émergence de réflexes anormaux et à la détérioration du comportement locomoteur. 

Nous avons ensuite cherché à déterminer dans quelle mesure la neurorééducation combinée  aux 

neuroprothèses était capable de limiter le développement de ces troubles neuronaux voire même, au contraire, 

d’encourager une récupération fonctionnelle dans notre modèle de double hémi-section chez le rat. Dans ce but, 

nous avons développé un programme de rééducation combinant (i) un entrainement automatisé sur tapis-roulant 

pour induire une plasticité des circuits supra-spinaux guidée par l’activité neuronale et (ii) un entrainement actif à 

même le sol, encourageant le rat à engager volontairement ses membres paralysés afin de promouvoir un 

remodelage des voies neuronales descendantes. Après huit semaines d’entrainement actif, les rats paralysés ont 

non seulement récupéré la capacité d’initier volontairement la marche (bi-pédale) à même le sol, mais ont également 

montré une grande capacité d’adaptation à l’environnement en grimpant avec succès des escaliers et franchissant 

des obstacles. 

Des analyses anatomiques complémentaires ont ensuite démontré que l’entrainement a favorisé une 

plasticité des voies neuronales épargnées à plusieurs niveaux médullaires ; non seulement à travers la lésion, mais 

aussi au-dessus de la lésion, se traduisant par la restauration du contrôle supra-spinal des circuits locomoteurs 

spinaux. En revanche, les animaux ayant uniquement été entrainés sur un tapis roulant (réhabilitation passive) n’ont 

montré qu’une amélioration du comportement locomoteur, sans capacité d’initiation volontaire du pas, avec une 

plasticité nerveuse restreinte aux circuits spinaux. Ces résultats démontrent l’importance de la dimension active de 

l’entrainement lors de la réhabilitation avec les neuroprothèses pour promouvoir la réorganisation des systèmes 

neuronaux épargnés par la sévère lésion médullaire. 

Les approches thérapeutiques basées sur l’activité physique sont devenues une pratique médicale commune 

pour améliorer la récupération motrice suite à une lésion incomplète chez l’homme. En revanche, dans le cas de 

lésions plus sévères, ces types d’interventions ont montré des effets limités, probablement à cause de l’état non-

fonctionnel de la moelle épinière durant l’entrainement. Il y a trois ans, une étude de cas a testé cette hypothèse 
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chez un patient atteint de paraplégie chronique. Un programme de stimulations électriques épidurales a été délivré 

durant un entrainement en position debout en vue de réactiver les circuits spinaux non-fonctionnels. Après quelques 

mois de réhabilitation, le patient paralysé a récupéré une mobilité volontaire de certaines articulations des membres 

inférieurs en position allongée. Cette capacité n’était cependant présente que durant les stimulations électriques. 

Ces résultats suggèrent que le paradigme thérapeutique que nous avons développé et démontré chez le rat pourrait 

aussi s’appliquer à l’homme. Bien que de nombreux obstacles restent à franchir, la neuroréhabilitation 

« augmentée » par l’utilisation des technologies neuroprosthétiques pourrait progressivement devenir une nouvelle 

perspective de traitement pour améliorer la récupération fonctionnelle et la qualité de vie de patients paralysés. Ce 

travail souligne l’importance de la combinaison de plusieurs domaines de recherche afin de développer des 

neurotechnologies pouvant s’étendre jusqu’au domaine clinique. 
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INTRODUCTION 

Spinal Cord Injury 

Neurologic disorders significantly impact millions of people worldwide. Individuals with spinal cord injury (SCI) exhibit 

a myriad of detrimental changes in vital physiological and sensorimotor functions that significantly diminish their 

quality of life. The functional consequences of an SCI depend on the location and size of the injury. Lesions restricted 

to mid-thoracic to lumbar segments affect the sensorimotor control of lower limbs (paraplegia); higher levels of injury 

lead to additional and more complex impairments involving upper limb movements (quadriplegia). A small, partial 

lesion is usually followed by an extensive functional recovery, whereas no to very limited functional recovery is 

observed after a severe lesion. Typically, substantial spinal cord damage leads to complete and permanent paralysis 

below the level of the injury (Waters et al., 1992).  

A series of multi-factorial changes progressively takes place in the chronic stage of a severe SCI. These 

alterations include sensorimotor deficits, deterioration of skeletal muscle properties (Biering-Sorensen et al., 2009), 

development of spasticity (Hiersemenzel et al., 2000, Dietz and Sinkjaer, 2012, Roy and Edgerton, 2012), decreased 

bone mineral density (Biering-Sorensen et al., 1988, Morse et al., 2009), bladder, bowel and sexual dysfunction 

(Glick et al., 1984, de Groat and Yoshimura, 2006, Ekland et al., 2008, Horst et al., 2012, Weaver et al., 2012), 

immune deficiency syndrome (Meisel et al., 2005, Riegger et al., 2009, Failli et al., 2012), and cardio-vascular 

disease (Whiteneck et al., 1992, Cragg et al., 2012, Weaver et al., 2012). Additionally, individuals with SCI have to 

cope with psychological and social suffering associated with these disabilities (Anderson, 2004, Tulsky et al., 2011).  

 

Spontaneous plasticity 

In his early work Ramon y Cajal emphasized that very limited adaptive changes occur after injury to the adult 

mammalian central nervous system (CNS). Despite this early pessimistic view, he later became one of the first 

neuroscientists to envision the contribution of spontaneous regenerative sprouting in the CNS during recovery after 

neurotrauma (Ramon y Cajal, 1928). Over the past forty years, scientific advances have confirmed the intriguing 

capacity of neural circuitries to remodel extensively after an injury, both anatomically and functionally (Raineteau and 

Schwab, 2001). In the late seventies, Paillard defined the concept of adaptive plasticity in a mature system as ‘the 

capacity of the fully developed system to change its own structure and to expand its behavioural repertoire’ (Paillard, 

1976, Will et al., 2008). In addition he stated that ‘the term plasticity is only appropriate in terms of the ability of the 

system to achieve novel functions, either by transforming its internal connectivity network or by changing the 

elements of which it is made’ (Paillard, 1976, Will et al., 2008). This seminal view established an important distinction 

between anatomical and functional plasticity (Schwab, 2002, Raineteau, 2008). CNS injuries induce a cascade of 

adaptive changes throughout the affected and non-affected neural structures, which can lead to both beneficial and 
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detrimental functional changes. This overall process is commonly referred to as plasticity – although this term 

currently encompasses multifaceted meanings that blur its exact significance.  

Following the initial insult of a traumatic SCI, a variety of molecular and cellular responses occurs in the 

vicinity of the lesion area, and continues to evolve for years after the injury (Calancie et al., 1996, Hiersemenzel et 

al., 2000, Dietz and Muller, 2004, Calancie et al., 2005, Bunge and Wood, 2012, Dietz, 2012). During the first weeks 

post-injury, vascular changes, excitotoxic events, inflammation and scarring, lead to a substantial loss of tissue that 

creates a much larger lesion area than expected based on the initial mechanical impact (Schwab and Bartholdi, 

1996, Dumont et al., 2001, Bradbury et al., 2002, Maier and Schwab, 2006). Concurrently, this secondary damage 

activates microglia and recruits inflammatory cells to protect the neural tissue, as well as reactive astrocytes to 

mitigate secondary damage and repair the blood-brain-barrier. However, within 48 hours (i) necrosis and apoptosis of 

neurons and oligodendrocytes induce significant cell death, (ii) severed axons collapse and disintegrate through 

Wallerian degeneration (Crowe et al., 1997, Hausmann, 2003), and (iii) spared fibers partially lose their myelin sheets 

notwithstanding preservation of the axonal structure (Gledhill et al., 1973). Once the inflammatory response ceases 

and macrophages start disappearing, a fluid-filled cyst develops at the location of the lesion. Reactive astrocytes 

accumulate at the border of the lesion area, forming a glial scar that constitutes a physical barrier preventing axonal 

growth (Carulli et al., 2005). At a later stage, reactive astrocytes release chondroitin sulfate proteoglycans (CSPGs) 

that exert additional growth inhibitory activities. Moreover, oligodendrocytes and CNS myelin membranes contain 

intrinsic inhibitory molecules for neurite growth (Fournier and Strittmatter, 2001, Schwab, 2004). Taken together, this 

series of cataclysmic events contributes to the failure of axon regeneration in the adult mammalian CNS.  

Aside from these local processes in the direct vicinity of the lesion site, the CNS exhibits a substantial 

reorganization in non-lesioned areas of the spinal cord, in the brainstem and throughout cortical networks (Fouad et 

al., 2001, Raineteau and Schwab, 2001). This remodeling occurs at the synaptic level, which includes (i) the 

modification of synaptic strength in pre-existing circuits, referred to as functional plasticity; and (ii) the increase in 

number of synapses through sprouting of terminal arbours, also referred to as anatomical plasticity, leading to the 

formation of new circuits (Bareyre et al., 2004, Courtine et al., 2008, Cowley et al., 2008). While sprouting is largely 

interpreted as a beneficial phenomenon that supports recovery, as seen after a partial SCI (Raineteau and Schwab, 

2001, Weidner et al., 2001, Edgerton et al., 2004, Courtine et al., 2008, Maier et al., 2008, Rosenzweig et al., 2010), 

the ubiquitous alteration of CNS circuitries can also be detrimental. For example, there is overwhelming evidence 

suggesting that the anatomical reorganization of spinal circuits caudal to a severe SCI is responsible for the 

progressive development of neuronal dysfunction in the chronic stage of a severe SCI in humans (Dietz, 2010). 

These clinical results emphasize that recovery after SCI will critically depend on the capacity of therapeutic 

interventions to prevent or steer the myriad of plastic changes that spontaneously occur after spinal cord damage.  
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Central pattern generation 

It is well established that the neuronal circuitry sufficient to generate efficient stepping and standing is embedded 

within the lumbosacral segments of the spinal cord (Philippson, 1905, Sherrington, 1910, Brown, 1911, Grillner and 

Zangger, 1984). Phillipson and Sherrington first described the capacities of feline lumbosacral locomotor circuits 

deprived of supraspinal input to generate rhythmic-like patterns of limb movement in response to sensory input 

(Philippson, 1905, Sherrington, 1910, Burke, 2007). Graham Brown (Brown, 1911) next showed the ability of the 

feline lumbosacral circuits to produce alternating activity of antagonistic muscles acting at the ankle, in the absence 

of any input from the brain and the periphery. He concluded that ‘the locus of the changes which condition the 

refractory phase of progression must be in the spinal cord, but the mechanism which determines them must also be 

central’ (Brown, 1911, Kiehn, 2006). He postulated that the rhythmic sequence of activity in the lower limbs could be 

attributed to intrinsic spinal cord centers, termed half-centers for extension and flexion that would exert reciprocal 

inhibition. 

Later, Grillner and Zangger (Grillner and Zangger, 1979) conceptualized this viewpoint in the notion of a 

central pattern generator (CPG) for locomotion. Their work unequivocally demonstrated the intrinsic capacity of 

isolated spinal circuits to generate rhythmic output resembling that observed during normal locomotion in cats. They 

coined the operative definition of a CPG as ‘a neural circuit that produces repetitive patterns of reciprocal activity 

between extensor and flexor muscles independently of supraspinal or oscillating afferent input’ (Grillner, 2003, 

Edgerton et al., 2008). Grillner and Zangger concluded that the spinal cord, chronically isolated from both supraspinal 

and peripheral input, can generate rhythmic activity for extended periods of time in the presence of non-phasic 

electrical or pharmacological stimulation of the spinal cord.  

Rhythmicity generating networks for locomotion are found in all vertebrates including humans (Bussel et al., 

1988, Dimitrijevic et al., 1998, Kiehn, 2006). Over the past forty years, the elements of, and interactions within CPG 

networks have been extensively studied in mammals (Cazalets et al., 1990, Hultborn et al., 1998, McCrea, 1998, 

Christie and Whelan, 2005, Kiehn, 2006). Hindlimb muscle movement is regulated by pools of motoneurons that are 

part of a rostrocaudally distributed assembly of CPG networks located in the lumbosacral region (Grillner and 

Zangger, 1979, Christie and Whelan, 2005). This spinal circuitry is under the powerful modulatory influence of 

multifaceted sensory information that enters the spinal cord via the dorsal roots. The core components of the spinal 

circuitry generating rhythmicity reside in the ventral half of the grey matter, i.e., lamina VII and VIII (Kiehn, 2006, 

Goulding, 2009, Arber, 2012). In turn, commissural neurons and propriospinal connections control left-right 

coordination. Five different classes of interneurons constitute the core elements of the CPG, i.e., V0, V1, V2, V3 and 

dI6 neurons. These neurons (i) exert either an excitatory (glutamatergic) or an inhibitory (GABA-/glycinergic) 

influence, (ii) project ipsilaterally and/or contralaterally, (iii) project rostrally and/or caudally, and (iv) likely contribute 

in their own specific manner to the production and modulation of locomotor output. For example, inhibitory V1 
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neurons project ipsilaterally in the rostral direction and participate in the regulation of the speed of walking (Goulding, 

2009). New molecular and genetic strategies are providing a range of tools and methods to identify the architecture 

of the mammalian spinal circuitry. The use of highly specific paradigms, especially from the rapidly developing 

optogenetic toolbox (Tye and Deisseroth, 2012), allows to selectively activate or silence specific subpopulations of 

interneurons that compose the locomotor system. This research field is advancing at a fast pace, and holds promises 

to dissect the morpho-functional characteristics of the spinal circuitry that sustains stepping. 

CPG networks are also under the powerful influence of modulatory and excitatory descending systems that 

originate in various brainstem regions (Grillner, 2003, Jordan et al., 2008, Goulding, 2009, Hägglund et al., 2010). 

These pathways provide the source of modulation (monoaminergic drive) and excitation (glutamatergic drive) to 

engage spinal circuits and thus produce locomotion. A severe SCI leads to the complete or partial interruption of 

these descending pathways, which abolishes the ability to trigger locomotion, while the integrity of the spinal circuitry 

including its ascending and descending communication with the periphery essentially is preserved. Over the past 30 

years, multiple strategies have been developed to mimic these supraspinal inputs by electrical and pharmacological 

stimulations and smart robotic systems (Rossignol et al., 2001, Fong et al., 2005, Ichiyama et al., 2005, Cai et al., 

2006b, Barthelemy et al., 2007, Gerasimenko et al., 2007, Mushahwar et al., 2007, Lavrov et al., 2008b). The 

underlying objective of these approaches is to provide denervated spinal networks with the type of information that 

supraspinal centers would deliver, naturally, in order to walk. Such strategies have shown the capacity to facilitate 

standing and stepping after severe SCI and thus show potential for integration in neurorehabilitative programs to 

improve functional recovery. Chapter One provides a review of these motor control-enabling systems. 

 

Therapeutic strategies 

Historically, treatment of spinal cord damage primarily focused on the development of compensatory strategies that 

aimed at coping with residual sensorimotor capacities post-SCI since it was believed that no adaptive changes would 

occur in the CNS after a lesion. Over the past three decades, multiple studies have contributed to shifting treatment 

paradigms. Various molecular, cellular, and functional strategies have shown the capacity to promote spinal cord 

repair and CNS reorganization after SCI even in human individuals (Levy et al., 1990, Dietz et al., 1994, Wernig et 

al., 1995, Bruehlmeier et al., 1998, Hiersemenzel et al., 2000, Raineteau and Schwab, 2001, Fawcett, 2002, Beres-

Jones et al., 2003, Bareyre et al., 2004, Cowley et al., 2008, Dietz et al., 2009, Sun and He, 2010, Roy et al., 2012, 

Tuszynski and Steward, 2012). 

 

Neural repair interventions 

A range of neural repair interventions targeting neuroprotection, intrinsic growth capacity of axons, extrinsic inhibitory 

mechanisms, bridging and cell replacement have been developed in experimental animals. Neuroprotective 
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strategies aim at counteracting spinal cord tissue damage and protecting spared axons and cells from secondary 

damage. Animal models have shown contradictory results, however, treatments have been translated into clinical 

trials that were either unsuccessful or led to caution against it (Hurlbert and Hamilton, 2008, Priestley et al., 2012). 

Various approaches targeting intrinsic growth capacity, including neurotrophic factors (Schnell et al., 1994), cyclic 

AMP (Cai et al., 2001), Taxol (Hellal et al., 2011), or manipulation of the PTEN pathway (Liu et al., 2010, Sun et al., 

2011), have shown the preserved ability of severed axons to regenerate. However, this growth of new axons 

occurred over very short distances or failed to expand beyond the glial scar. Consequently, limited functional 

improvement occurred following this type of intervention. Manipulation of extrinsic inhibitory mechanisms has led to 

more promising outcomes. For example, the delivery of anti-inhibitory molecules such as anti-Nogo-A antibody 

(Schnell and Schwab, 1990), or the enzyme chondroitinase ABC (Bradbury et al., 2002), promote extensive sprouting 

in the vicinity of the lesion area, as well as in distant neural circuits. These approaches showed significant functional 

improvements after incomplete SCI in experimental animals and led to a clinical trial applying anti-Nogo-A antibody in 

acutely injured paraplegic patients (Zorner and Schwab, 2010). Strategies that could be used to bridge scar tissue 

and cavities, include transplantation of Schwann cells (Fortun et al., 2009), olfactory ensheating cells (Kubasak et al., 

2008, Takeoka et al., 2011), and transplantation of peripheral nerve grafts (Richardson et al., 1980, David and 

Aguayo, 1981). However, in these approaches axonal regrowth has faced the problem of the inability to leave the 

substrate and to find their targets. Finally, the field of neural stem cells is progressing at a fast pace (Lu et al., 2012, 

Piltti et al., 2013). Grafts of neural stem cells embedded in a fibrous matrix of growth factors reestablished neural 

connectivity across a site of complete spinal cord transection in animal models. Currently, clinical trials are ongoing. 

To date however, no neural repair intervention has promoted the recovery of useful functional capacities after a 

severe SCI leading to complete and permanent paralysis.  

 

Activity-based rehabilitation 

In the early ‘80s, Edgerton and Rossignol conducted seminal experiments for the conceptual design of activity-based 

interventions after SCI. They hypothesized that, even after a complete interruption of supraspinal input, the spinal 

cord has the ability to learn a motor task that is repeatedly practiced and trained. They developed a body-weight 

supported (BWS) step training intervention with manual assistance. They showed that after several months of 

training, adult cats with a complete SCI regained the capacity to perform full weight-bearing plantar stepping on a 

treadmill for extended periods of time (Lovely et al., 1986, Barbeau and Rossignol, 1987). The repetitive exposure to 

organized patterns of sensory input, promoted activity-dependent remodeling of the trained spinal neuronal networks 

(Lovely et al., 1986, Barbeau and Rossignol, 1987, Lovely et al., 1990, Barbeau et al., 1993, de Leon et al., 1998b, 

Tillakaratne et al., 2002). Edgerton and colleagues further showed that adult spinal cats could be trained to stand. 

Despite the complete absence of brain input, the spinal cord regained the capacity to sustain full weight-bearing 

standing for durations exceeding one hour (Pratt et al., 1994, De Leon et al., 1998a). However, these animals lost the 
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capacity to step (de Leon et al., 1999b, Tillakaratne et al., 2002). These experiments demonstrated the potential of 

intense daily exercise, to promote activity-dependent plasticity in the trained neuronal networks, but this remodeling 

occurred at the expense of other, non-practiced movements. These results emphasize the importance of the type 

and quality of a trained motor function during a rehabilitative program to promote useful plasticity in the trained 

neuronal networks. 

These results in experimental animals have been translated to an activity-based neurorehabilitation program 

that can enhance the recovery of walking over ground in individuals with an incomplete SCI (AIS C and D, classified 

by the American Spinal Injury Association) (Wernig and Muller, 1992, Wernig et al., 1995, Dietz and Colombo, 2004, 

Behrman and Harkema, 2007, Harkema et al., 2012a). Instead, the implementation of similar rehabilitation 

techniques has not led to completely unassisted walking after severe SCI (AIS A and B) leading to permanent 

paralysis (Dietz et al., 1995, Maegele et al., 2002, Dietz and Harkema, 2004). Although the denervated human spinal 

cord has the capacity to produce stepping patterns (Harkema et al., 1997, Beres-Jones and Harkema, 2004, 

Lunenburger et al., 2006) and improve its capacity with training (Dietz V, 1998, Wirz M, 2001, Dietz and Harkema, 

2004), the severe interruption of descending pathways induces a depressed state of lumbosacral circuits that 

prevents stepping from occurring. Contrary to cats however (Lovely et al., 1986, de Leon et al., 1998b), mice and rats 

do not regain the ability to execute unassisted stepping movements after severe SCI, even after intense locomotor 

training (Kubasak et al., 2008). Even though a rhythmogenic capacity is present in the mouse, rat, and human spinal 

cord, additional stimuli are thus necessary to augment the central state of excitability of these neuronal networks to a 

level that allows lumbosacral circuits to translate locomotor-related sensory input into coordinated patterns of 

movement (Edgerton and Roy, 2002, Edgerton et al., 2008, Roy et al., 2012).  

 

Neurorehabilitation with motor control enabling systems 

After a severe SCI leading to paralysis, the spinal locomotor circuitry caudal to the injury remains globally unaffected. 

However, the interruption of descending input leads to a non-functional state. Over the past two decades, multiple 

research groups have deployed efforts to develop interventions, termed enabling factors, capable of transforming 

spinal neuronal networks from dormant to functional states (Edgerton and Roy, 2002, Minassian et al., 2007, 

Edgerton et al., 2008, Roy et al., 2012). The underlying objective is to enable highly-functional states during 

rehabilitation in order to promote activity-dependent plasticity of the trained sensorimotor pathways. Chapter One 

provides a review of these motor control-enabling systems and discusses current attempts to translate these 

promising findings in experimental animals to a viable clinical intervention (Harkema et al., 2011).  

Knowledge on the multifactorial complexity of SCI, leads to the likelihood that differing treatments will have to 

be combined to reach the maximum potential for recovery. Advances in this direction are proceeding, but current 

strategies do not yet reach the efficacy of enhancing functional recovery to a level of independent, over ground 

locomotion after severe SCI in humans. 
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Abstract 

The majority of spinal cord injuries (SCI) lead to severe motor impairments. However, there is overwhelming 

evidence that the neuronal circuitry, sufficient to coordinate locomotion, is embedded in lumbosacral segments of the 

spinal cord. Nevertheless, the interruption of descending input from the brain markedly depresses the physiological 

state of spinal circuitries, thus limiting their capacity to produce motor patterns. In this review, we summarise recent 

findings in rats and humans that demonstrate the remarkable ability of rehabilitative training enabled by epidural 

electrical stimulation of lumbosacral segments and monoamine agonists to restore coordinated standing and walking 

movements in subjects with paralysing SCI. We discuss the implication of these findings for the design of viable 

clinical interventions to return motor function in humans with severe spinal cord damage. 

 

Introduction 

Severe spinal cord injury (SCI) significantly impacts the ability of affected individuals to generate functional standing 

and locomotor movements. A century of research on the organisation of the neural processes that control 

movements in mammals, however, has demonstrated that the neuronal circuitry, sufficient to coordinate basic 

movements, is embedded within the lumbosacral segments of the spinal cord (Philippson, 1905, Sherrington, 1910, 

Grillner and Zangger, 1984), i.e., caudal to the level of most human SCI. Even when completely isolated from 

supraspinal structures, spinal neuronal networks are capable of generating efficient stepping patterns and 

independent standing. Indeed, current concepts on motor control suggest that the descending systems provide 

excitatory (Hägglund et al., 2010) and modulatory (Jordan et al., 2008) drives to these spinal circuits, but the 

operations underlying the elaboration of motor patterns for walking and standing are essentially achieved by the 

‘smart’ spinal brain (Fong et al., 2009). However, the interruption of supraspinal input after a severe SCI leads to a 

markedly depressed state of spinal circuits, thus preventing the production of movement (Harkema, 2008, Courtine et 

al., 2009). In the recent years, this view sparked a surge of research projects that aimed at developing strategies to 

tune the physiological state of spinal circuitries to a level sufficient for stepping and standing to occur. The underlying 

objective is to promote a highly functional state during rehabilitation to steer use-dependent plastic changes in the 

trained sensorimotor pathways (Courtine et al., 2011). 

In this review, we briefly summarise the lessons that we have learned from this past decade of research. We 

describe innovative strategies combining electrical, pharmacological, and robotically assisted step training paradigms 

which are capable of restoring full weight bearing locomotion of the paralysed hindlimbs in rats with complete SCI. 

We also document recent findings in a paraplegic man who regained voluntary leg movements using these 

therapeutic principles. Finally, we discuss the implications of these results for the design of viable interventions to 

return motor function in humans with severe spinal cord damage. 
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Figure 1. Schematic diagram illustrating the 
mechanisms through which activity-based training 
with motor control enabling systems enhances 
standing and stepping capacities after a complete 
SCI. (a) The complete SCI interrupts all descending 
monoaminergic and glutamatergic input from the 
brain. However, the essential neuronal circuitry to 
coordinate movements remain intact, but dormant, 
caudal to the lesion. (b) These dormant spinal 
circuitries can be engaged by motor control enabling 
systems combining EES and monoaminergic 
agonists. In turn, spinal circuitries can recognise task-
specific sensorimotor patterns and use this  
information to coordinate movement without the 
brain. Training with motor control enabling systems 
leads to the selection and reinforcement of the 
repetitively activated neuronal networks in a way that 

improves the performance of the trained tasks. 

Motor control enabling systems after SCI 

Various strategies including electrical stimulation of the muscles (Mushahwar et al., 2007) or dorsal roots 

(Barthelemy et al., 2007), epidural (Lavrov et al., 2008b, Musienko et al., 2010) or intraspinal (Barthelemy et al., 

2007, Mushahwar et al., 2007) electrical spinal cord stimulation, administration of a variety of pharmacological agents 

(Rossignol et al., 2001, Gerasimenko et al., 2007, Courtine et al., 2009), and smart robotic systems (Fong et al., 

2005, Cai et al., 2006b) have shown the capacity to facilitate standing and stepping after a severe SCI. Since these 

interventions are not used to induce, but rather to allow the production of movements, we termed these paradigms 

motor control enabling systems. 

 

 

 

In this review, we specifically focus on the ability of epidural electrical stimulation (EES) and monoamine agonists to 

enable locomotion in rats with complete SCI (Fig. 1A). The use of EES to facilitate locomotion dates back to the early 

1990’s. Garcia-Rill and colleagues (Iwahara et al., 1992) first reported that EES applied both at the cervical or lumbar 
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enlargements with plate electrodes induces locomotion in decerebrated cats. Since then, tonic EES applied over the 

dorsal surface of virtually any lumbar or sacral segment (Ichiyama et al., 2005) has shown the ability to facilitate 

stepping on a treadmill as well as standing in rats (Gerasimenko et al., 2007, Musienko et al., 2009), rabbits 

(Musienko et al., 2007), cats (Musienko et al., 2007), and humans with a severe SCI (Minassian et al., 2004, 

Harkema et al., 2011). The mechanisms underlying the facilitation of motor activities with EES are not yet fully 

understood (Gerasimenko et al., 2008). Electrophysiological recordings (Gerasimenko et al., 2006) and computer 

simulations (Holsheimer, 1998, Rattay et al., 2000) suggest that EES directly engages spinal circuits by recruiting 

posterior root fibers at their entry into the spinal cord as well as along the longitudinal portions of the fiber trajectories 

(Fig. 1B). 

Current evidence thus suggests that EES activates motor pools through the recruitment of afferent pathways, 

which follow a strict muscle-specific architecture along the rostrocaudal extent of the spinal cord (Vrieseling and 

Arber, 2006). Consequently, can EES delivered at specific locations elicit distinct patterns of motor responses in 

lower limb muscles? To test this hypothesis we applied EES over lumbar (L2) versus sacral (S1) segments during 

both standing and stepping in spinal rats (Courtine et al., 2009). Consistent with the rostrocaudal anatomical gradient 

of flexor and extensor motor pools, we observed a facilitation of flexion with lumbar EES, whereas stimulation applied 

at the sacral level primarily encouraged extension, both during standing and stepping. Moreover, the combination of 

two (Courtine et al., 2009), and even more efficiently three (Musienko et al., 2009), sites of EES promoted clear 

synergistic facilitation of locomotion. 

Under normal conditions glutamatergic reticulospinal neurons provide the tonic excitatory drive to engage 

spinal locomotor networks (Hägglund et al., 2010). Here, we summarise results that collectively demonstrate the 

powerful ability of basic spinal cord electrical stimulation to replace the descending source of tonic excitation, 

enabling standing and stepping in paralysed rats with a severe SCI. In the complete absence of a descending source 

of monoaminergic modulation, however, EES alone fails to promote substantial levels of weight bearing with plantar 

placement of the feet on the treadmill belt (Courtine et al., 2009). Similarly, in the absence of monoamines, 

descending glutamatergic inputs alone fail to elicit long-lasting step-like patterns (Hägglund et al., 2010). 

Indeed, spontaneous locomotor activity is associated with a substantial release of monoamines within most 

laminae of the lumbosacral segments (Hentall et al., 2006). These monoaminergic inputs are not restricted to the 

classical, hardwired synaptic communication, but also and primarily operate peri-synaptically through three-

dimensional signal diffusion, i.e., volume transmission (Agnati et al., 2010). Monoaminergic neurotransmitters easily 

escape the synaptic cleft, enter the extracellular space, and reach extrasynaptic, G-protein-coupled receptors located 

on the surface membrane of neighboring cells. This signaling transduction pathway profoundly alters cell properties 

over timescales that span from minutes to hours (Agnati et al., 2010). Volume transmission communication suggests 

that pharmacological agents mimicking the action of monoamines could act in concert with epidural electrical 

stimulation to orchestrate the functional tuning of spinal circuitries (Zoli et al., 1999). 
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Figure 2. Accessing spinal locomotor circuits in combination with activity-based step training on a treadmill restores full weight-bearing 
locomotion in paraIysed rats. Representative illustration of EMG and kinematic characteristics underlying bipedal locomotion in a non-injured 
rat, and in a rat with a complete SCI at 1 week post injury, spontaneously and with electrical and pharmacological stimulations (Combo), and 
after eight weeks of activity-based step training on a treadmill. In each panel from top to bottom a representative stick diagram decomposition 
of hindlimb locomotion during swing is shown together with successive limb endpoint trajectories. Traces are colour-coded for stance, swing 
and drag by grey, blue and red, respectively. The vectors represent the direction and intensity of the limb endpoint velocity at swing onset. 
Below, a sequence of raw EMG activity from the tibialis anterior (TA) and the soleus (Sol) muscle is shown. Grey and red bars represent the 
stance and drag phases, respectively. The percentage of body weight support (%BWS) for the trial is reported below each panel. MTP, 
metatarsophalangeal joint. 

We directly tested this hypothesis in adult rats with a complete SCI (Courtine et al., 2009). We investigated the ability 

of a broad range of monoaminergic receptor agonists to promote specific tuning patterns of gait features. Using 

advanced neurobiomechanical analyses, we demonstrated the intriguing ability of serotonergic, dopaminergic, and 

noradrenergic receptor subtypes to modulate stepping patterns in qualitatively unique ways (Musienko et al., 2011). 

We thus elaborated a catalogue of monoaminergic tuning functions that allowed us to anticipate the modulation 

patterns mediated by specific pharmacological agents as well as their interactions. Capitalising on these predictive 

interactions, we elaborated a multidimensional monoaminergic intervention that, combined with dual site EES, 

restored coordinated hindlimb locomotion with normal levels of weight bearing and partial equilibrium maintenance in 

spinal rats (Fig. 1B, left side). 

Taken together, these results show that stimulation of spinal monoaminergic receptors pharmacologically, and 

recruitment of spinal circuits electrically can modulate recognisable qualitative features of locomotion independently, 

as well as collectively, in rats deprived of any supraspinal influences (Fig. 2). 

 

Neurorehabilitation with motor control enabling systems 

Intensive rehabilitative training has shown the capacity to prevent deterioration of function and improve stepping and 

standing capacities in cats with a complete SCI (Edgerton et al., 2001). Comparable activity-based approaches 

alone, however, failed to promote similar improvements in rats (Kubasak et al., 2008) and humans (Harkema, 2008) 

with a severe SCI. We surmised that the absence of robust motor activity during locomotor training is largely 

responsible for the poor effects of rehabilitation. We directly tested this hypothesis by training spinal rats on a 
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treadmill under the presence of EES and monoamine agonists to enable locomotion of the paralysed hindlimbs. 

Specifically, we tested the therapeutic potential of locomotor training enabled by lumbar (L2) plus sacral (S1) EES 

and agonists to 5-HT1A, 5-HT2A/C, and 5-HT7 receptors (quipazine and 8-OHDPAT) (Courtine et al., 2009). This 

combination enables coordinated stepping patterns with some weight bearing as early as one week post-injury (Fig. 

2). After 8 weeks of neurorehabilitation, the spinal rats recovered the impressive capacity to perform full weight-

bearing locomotion with features that were nearly indistinguishable from those underlying walking patterns of the 

same rats recorded before the injury (Fig. 2). Rats trained with electrical stimulation alone or serotonin agonists alone 

developed specific patterns of locomotion, but these interventions failed to prevent the deterioration of functional 

capacities in the chronic state of the injury. Collectively, these results suggest that the repetitive activation of unique 

combinations of sensorimotor circuits under the influence of distinct electrical and pharmacological stimulations and 

through task-specific sensory patterns leads to the selection and reinforcement of those neuronal networks in an 

activity-dependent manner (Edgerton et al., 2008) (Fig. 1B). As exemplified in cats (De Leon et al., 1998a, b, de Leon 

et al., 1999b, Tillakaratne et al., 2002), the rodent spinal motor circuitries deprived of any supraspinal influences can 

learn the task that is trained and practiced. 

 

Perspective for the recovery of function in humans with SCI 

We are approaching a new and exciting era for the capability to recover significant levels of motor control after a 

severe SCI (Harkema et al., 2011) and a variety of degenerative motor diseases (Fuentes et al., 2009). This 

optimism is based on years of evolving perspectives and concepts related to how the CNS controls movement, as 

well as on recent breakthroughs obtained in a paraplegic patient. 

Reggie Edgerton and colleagues reported the first attempt to translate these promising findings in animal 

models of SCI to a viable application for human beings with motor complete SCI. They surgically implanted an 

epidural electrode array over the lumbosacral segments of a 23-year-old man who became paraplegic after a motor-

vehicle accident 3–4 years earlier. Before implantation, the patient showed no residual supraspinal control of leg 

movements despite a year of intense locomotor training. In the first weeks after surgery, EES enabled full weight-

bearing standing when sensory information related to bilateral leg extension and loading was present. In turn, EES 

adjusted for stepping elicited locomotor-like patterns during manually assisted leg movements on a treadmill. More 

strikingly, after several months of basic stand training enabled by EES, the patient regained the capacity to 

consciously control joint-specific movements of the leg, but only when enabled by EES. This unexpected recovery of 

supraspinally-mediated movement in a severely injured man suggests that activity-dependent mechanisms promoted 

plasticity of axonal projections that presumably were spared by the injury. A proposed mechanism by which such 

level of recovery could have occurred involves the interaction of these spared fibers with EES. Our current 

experiments reinforce this view. We observed that, in rats with severe SCI, activity-based interventions can promote 
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extensive functional recovery that coincides with ubiquitous plasticity of spared neuronal circuitries when boosted 

with robotic, electrical, and pharmacological enabling factors (van den Brand R, 2010). Further research is necessary 

to investigate the mechanisms underlying the facilitation of motor activities with EES, as well as its interaction with 

residual descending fibers and local circuitries. 

These combined results in animals and humans open the possibility of a paradigm shift in the future design of 

strategies to restore function in motor-impaired individuals. Thus far, recovery of function after SCI has widely been 

interpreted as the need to regenerate severed fibers across the injury. Instead we suggest that a more immediate 

intervention might be feasible by capitalising on the impressive capacity of spared neuronal systems to reorganise 

through activity-dependent mechanisms. Additionally, therapies that promote nerve growth might substantially 

increase this plastic remodeling of neuronal circuitries. Furthermore, our challenge in the near future is to exploit 

current progress in neuroelectronics and neurorobotics to develop neuroprosthetic interfaces and adaptive control 

algorithms that will take full advantage of the remarkable potential for plasticity and functional recovery that remains 

after even some of the most severe injuries to the neuromotor system. 
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AIMS OF THE PRESENT WORK 

Experimental research in spinal cord injury primarily focused on developing repair interventions that promote 

functional recovery through the regeneration of severed axons to their original targets (Tuszynski and Steward, 

2012). Undoubtedly, the development of a cure for SCI will rely on the capability to achieve massive regeneration of 

severed pathways. The present work pursues a less ambitious, but potentially more rapidly applicable approach to 

improve functional recovery after incomplete SCI. The overall objectives were to exploit (i) the capacity of the smart 

spinal neuronal networks to coordinate complex locomotor behaviors without input from the brain, and (ii) the ability 

of activity-based rehabilitative training to remodel spinal circuits and spared descending pathways to restore 

supraspinal control of locomotion after a severe SCI leading to permanent paralysis. For this purpose, (Aim 1 and 2) 

we developed an electrochemical neuroprosthesis to replace the missing source of modulation and excitation after a 

severe SCI in order to transform infra-lesional, intact, but non-functional spinal locomotor circuits into highly 

functional networks (Courtine et al., 2009). (Aim 3) We conceived a novel multidirectional robotic postural 

neuroprosthetic interface to provide a safe environment to either evaluate or restore locomotor execution and 

concomitantly encourages supraspinal control of movement after CNS disorders affecting descending systems 

(Dominici et al., 2012). (Aim 4) We also sought to develop a new experimental model of severe SCI that shares key 

features of a human SCI, i.e., neuronal dysfunction leading to degradation of stepping function and abnormal reflex 

responses, to study anatomical changes at the level of spinal locomotor circuitries (Beauparlant et al., 2013). (Aim 5) 

Finally, we used these neuroprosthetic technologies during an optimized and tailored multi-system, 

neurorehabilitative program allowing to enable and train locomotion to test the ability of these combined technologies 

to steer plasticity and to restore supraspinally-mediated locomotion after a severe SCI in rats (van den Brand et al., 

2012). My significant contribution to these different aims has been detailed below in section 1-5, related to each 

specific aim. 

These results would lead to a better understanding of the different aspects that can be manipulated during 

activity-based neurorehabilitation to steer plasticity in order to achieve restoration of function following severe SCI in 

rats. The outcomes of this thesis could then guide SCI research in humans towards improving activity-based 

neurorehabilitative strategies that could eventually lead to functional recovery in individuals with severe SCI. 

 

1. Transforming dormant spinal circuitries into functional and adaptive networks 

A complete lesion of the rat thoracic spinal cord, interrupts the descending supraspinal drive to sub-lesional 

locomotor circuitries, which transforms these neuronal networks to a dormant state (Ichiyama et al., 2008, Kubasak 

et al., 2008). However, the intrinsic capacity of lumbosacral circuitries to produce motor patterns remains intact. Aim 

1 of the present work was to develop interventions to access spinal locomotor circuitries after complete SCI in rats. 

The underlying objective was to transform nonfunctional spinal circuitries into highly functional and adaptive networks 
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by administering multi-site epidural electrical stimulation of the spinal cord and combinations of serotonergic receptor 

agonists. As described in Chapter One, previous research in mammals has shown that epidural, electrical stimulation 

at different levels of the spinal cord (Iwahara et al., 1992, Ichiyama et al., 2005, Lavrov et al., 2008b) and 

administration of pharmacological agents, targeting different, spinal receptor agonists and antagonists (Barbeau and 

Rossignol, 1991, Antri et al., 2003, Jordan et al., 2008, Courtine et al., 2012), can enable functional states for 

standing and stepping to occur. Various combinations of these motor control enabling systems, also with integration 

of robotic devices and training paradigms (Chau et al., 1998a, Fong et al., 2005, Gerasimenko et al., 2007, Ichiyama 

et al., 2008), have been found to positively influence motor behavior after severe SCI (Edgerton et al., 2008). 

Optimization of existing motor control enabling systems by developing a multifaceted approach using more complex 

combinations of diverse enabling systems might lead to a synergistic effect on the recovery of stepping function when 

applied during a repetitive locomotor training program.  

Specifically, I contributed to collecting and processing kinematic and EMG data in spinal rats to characterize 

the modulation of spinal circuits during standing and stepping in response to diverse combinations of enabling 

systems acutely after injury and during an 8-week locomotor training program. Additionally, I contributed to the 

performance of the training program, to the collection of monosynaptic motor-evoked potentials, to the 

immunohistochemical procedures related to FOS immunoreactivity, and to editing the manuscript. 

 

2. Monoaminergic modulation of spinal circuitries involved in locomotor behavior 

Control of walking behavior relies heavily on the coordinated release of serotonin (5-HT), noradrenaline (NA), and 

dopamine (DA) in various spinal regions (Jordan et al., 2008). Multiple monoaminergic receptor sub-types are 

present in these regions, but their receptor-specific interactions in the neuromodulation of locomotion are poorly 

understood. Aim 2 of the present work was to characterize interactions between specific monoaminergic receptors 

and the control of walking behavior, by manipulating serotonergic, dopaminergic, and noradrenergic neural pathways 

pharmacologically during locomotion enabled by EES of the spinal cord in adult spinal rats. This characterization was 

performed by the investigation of the receptor-specific modulations of multiple kinematic, kinetic and EMG 

parameters. The receptor-specific influence on locomotor output can be used to predict interactions resulting from 

concurrent monoaminergic stimulations to control a complicated motor task, i.e., stepping, in paralyzed rats. These 

results can lead to the design of synergistic, optimized cocktails of monoaminergic receptor agonists and antagonists 

to encourage locomotion.  

Specifically, I performed the research and analyzed the data in spinal rats to characterize the pharmacological 

modulation of spinal circuits during stepping enabled by EES, and I edited the manuscript. 
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3. A multidirectional support system to evaluate, enable and train locomotion and balance 

Neuromotor disorders such as SCI and stroke lead to distinct impairments of motor pattern generation and balance 

(Harkema et al., 1997, Courtine et al., 2009). Dissociating sub-functions of gait is essential for assessment and 

neurorehabilitation of locomotion. Conceptually during neurorehabilitation of walking, robotic systems should enable 

the generation of appropriate stepping movements, weight bearing and balance, in an assist-as-needed mode 

according to patient-specific needs, while challenging the individual to actively participate in specific, functional tasks 

(Fong et al., 2005, Cai et al., 2006a, Cai et al., 2006b, Edgerton et al., 2008, Hidler and Brown, 2012, Van Asseldonk 

and Van der Kooij, 2012). To optimize robotic motor control enabling systems in rats, a versatile, robotic 

neuroprosthesis was developed that continuously and independently assists or perturbs propulsion, weight bearing 

and balance along four degrees of freedom while rats progress overground within a large workspace. Aim 3 of the 

present work was to characterize the versatile, robotic neuroprosthesis in its capacity to evaluate, enable and train 

pattern generation and balance after CNS disorders. This robotic postural neuroprosthesis would advance i) the 

evaluation of the individual impairments presented, ii) tailored assistance to enable locomotion and overcome these 

particular impairments and iii) training strategies to challenge the individual optimally during activity-based 

neurorehabilitation, after multiple CNS disorders during natural walking conditions encompassing a broad spectrum 

of locomotor behaviors.  

Specifically, I contributed to animal care and surgical assistance, the design of the rat-robot attachment and 

the locomotor tasks, data collection and processing in non-injured animals, and in injured animals during the lateral 

perturbation and ladder tasks, design and conduction of all further procedures related to the non-trained and trained 

animals with staggered lateral hemisections, including collection and processing of data. Additionally, I edited the 

manuscript.  

 

4. A model of anatomically incomplete but functionally complete, staggered hemisection SCI 

leading to neuronal dysfunction 

To test the approach of using tailored, multifaceted neuroprosthetic technologies to enable motor states and to 

improve neurorehabilitation after severe SCI, an experimental animal model of SCI was needed that shares key 

features of a human SCI. A sensory and motor complete SCI in humans manifests with permanent paralysis below 

the lesion even though spared fibers are often present across the site of injury (Bunge et al., 1997, Kakulas, 1999). In 

the chronic stage, this type of lesion is accompanied by neuronal dysfunction presented by premature exhaustion of 

EMG activity, abnormal reflex responses in leg muscles (Dietz et al., 2009), and degradation of stepping function. 

Little is known about the mechanisms underlying these changes. Aim 4 of the present work was to develop a model 

with an anatomically incomplete, but functionally complete, staggered hemisection SCI leading to permanent 
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paralysis of the hindlimbs and characterize the functional and electrophysiological changes following this severe SCI 

in rats. If an appropriate model can be developed in rats, mimicking the human situation, then anatomical changes 

can be studies at the level of the spinal locomotor circuitries. These results in animals would lead to clearer insights 

into the mechanisms of neuronal dysfunction and provide a strategy to guide SCI research in individuals with chronic, 

severe SCI.  

Specifically, I planned, coordinated, managed and performed all animal training, functional and 

electrophysiological experiments and data analysis. I prepared figures, related to function and electrophysiology, and 

contributed to the related sections in the preparation of the manuscript.   

 

5. Multi-systems neurorehabilitation strategies, including electrochemical and postural 

neuroprosthetics, lead to supraspinally-driven, overground locomotor function after severe SCI 

Finally, the electrochemical neuroprosthesis (Aim 1 and 2; (Courtine et al., 2009, Musienko et al., 2011) was 

combined with the multidirectional robotic postural prosthesis (Aim 3; (Dominici et al., 2012) to constitute the 

electrochemical, postural neuroprosthesis. These neuroprosthetic technologies were then applied in the newly 

developed animal model of severe SCI (Aim 4; Beauparlant et al., 2013). Aim 5 of the present work was to determine 

whether the conduction of an optimized and tailored multi-system, neurorehabilitative program, allowing to enable 

and train locomotion with the incorporated electrochemical, postural neuroprosthesis, leads to the recovery of 

supraspinally-mediated locomotion after a severe SCI in rats. Additionally, the goal was to examine the functional 

and neurophysiological changes that occur with the improvement of locomotor capacity in order to reveal the use-

dependent changes in neural circuits. A recent case study of a SCI individual suggests that, in combination with EES 

of lumbosacral segments, activity-based rehabilitation may restore supraspinally-mediated movements after motor 

complete paraplegia (Harkema et al., 2011). However, the mechanisms underlying this recovery are unknown. 

Previous research in animals with partial injuries, preserving bridges of intact neural tissue, showed that detour 

circuits can spontaneously be formed by spared intraspinal neurons and can lead to recovery of motor function 

(Bareyre et al., 2004, Courtine et al., 2008, Cowley et al., 2008). Additionally, training-induced use-dependent 

remodeling of lumbosacral circuits can occur (de Leon et al., 1999b, Tillakaratne et al., 2002, Courtine et al., 2009). 

An optimized and tailored neurorehabilitation program, using neuroprosthetic technologies, could lead to newly-

formed circuitries that bypass a severe lesion site and relay sufficient supraspinal information to the lumbosacral 

locomotor networks to drive locomotion when facilitated with an electrochemical and postural neuroprosthesis. These 

results could then steer SCI research in humans towards enhancing neurorehabilitative strategies that may 

eventually lead to functional recovery in individuals with severe SCI. 

Specifically, I planned, coordinated, managed and performed all animal training, functional and 

electrophysiological experiments and data analysis. I conceived the training strategies and robot-animal adjustments. 

I had a major role in gaining insights into the underlying mechanisms that accompany functional changes by 



 32 

examining kinematic, kinetic, and electrophysiological changes. I contributed to the preparation of figures, related to 

function and electrophysiology, and the related sections in the preparation of the manuscript.   
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Abstract 

Half of human spinal cord injuries lead to chronic paralysis. Here, we introduce an electrochemical neuroprosthesis 

and a robotic postural interface designed to encourage supraspinally mediated movements in rats with paralyzing 

lesions. Despite the interruption of direct supraspinal pathways, the cortex regained the capacity to transform 

contextual information into task-specific commands to execute refined locomotion. This recovery relied on the 

extensive remodelling of cortical projections, including the formation of brainstem and intraspinal relays that restored 

qualitative control over electrochemically enabled lumbosacral circuitries. Automated treadmill-restricted training, 

which did not engage cortical neurons, failed to promote translesional plasticity and recovery. By encouraging active 

participation under functional states, our training paradigm triggered a cortex-dependent recovery that may improve 

function after similar injuries in humans. 

 

Report 

Activity-based interventions exploiting proprioceptive information to enhance spinal motor output during training 

(Lovely et al., 1986, Barbeau and Rossignol, 1987, Wernig and Muller, 1992) promote plastic changes capable of 

restoring locomotion after severe though incomplete spinal cord injury (SCI) (Wernig and Muller, 1992, Wernig et al., 

1995). A recent case study suggests that, in combination with epidural electrical stimulation of lumbosacral 

segments, activity-based rehabilitation may also restore supraspinally mediated movements after motor complete 

paraplegia (Harkema et al., 2011). We aimed to design a multisystem neuroprosthetic training program that took full 

advantage of this concept. We hypothesized that, after the complete interruption of direct supraspinal input, a robotic 

postural interface encouraging the brain to actively use the paralyzed hindlimbs during electrochemically enabled 

motor states (Courtine et al., 2009) would re-establish supraspinal control of locomotion by promoting extensive and 

ubiquitous remodelling of spared neuronal circuitries. 

Adult rats received a left lateral over-hemisection at thoracic (T) vertebra T7 and a right lateral hemisection at 

T10. This SCI interrupts all direct supraspinal pathways (fig. S1, A to C), but leaves an intervening gap of intact 

tissue. The lesion, however, led to a complete loss of hindlimb function, with no sign of recovery over 2 months post 

injury (fig. S1D). Likewise, humans with clinically complete SCI frequently show maintenance of connections through 

the lesion (Kakulas, 1999). Thus, this experimental lesion reproduces key anatomical and functional features of 

human SCIs, while providing well-controlled conditions to investigate the mechanisms underlying recovery (Courtine 

et al., 2008). 

To transform lumbosacral circuits from dormant to highly functional states (Musienko et al., 2012), we applied 

tonic (40 Hz) epidural electrical stimulation over L2 and S1 spinal segments (Courtine et al., 2009), and systemically 

administered a tailored cocktail of serotonin receptor agonists (5HT1A/7 and 5HT2A/C) and dopamine (D1) receptor 

agonists (Musienko et al., 2011). By increasing the general level of spinal excitability, this electrochemical spinal 



 37 

neuroprosthesis enables sensory information to become a source of control for stepping (Courtine et al., 2009, 

Musienko et al., 2012). This intervention promoted coordinated, although involuntary, bipedal stepping on a treadmill 

as early as 7 days post injury (Fig. 1C). 

These stepping movements are elicited by the moving treadmill belt (Courtine et al., 2009), which suggests 

that the rats would not be capable of voluntarily initiating hindlimb locomotion overground. To verify the absence of 

supraspinal control, we applied the electrochemical neuroprosthesis and positioned the same rats bipedally in a 

robotic postural interface that provided adjustable vertical and lateral trunk support, but did not facilitate locomotion in 

any direction (Fig. 1B and fig. S2). All the rats (n = 27) failed to initiate hindlimb locomotion overground 7 days post 

injury (P < 0.001) (Fig. 1C). 

We then designed a multisystem neuroprosthetic training program that encompassed two objectives. First, we 

aimed to improve the functionality of lumbosacral circuits through treadmill-based training enabled by the 

electrochemical neuroprosthesis (Courtine et al., 2009). Second, we sought to promote the recovery of supraspinally 

mediated movements; we exploited the robotic postural interface not only to enable, but also to force, the rats to 

actively use their paralyzed hindlimbs in order to locomote bipedally toward a target.  

 

 

 
 

Fig. 1 Multi-system neuroprosthetic training restores voluntary locomotion after paralyzing SCI. (A) Left hindlimb kinematics, hindlimb 
endpoint trajectory and velocity vector, vertical ground reaction forces (vGRF) as well as EMG activity of medial gastrocnemius (MG) and 
tibialis anterior (TA) muscles during bipedal locomotion in an intact rat. (B) Robotic postural interface providing vertical and lateral support, but 
no facilitation in the forward direction. (C) Representative left hindlimb stepping patterns recorded under the various experimental conditions at 
1 and 9 weeks post SCI. (D) Distance covered in 3 minutes during bipedal locomotion. %, Body weight support. **, P < 0.01. ***, P < 0.001. 
Error bars, SEM 
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Rats (n = 10) were trained daily for 30 min with a combination of both paradigms, starting 7 to 8 days post injury (fig. 

S3). The first, effortful voluntary steps emerged after 2 to 3 weeks of training (P < 0.01) (Fig. 1D). As voluntary 

movements recovered, we gradually increased the relative duration of overground training (fig. S3B). Five to 6 weeks 

post injury, all the rats (fig. S4) were capable of initiating and sustaining full weight–bearing bipedal locomotion for 

extended periods of time, but only during electrochemically enabled motor states (Fig. 1, C and D, fig. S1D, and 

movie S1). Kinematic analyses (fig. S5) revealed that overground-trained rats deployed a similar control strategy as 

intact animals to produce locomotion (Fig. 1, A and C, and fig. S5). To measure recovery, we adapted the clinically 

standardized 6-min walk test (Guyatt et al., 1985) to bipedally stepping rats. Overground-trained animals with a 

paralyzing SCI covered distances as long as 21 m in 3 min (Fig. 1D). 

We next tested whether treadmill-restricted step training under electrochemically enabled states would also 

promote the recovery of voluntary locomotion (n = 7 rats). This automated step training failed to re-establish 

overground locomotion despite repeated testing during 4 to 8 sessions 9 weeks post injury (P < 0.001) (Fig. 1, C and 

D, and movie S1). Moreover, treadmill-trained rats were not capable of sustaining robotically initiated locomotion 

overground (fig. S6). 

To further enhance supraspinal contribution, we introduced stairs and obstacles; two conditions requiring 

voluntarily mediated gait tuning (Drew et al., 2008). After 2 to 3 additional weeks, overground-trained rats were 

capable of bipedally sprinting up stairs and avoiding obstacles (Fig. 1C, fig. S7, and movie S1). To accomplish these 

paradigms, the animals displayed a range of task-specific adjustments of hindlimb movements (fig. S7).  

Anatomical examinations highlighted an extensive remodeling of supraspinal and intraspinal projections in 

rats that regained voluntary locomotion. We first conducted retrograde tract tracing from lumbar (L) vertebrae L1/L2 

locomotor centers (Fig. 2A). We found a significant increase (P < 0.05) (Fig. 2, B and C) in the number of labeled 

neurons in intermediate and ventral laminae of T8/T9 segments in both overground-trained and treadmill-trained rats 

compared with nontrained animals. Analysis of the activity-dependent marker, c-fos, after continuous overground 

locomotion confirmed that the labelled neurons were active during walking (Fig. 2F). The number of c-foson nuclei in 

the regions rich in neurons retrogradely labeled from L1/L2 locomotor centers was larger in overground-trained rats 

compared with all the other groups (P < 0.01) (Fig. 2, D and E). Thoracic neurons may thus play a pivotal role in 

restoring voluntary locomotion (Bareyre et al., 2004, Courtine et al., 2008, Cowley et al., 2008). To address this 

hypothesis, we ablated T8/T9 neurons by infusing the axon-sparing excitotoxin N-methyl- D-aspartic acid (NMDA) 

(Courtine et al., 2008) (Fig. 2G and fig. S8). Infusion of NMDA abolished the regained voluntary locomotion (P < 

0.01) (Fig. 2H and movie S2), despite uncompromised functionality of lumbosacral circuits (fig. S8). Likewise, 

overground-trained rats lost voluntary control of locomotion after the complete interruption of supraspinal input to 

T8/T9 neurons (P < 0.01) (Fig. 2, G and H). 
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We labeled projections from the left hindlimb motor cortex with injections of biotinylated dextran amine (BDA) (Fig. 

3A). The bilateral interruption of the dorsal column at the T7 over-hemisection only spared a few (1 to 2%) (Brosamle 

and Schwab, 1997) corticospinal tract (CST) axons in the right dorsolateral funiculus (fig. S9E). Consequently, 

nontrained rats showed scarce CST labeling inT8/T9segments (Fig. 3, B and C, and fig. S9E). Treadmill-restricted 

training did not promote significant changes in the density of thoracic CST projections (Fig. 3, B and C, and fig. S9E). 

In contrast, we found a reconstitution of 45 ± 7% of pre-lesion bilateral fiber density in overground-trained rats (Fig. 3, 

B to D). These CST axons exclusively branched from the right dorsolateral funiculus (Fig. 3D), and they profusely 

innervated the right and, more unexpectedly, the left gray matter of T8/T9 segments (fig. S9F) (Rosenzweig et al., 

2010). We detected multiple CST fibers extending from the gray matter at the T7 lesion site into the right dorsolateral 

funiculus (Fig. 3, E and F). These ectopic fibers, suggestive of regenerative sprouting (Steward et al., 2003), led to a 

near twofold increase in the CST axon density of the T8/T9 dorsolateral funiculus (P<0.01) (fig. S9G). Thoracic CST 

fibers bypassed the T7 over-hemisection through the right dorsolateral funiculus, branched into the gray matter, and 

re-crossed the midline (Fig. 3E). These fibers developed large axonal structures with bouton-like swellings 

suggestive of sprouting in terminal arbors (fig. S9F). Confocal microscopy confirmed that thoracic CST fibers bore 

synaptic elements because they colocalized with synaptophysin (Fig. 3G). These fibers established contacts with 

relay neurons retrogradely labeled from L1/L2 locomotor centers (Fig. 3G). 

Remodeling of motor cortex axonal projections was not restricted to the spared tissue bridge. Quantification of 

CST fibers at T4/T5, above the injury, revealed a significant bilateral increase of axon density in overground-trained 

compared with nontrained, treadmill-trained, and intact rats (P < 0.01) (fig. S9, A to D). We found a near fourfold 

increase in the density of cortical projections in various brainstem motor areas (Fig. 3H and fig. S10), including the 

 
 

Fig. 2 Multi-system neuroprosthetic 
training promotes the formation of 
intraspinal detours that relay 
supraspinal information. (A) Diagram 
illustrating anatomical experiments. (B) 
Longitudinal and transverse views of 
3D reconstructions of Fastblue-labeled 
(FB) neurons between the lesions. L, 
left; R, right; Ro, rostral; C, caudal. D, 
dorsal; V, ventral. (C) Counts (n = 6-9 
rats per group) of FB-labeled neurons 
in laminae 7-10 of T8-T9 segments 
after 45min of continuous locomotion. 
(D) Cfos expression patterns in T8-T9 
segments. (E) Counts (n = 5-7 rats per 
group) of cfosON neurons in laminae 7-
10 after continuous locomotion. (F) Co-
localization of FB and cfos. Scale bar, 
10 µm. (G) Overground-trained rats 
received a complete T6 SCI (n = 2) or 
T8-T9 NMDA microinjections (n = 3). 
(H) Distance covered in 3 minutes 
before and after the lesions. **, P < 
0.01. Error bars, SEM 
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left and right vestibular nuclei (P < 0.01), the entire reticular formation (P < 0.001), and para-pyramidal regions (P < 

0.01). These areas contain reticulospinal neurons and spinally projecting serotonergic neurons (fig. S10C) that both 

contribute to initiating and sustaining locomotion (Liu and Jordan, 2005, Hägglund et al., 2010). Descending 5HT 

fibers might thus reorganize with training. We found a nearly complete, lamina-specific restoration of T8/T9 

serotonergic innervations in overground-trained rats, which contrasted with the depletion of 5HT fibers in nontrained 

and treadmill-trained animals (P < 0.05) (fig. S11). 

Collectively, these analyses demonstrate that automated treadmill-restricted training failed to mediate 

anatomical changes in descending pathways, whereas active training under highly functional states promoted 

multilevel plasticity in cortex- and brainstem-derived axonal systems. 

Contrary to primates, the rodent motor cortex is not essential to produce locomotion (Courtine et al., 2007a). 

Consequently, we sought to demonstrate that training induced remodeling of motor cortex projections did contribute 

to controlling voluntary locomotion. First, we implanted stimulating epidural electrodes over the left motor cortex to 

verify that the reorganization of neuronal pathways re-established connectivity across the lesion. Before the SCI, 

applying a train of low intensity (0.7 to 1.5 mA) electrical stimuli evoked large responses in the left tibialis anterior 

(TA) muscle (Fig. 4A). The SCI permanently abolished these responses in nontrained rats (P < 0.001) (Fig. 4A). In 

 
 

Fig. 3 Multi-system neuroprosthetic training promotes extensive remodeling of motor cortex projections. (A) Diagram illustrating 
anatomical experiments and analyzed regions. (B) Heat maps and (C) graphs (n = 5 rats per group) showing bilateral CST axon density in T8-
T9 segments. (D) Confocal overview of the right T8-T9 hemicord of an overground-trained rat. Scale bar, 100 µm; inset (a, b), 30 µm. (E) 3D 
CST fiber reconstruction along the longitudinal (top) and transverse (bottom) plane. (F) Confocal images of insets shown in (E). Scale bar, 50 
µm. (G) Co-localization of CST fibers with synaptophysin (arrows), and close appositions (inset and arrow) with a FB-labeled neuron. Scale 
bar, 2 µm; overview neuron, 10 µm. (H) Heat maps showing density of cortical projections in the brainstem (bregma -11.5mm). ***, P < 0.001. 
Error bars, SEM 



 41 

contrast, overground-trained rats regained responses below the lesion, averaging about 10% of their pre-lesion 

amplitude (P < 0.001) (Fig. 4B). These responses were delayed by 12 ± 3 ms (P < 0.01) (Fig. 4A), which suggests 

that a larger number of synaptic relays was necessary to convey the supraspinal volley to hindlimb motor pools. The 

amplitude of responses substantially increased during electrochemically enabled motor states (P<0.01) (Fig. 4, A and 

B), which indicated enhanced transmission of the supraspinal command (Cowley et al., 2008). Second, we implanted 

a microwire array in the vicinity of CST neurons projecting to T8/T9 segments (Fig. 4C) and recorded neuronal 

modulations during voluntary locomotion in overground-trained rats (n = 3). We found a variety of neurons (n = 17/24 

neurons) whose modulation patterns significantly (P < 0.05) (Fig. 4D) correlated with gait initiation, sustained 

locomotion, and corrective movements (fig. S12 and movie S3). A substantial number of motor cortex neurons (36%) 

exhibited a sharp increase in firing rate before any overt movement or locomotor-related muscle activity had occurred 

(Fig. 4E). Instead, the firing rate of motor cortex neurons significantly decreased during involuntary locomotion 

compared with quiet standing (P < 0.05) (fig. S13, A to C). Third, we inactivated the left motor cortex with a 

microinjection of the γ-aminobutyric acid (GABA) agonist muscimol (Fig. 4F). Muscimol immediately suppressed 

voluntary hindlimb locomotion (P<0.01) (Fig. 4G and movie S3), despite uncompromised functionality of lumbosacral 

circuits (fig. S14). 

  
 

Fig. 4 Overground-trained rats regained 

cortical control of hindlimb locomotion. 

(A) Responses evoked by a train of epidural 

motor cortex stimulations in the left TA 

muscle in a non-trained and overground-

trained rat. (B) Mean (n = 5 rats per group) 

amplitude of responses. (C) Diagram and 

GFAP staining (1) illustrating microwire array 

localization. Scale bar, 50 µm. (D) Change in 

firing rate for significantly modulated neurons 

during initiation and correction compared to 

standing. (E) Trunk vertical position, left 

ankle joint angle, EMG activity of left MG 

muscle, vGRFs, and modulation of a motor 

cortex neuron during one trial. Raster of the 

same neuron for multiple trials. Movement 

onset and initiation are defined as hip 

extension and foot clearance, respectively. 

The color-coding indicates the period during 

which firing rate significantly increased 

before these events. (F) Diagram and Nissl 

staining (2) showing catheter location for 

muscimol microinjection. Scale bar, 300 µm. 

(G) Distance covered in 3 minutes before 

and after muscimol injection. **, P < 0.01. 

***, P < 0.001. Error bars, SEM 
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Thus far, functional restoration after SCI has been interpreted as the need to promote long-distance regeneration of 

severed fibers to their original targets (Alto et al., 2009, Sun et al., 2011). Undoubtedly, neuroregeneration will be 

essential following near-complete SCI. However, a more immediate approach might capitalize on the remarkable 

capacity of spared neuronal systems to reorganize through use-dependent mechanisms (Wernig and Muller, 1992, 

Edgerton et al., 2008, Harkema et al., 2011). Here, we established training conditions that not only enabled but also 

forced the brain to construct a multiplicity of de novo brainstem and intraspinal relays to regain quantitative and 

qualitative access to electrochemically enabled lumbosacral circuitries. There is growing evidence that active training 

with appropriate sensory cues is markedly superior to passive, robot-guided rehabilitation to improve stepping 

capacities in humans (Wernig and Muller, 1992, Wernig, 2005, Wirz et al., 2005, Cai et al., 2006b, Edgerton et al., 

2008, Harkema et al., 2011). Likewise, automated treadmill-restricted training, which did not engage cortical neurons, 

promoted sub-lesional plasticity, but failed to promote remodelling of descending pathways. Treadmill-trained rats did 

not regain supraspinally mediated locomotion. Instead, our new training paradigm encouraged active rat participation 

and triggered a cortex-dependent, activity-based process that restored voluntary control over sophisticated locomotor 

movements after a SCI that led to chronic paralysis. These results confirm the capacity of intraspinal circuits to 

bypass lesions (Bareyre et al., 2004, Courtine et al., 2008) and expand the therapeutic potential of detour circuits to 

the restoration of function after paralyzing SCI. The ability of training under highly functional states to promote this 

extensive plasticity and recovery may lead to novel interventions capable of improving function in humans with a 

range of neuromotor disorders (Fuentes et al., 2009, Musienko et al., 2009, Harkema et al., 2011). 
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Supplementary Materials 

Supporting Online Material: www.sciencemag.org/cgi/content/full/336/6085/1182/DC1 

 

Materials and Methods 

Animals and behavioral training 

Experiments were conducted on adult female Lewis rats (200-220 g body weight) housed individually on a 12-hour 

light/dark cycle with access to food and water ad libitum. All experimental procedures were approved by the 

Veterinary Office of the Canton of Zurich. Prior to surgery, all the rats (non-trained and trained) were first acclimatized 

to wearing the custom-made jacket for 1-2 weeks while navigating freely along the runway. The rats were then 

trained for an additional 1-2 weeks to walk bipedally. All the rats learned this task rapidly. Typically, they produced 

consistent stepping patterns within 1-2 sessions (fig. S5). Positive reinforcement (food reward) was used to 

encourage the rats to perform the requested tasks. 

 

Surgical procedures 

All basic surgical procedures and post-operative care for SCI rats have been described in detail previously (Courtine 

et al., 2008, Courtine et al., 2009, Musienko et al., 2011). Briefly, under general anesthesia and aseptic conditions, 

bipolar EMG electrodes were inserted into hindlimb muscles. Two stimulating electrodes were secured onto the dura 

at the midline of spinal levels L2 and S1. After pre-lesion recordings, rats received a left T7 lateral over-hemisection 

and a right lateral hemisection at T10 (Courtine et al., 2008). For the T7 over-hemisection, we aimed at interrupting 

the dorsal column bilaterally while sparing ventral pathways on the contralateral side (fig. S1). The completeness of 

the hemisections was assessed on 30-μm thick longitudinal sections incubated in serum containing anti-GFAP 

(1:1000, Dako, USA) antibodies. In addition, we confirmed the absence of BDA-labeled corticospinal axons in the 

dorsal column of the T8 spinal segment in transverse sections. 

 

Multi-system neuroprosthetic training 

Ten min prior to training, the rats received a systemic (I.P.) administration of quipazine (5-HT2A/C, 0.2 - 0.3 mg/kg), 

SKF-82197 (D1, 0.1 - 0.2 mg/kg) and 8-OH-DPAT (5-HT1A/7, 0.05 - 0.2 mg/kg). During training, we delivered 

monopolar electrical stimulation (0.2ms, 100-300μA, 40Hz) through L2 and S1 electrodes. Locomotor training was 

conducted bipedally on a treadmill (9 cm/s) with vertical robotic support, as well as overground with a robotic postural 

interface (fig. S3). The content of each training session evolved with the actual capacities of the rats and training 

objectives, as detailed in fig. S3. Positive reinforcement was used to encourage the rats to perform the requested 

tasks. An additional group of rats was trained with the same frequency and duration, but rehabilitation was restricted 

to step training on a treadmill. These rats were trained to walk bipedally overground with the robotic postural interface 
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for 2 weeks prior to the lesion. They were also tested in this paradigm at 1 and 9 weeks post-lesion. At the end of the 

training period, treadmill-trained rats practiced overground locomotion with the robotic postural interface for about 10 

min per day during 4-8 sessions to ensure that the specificity of the task was not responsible for their incapacity to 

initiate and sustain locomotion. 

 

Kinematic, kinetic and EMG recordings and analysis 

Bipedal locomotion was recorded on a treadmill (9 cm/s) as well as overground. The different paradigms and their 

features can be found in fig. S2. Kinematic (12 cameras, 200 Hz), kinetic (force plate, 2 kHz) and EMG (2 kHz, 10–

1000 Hz bandpass) recordings were performed using an integrated motion capture system. Procedures for data 

collection, data analysis, and computation have been described in detail previously (Courtine et al., 2009, Musienko 

et al., 2011). The complete list of computed gait, kinematic, kinetic and EMG variables is reported in Table S1. To 

quantify locomotor performance, we applied a principal component (PC) analysis on all the computed variables 

(Musienko et al., 2011). Fig. S5 provides a step-by-step explanation of the procedure and interpretation. We 

quantified recovery of locomotor function as the distance between gait cycles of intact and injured rats in the 3D 

space created by PC1-3 (Micera et al., 1999). 

 

Brain stimulation and recordings 

A monopolar electrode was implanted epidurally over the left hindlimb motor cortex. A train of stimuli (0.2ms, 10ms 

pulse length, 300 Hz, 0.5 -1.5 mA) was delivered during bipedal standing in fully awake conditions. Testing was 

performed without and with electrochemical stimulations. Peak-to-peak amplitude and latency of evoked responses 

were computed from EMG recordings of the left TA muscle. 

 

Neuronal modulations 

At 60-70 days post-injury, a microwire array (16 or 32 channel) was implanted stereotaxically into layer V of the 

hindlimb area of the left motor cortex (Fig. 4). Recordings were conducted 5-7 days post-surgery. Neural signals 

were acquired (24.4 kHz) with a neurophysiology workstation synchronized to kinematic recordings. All spike-sorting 

was performed offline via superparamagnetic clustering (Quiroga et al., 2004). Clusters were manually tuned based 

on established principles (Lewicki, 1998) to identify single units. Modulations were analyzed in single experimental 

sessions to avoid potential instability confounds. Two recurring behaviors were used to evaluate the significance of 

neuronal modulations. (i) Initiation was defined as swing onset from rest. (ii) Correction was defined as beginning of 

swing phase after irregular gait (fig. S14). A two-sample Kolmogorov- Smirnov test compared firing rates (estimated 

in 250 ms windows) in successive, one-second periods encompassing initiation and correction to determine whether 

modulations were significant. 
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NMDA and muscimol microinjections 

To ablate T8-T9 neurons, we infused NMDA (1% in dH2O) into 14 sites (depth 1 mm, total volume 3 μl) covering 

spinal levels T8-T9. Rats were tested 5 days post-lesion, and sacrificed on the following day. The ablation of neurons 

was verified post mortem on tissue sections stained with mouse anti-NeuN (1:500, Chemicon, USA) antibodies. To 

inactivate the motor cortex, we injected the GABA-agonist muscimol intra-cortically (800 nl, 4.5 mg/Kg). Five days 

prior to experiments, we stereotaxically implanted a catheter (OD: 0.61 mm, ID: 0.28 mm) into the left motor cortex at 

a depth of 1.5 mm (Fig. 4D). Proper catheter location was verified post mortem on tissue sections stained for 

fluorescent Nissl visualization (Invitrogen, USA). 

 

Tracing and immunohistochemistry 

We conducted retrograde tract tracing by infusing Fastblue (2% in 0.1M phosphate buffer and 2% dimethyl sulfoxide) 

bilaterally into L1-L2 spinal segments (Courtine et al., 2008). A total of 1.2 μl was pressure-injected over 6 sites 

(depth 1.5 mm). To trace motor cortex axonal projections, we injected the anterograde tracer BDA 10,000 (10% in 

0.01M PBS) into the left motor cortex over 6 sites covering the hindlimb area (coordinates centered -1 mm 

rostrocaudal and -1.75 mm mediolateral to Bregma, depth 1.5 mm). The rats were perfused 18 days later with 

Ringer’s solution containing 100 000 IU/L heparin and 0.25% NaNO2 followed by 4% phosphate buffered 

paraformaldehyde, pH 7.4 containing 5% sucrose. For cfos experiments, rats were perfused 60 min after cessation of 

a 45 min bout of continuous locomotion (Courtine et al., 2009). Locomotion was performed overground for intact and 

overground-trained rats, and during overground guided locomotion for treadmill-trained and non-trained rats in order 

to ensure the presence of stepping in all the animals. The brain, brainstem, and spinal cords were dissected, post-

fixed overnight, and transferred to 30% phosphate buffered sucrose for cryoprotection. After 4 days, the tissue was 

embedded and sectioned on a cryostat at a 40-μm thickness. 

For immunohistochemistry experiments, sections were incubated in serum containing rabbit anti-cfos (1:2000, 

Santa Cruz Biotechnologies, USA), anti-GFAP (1:1000, Dako, USA), or anti- 5HT (1:5000, Sigma Aldrich, Germany), 

or mouse anti-synaptophysin (1:1000, Millipore, USA) antibodies. Immunoreactions were visualized with secondary 

antibodies labeled with Alexa fluor® 488 or 555. BDA-labeled fibers were detected using streptavidin-horseradish 

peroxidise (1:200) in 0.1M PBS-Triton (1%). Tyramide signal amplification Cyanine 3 was used at a dilution of 1:100 

for 1 min. 

 

Neuromorphological evaluations 

Fastblue- and cfos-positive neurons were counted using image analysis software on 5 evenly spaced slices 

separated by 1.2 mm and centered on the T8-T9 junction. Fiber density was measured using 5 confocal image 

stacks per region per rat acquired with standard imaging settings and analyzed using custom-written scripts 

according to previously described methods (Carmel et al., 2010a). Confocal output images were divided into square 
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regions of interest (ROI), and densities computed within each ROI as the ratio of traced fibers (amount of pixels) per 

ROI area. Files were color-filtered and binarized by means of an intensity threshold. Threshold values were set 

empirically and maintained across sections, animals and groups. Comparisons of computerized and manual counting 

of CST labeling in T8-T9 showed no differences between both methods. Manual fiber counts were conducted on 

spinal cord sections overlaid with 5 vertical lines. Fibers crossing these lines within the grey matter were marked, and 

all intersecting fibers on 3 sections per rat were summed to obtain a cumulative count. Both manual and 

computerized counts were performed blindly. Image acquisition was performed using a laser confocal scanning 

microscope and the LAS AF interface and stacks were processed offline. 

 

Statistics 

All data are reported as mean values ± s.e.m. Statistical evaluations were performed using one-or two-way ANOVA, 

repeated-measures ANOVA, or non-parametric Wilcoxon tests. The post hoc Kruskall-Wallis test was applied when 

appropriate. 
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Supplementary Figures 

 

 
 

 
Fig. S1 | Staggered lateral hemisections induce a complete interruption of direct supraspinal pathways, leading to a complete and 

permanent paralysis of both hindlimbs. (A) Epifluorescent images as well as longitudinal and coronal views of a 3D reconstruction of the T7 

lateral over-hemisection and T10 lateral hemisection. Scale bar, 500µm. We placed an over-hemisection at T7 in order to interrupt all the 

corticospinal fibers running in the dorsal column, thus only sparing the few (1-2%) fibers running through the right dorsolateral funiculus. (B). 

Diagram illustrating anatomical experiments. (C) Combinations of retrograde (Fastblue, FB) and anterograde (biotinylated dextran amine, BDA) 

tracers together with immunolabeling of 5HT fibers show the complete and permanent absence of direct connections between spinal locomotor 

circuits and supraspinal centers. Scale bar, 300µm. (D) Rats were positioned in a bipedal posture above a moving treadmill belt (9 cm/s) while 

secured in a jacket that was attached to a robotic arm. Recordings at 1 and 9 weeks post-injury without electrochemical stimulations, both in 

non-trained and overground-trained rats, showed the complete and permanent absence of spontaneous hindlimb locomotor movements and 

vertical ground reaction forces (vGRF), as well as the quiescent EMG activity of tibialis anterior (TA) and medial gastrocnemius (MG) muscles.  
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Fig. S2 | Robotic postural interface to enable bipedal locomotion across a variety of paradigms. (A) The robot consists of an actuated 

Cartesian positioning system that allows translations of the rat in the horizontal plane (X, Y) while providing vertical support (Z). An additional 

motor at the end-effector of this serial structure actuates rotation (φ). This serial configuration provides a large workspace in which forces can 

be applied to the rat in 4 degrees of freedom (DoFs). To hide the inertia of the massive positioning robot, we developed a novel force module 

based on a series elastic actuator (SEA). A SEA is composed of an actuator that is complemented with a passive compliant element in series. 

This compliant interface effectively decouples the actuator’s inertia to achieve a transparent supporting system; the rat does not “feel” the 

presence of the robot. (B) The rat is positioned in a custom-made, skin-like jacket made of light fabrics. A velcro strip allows attachment of the 

rat onto a back plate with a rigid bar coming from the robot end-effector. A control interface allows the user to create a virtual environment in 

which each of the 4 actuated DoFs can be configured independently, from stiff to fully transparent. Typically, we set the X-axis (forward 

direction) to behave transparently and the Z-axis to provide a constant force proportional to the rat’s body weight. The lateral (Y) and rotational 

(φ) axes were maintained stiff to prevent lateral falls. For specific testing and training, the robot moved the rat’s trunk forward at a constant 

velocity. Consequently, the hindlimbs moved backward and hip joint angle increased towards extension, thus creating conditions that are 

similar to stepping on a treadmill. Although performed overground, these stepping movements are involuntary. (C) Dimension of the horizontal 

runway. (D) Schematic diagrams and features of the different locomotor tasks. The light gray box indicates the position of the force plate for 

recordings of ground reaction forces (GRF). 
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Fig. S3 | Conceptual design of the multi-system neuroprosthetic training program. The training consisted of a combination of (A) 4 

distinct paradigms broadly divided into (B) 3 phases specifically tailored to the rats’ performance and training objectives. To enable highly 

functional motor states, rats received monoamine agonists 10 min prior to training, and dual-site EES throughout the session. Phase (1). The 

primary objective of the early training phase was to optimize the functionality of lumbosacral circuits. The rats were subjected to treadmill-based 

training with vertical support. Sensory input elicited by the moving treadmill belt served as a source of control for hindlimb stepping. Manual 

assistance was provided in an assist-as-needed manner in order to present appropriate sensory cues to lumbosacral circuitries. At the end of 

each session, we positioned the rats in the robotic postural interface and encouraged them to walk bipedally towards a target located in front of 

them. The robot was configured to establish optimal medio-lateral and vertical weight support. In order to provide contextual information on the 

requested task, the robot translated the rat forward at a constant velocity. Positive reinforcement including food rewards and motivational 

stimuli were used to trigger active participation. The objective was to force the brain to regain supraspinal control over the electrochemically 

enabled lumbosacral circuits. Phase (2). As the rats progressively regained the ability to produce voluntary steps, we gradually increased the 

duration of locomotion overground. The aim was to encourage the repetitive and quantitative activation of lumbosacral circuits by the newly 

formed intraspinal and supraspinal connections. However, treadmill-restricted training was still practiced daily in order to engage spinal 

locomotor circuits over consistent periods of time for the maintenance of their functionality. Phase (3). When the rats regained robust hindlimb 

locomotion overground, we introduced complex tasks requiring fine-tuning of hindlimb movements, i.e. stair climbing and obstacle avoidance. 

The goal was to promote enhanced supraspinal contribution in order to restore qualitative control over electrochemically enabled lumbosacral 

circuits. 
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Fig. S4 | Multisystem neuroprosthetic training restores voluntary locomotion overground in all the rats. Representative trials are shown 

for five intact animals (left), as well as 9 weeks post-injury for each of the non-trained (middle) and overground-trained (right) rats. For each 

panel, a stick diagram decomposition of hindlimb motion is shown together with color-coded trajectories of the hindlimb endpoint. The hindlimb 

was defined as the virtual segment connecting the pelvis to the foot. Vectors represent the direction and intensity of the hindlimb endpoint 

velocity at swing onset. The corresponding sequence of left and right hindlimb oscillations and vertical ground reaction forces (vGRF) are 

shown below. The light gray rectangle indicates the location of the force plate (GRFs) on the runway. Gray and red bars indicate the duration of 

stance and drag phases, respectively. 



 51 

 
 
Fig. S5 | Multi-step statistical analysis of locomotor performance and control strategies. Step 1: Advanced recordings of hindlimb 

kinematics during bipedal overground locomotion. Step 2: We computed a large number of variables that provides a holistic quantification of 

gait. Variables can be found in Table S1. Step 3: We applied a principal component (PC) analysis on all the variables and recorded gait cycles. 

Step 4: Individual gait cycles can be represented in the new “denoised” space created by PC1-3. We applied a least square elliptic fitting to 

easily visualise differences between experimental groups. Step 5: Locomotor performances were quantified, for each rat, as the 3D Euclidean 

distance between the location of gait cycles and the average location of all gait cycles from all the intact rats (n = 20 rats). Step 6: The scores 

indicate which experimental groups are differentiated by each PC. Step 7: Extraction of factor loadings, i.e. correlation between each gait 

variable and each PC. Step 8: We regrouped variables with the highest factor loading (|value| > 0.5, p < 0.05) into functional clusters (CL), 

which we named for clarity. Step 9: To highlight the functional implications of the PC analysis, we generated a histogram plot for one variable 

per extracted functional cluster. Conclusions: PC1 revealed that recovery of voluntary locomotion in overground-trained rats resulted from a 

strong synergy between ankle extension, trunk extension, and hip flexion, as well as improved interlimb coordination, increased weight bearing 

capacities, enhanced lateral foot motion, and near-normal control of hindlimb endpoint trajectory. PC2 indicated that treadmill-trained rats 

showed highly stable posture, but failed to initiate forward locomotion. In turn, overground-trained rats exhibited enhanced lateral body 

movements that alternatively loaded the left and right hindlimbs during locomotion, and thus helped to maintain dynamic balance. PC3 

highlights the flexed posture and slow hindlimb motion of rats in the sub-acute state. a.u., arbitrary unit. **, P < 0.01; ***, P < 0.001. Error bars, 

SEM 
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Fig. S6 | Failure to sustain voluntary locomotion overground in treadmill-trained rats. (A) The robotic postural interface can be operated 

in two modes:  (1) involuntary guided locomotion mode and (2) transparent mode (fig. S2). (B) To test the ability of treadmill-trained rats to 

sustain voluntary locomotion overground, we programed a sequence during which the robotic postural interface alternated between both 

modes. Right hindlimb kinematics and EMG activity of right MG and TA muscles are shown according to conventions in fig. S6 and Fig. 1. The 

position of the whole body along the axis of progression is also represented. When interrupting the robotic guidance, treadmill-trained rats 

failed to sustain voluntary locomotion overground despite energetic movements with the forelimbs to keep progressing towards a reward, 

located in front of them. Instead, due to the backward location of the body’s center of mass, the rats fell backwards (shaded area). As soon as 

the robotic guidance was re-applied, the rats displayed coordinated, although involuntary, locomotor movements in the forward direction. These 

conditions are shown for a representative treadmill-trained rat at 9 weeks post-lesion, but we observed similar behaviors for all the rats in the 

sub-acute state (1 week post-lesion), as well as for non-trained rats at 9 weeks post-lesion. 
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Fig. S7 | Multi-system neuroprosthetic training restores qualitative control of hindlimb locomotor movements. (A) Diagram illustrating 

bipedal locomotion on a staircase. (B) Histograms showing the percentage of correct (step onto) and incorrect (stumbling) hindpaw placements 

onto each step of the staircase. (C) Bipedal locomotion on a staircase for an intact and overground-trained rat. Stick conventions are the same 

as Fig. 1 and fig. S4. The histogram plots show, for all the intact (n = 5) and overground-trained (n = 10) rats, the distribution of leading foot 

placements with respect to the positions of the staircases. (D) Histogram plots reporting step height as well as the extent of hip and knee 

flexion during locomotion on a runway and on a staircase for intact and overground-trained rats. (E) Diagram illustrating bipedal locomotion 

over an obstacle. (F) Histogram plots showing the percentage of steps performed over and onto the obstacle by the leading and trailing 

hindlimb for intact and overground-trained rats. (G) Bipedal locomotion over an obstacle for an intact and overground-trained rat. (H) Histogram 

plots reporting step height and amplitude changes of the knee joint angle before (step -1), onto (step 0), and after (step +1) the obstacle for 

intact (n = 5) and overground-trained (n = 10) rats. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars, SEM 
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Fig. S8 | Ablation of T8-T9 neurons abolishes voluntary locomotion overground, but leaves spinal locomotor circuitries globally 

unaffected. Representative example of bipedal locomotion overground in the presence of enabling factors for a overground-trained rat (A) 

before and (B) 5 days after microinjections of NMDA into T8-T9 spinal segments. Conventions are the same as in fig. S4. The amount of 

vertical support provided by the robot is indicated in the blue arrow. After NMDA microinjections, the rats failed to initiate voluntary locomotion 

overground. However, all the tested rats (n = 3) displayed coordinated locomotor movements when the robot moved their body forward at a 

constant velocity (right panel, 13 cm/s). These results indicate that the loss of thoracic relay neurons interrupted the supraspinal control of 

locomotion, but did not prevent spinal locomotor circuitries from producing coordinated stepping movements. (C) NMDA microinjections ablated 

the vast majority of neurons in thoracic segments T8-T9. Scale bar, 250µm. (D) PC analysis of hindlimb locomotion in intact and non-trained 

rats, as well as overground-trained rats before the lesion, and after NMDA and complete T6 lesions. The histogram plot reports locomotor 

performance measured as the distance to intact rats in PC space. **, P < 0.01. a.u., arbitrary unit. Error bars, SEM  
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Fig. S9 | Multi-system neuroprosthetic training promotes extensive remodeling of CST projections above and below the SCI. (A) 

Diagram illustrating anatomical experiments and analyzed regions. (B) Reconstructions of CST fibers in spinal segments T4-T5, above the 

injury, for an intact, non-trained, treadmill-trained, and overground-trained rat. (C) Bar plots (n = 5 rats per group) and (D) confocal images 

showing density of CST fibers in T4-T5 spinal segments. Scale bar, 20 µm. (E) Confocal images showing the density of CST fibers in the right 

hemicord of T8-T9 spinal segments. Scale bar, 100 µm. (F) Confocal images showing the density of CST fibers in the left hemicord of T8-T9 

spinal segments. Scale bar, 20 µm. (G) Bar plot showing density of CST fibers in the right dorsolateral column (dlCST) at T8/T9 compared to 

T2/T3 (ratio) (n = 5 rats per group). No differences were found between the experimental groups in the density of dlCST labeling at T2-T3 (p = 

0.53). **, P < 0.01. Error bars, SEM 
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Fig. S10 | Multi-system neuroprosthetic training promotes extensive remodeling of motor cortex axonal projections in brainstem 

locomotor regions. (A) Diagram illustrating anatomical experiments and analyzed regions. (B) Bar plots (n = 5 rats per group) reporting the 

density of motor cortex originating fibers in the gigantocellular reticular formation, parvicellular reticular formation, parapyramidal region, and 

vestibular nuclei for intact, non-trained, treadmill-trained and overground-trained rats. (C) Representative confocal images showing the density 

of motor cortex originating fibers in the various brainstem locomotor regions (a) – (c). We detected unusually dense motor cortex axonal 

projections in the vicinity of locomotor-related serotonergic (5HT) neurons (arrows) in overground-trained rats (d). Scale bar, 20 µm. **, P < 

0.01; ***, P < 0.001. n.s., non significant; a.u., arbitrary unit. Error bars, SEM  

 



 57 

 
 
Fig. S11 | Multi-system neuroprosthetic training promotes extensive remodeling of brainstem-derived serotonergic projections. (A) 

Diagram illustrating anatomical experiments including the source of spinal 5HT projections in the brainstem. (B) Heat maps showing 5HT fiber 

density in T8-T9 segments and confocal images showing midline crossing 5HT fibers in intermediate laminae, close to the central canal. Scale 

bar, 20µm. (C) Distribution of 5HT fiber density along the dorsoventral extent of T8-T9 segments. (D) Bar graphs reporting 5HT fiber density in 

the left and right T8-T9 hemicords. (D) Confocal images showing close appositions between 5HT fibers and a thoracic relay neuron 

retrogradely labeled from L1-L2 locomotor centers in a overground-trained animal. Scale bar, 5µm. a.u., arbitrary unit. *, P < 0.05. Error bars, 

SEM 
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Fig. S12 | Left motor cortex neuronal modulations correlate with gait initiation and correction. A representative sequence including gait 

initiation and correction of locomotor movement is shown for a overground-trained rat. Stick diagram decompositions of hindlimb motion are 

displayed to highlight the various gait events. The corresponding changes in body acceleration (acc.), left and right hindlimb joint angles, and 

neuronal firing rates of 3 motor cortex neurons are shown below together with the duration of stance (gray), swing (empty), and drag (red). 

Neuron waveforms are displayed as means +/- S.D. Neuronal firing rates were estimated in 100 ms windows, and color-coded according to the 

period during which significant changes were found. Significance was tested by comparing the distributions of firing rates relative to initiation or 

correction events. If there was a significant change in firing rate within any successive pair of one-second windows from 2 s before to 1 s after 

the event, the neuron was classified as significantly modulated. Initiation was defined as the initial foot clearance. Preparation corresponded to 

the period during which a significant increase in firing rate was detected relative to standing, but no overt gait-related movement (onset, hip 

extension) had yet taken place. Correction included a sequence of three events: a step resulting in negative body acceleration superior to 80 

cm/s2, a subsequent contralateral double-step without paw placement (1), and an ipsilateral step/hop before the contralateral paw had been 

fully placed. The foot clearance of the third event in this sequence was defined as the time of correction. The first neuron showed no significant 

modulation with respect to initiation or correction. The second neuron displayed a significant increase in firing rate 1 s before and after the 

correction event. The third neuron exhibited significant changes in firing rates 1 s before initiation and 1 s before correction.  
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Fig. S13 | Left motor cortex neurons showed decreased firing rate during involuntary guided locomotion. (A) Neuronal modulations 

were recorded during standing, involuntary guided locomotion, and voluntary locomotion. (B) Bar graphs reporting average values (n = 29 

neurons) of mean firing rate for each experimental condition. (C) Distribution of mean firing rate normalized to standing for all the recorded 

neurons. (D) Mean firing rate during involuntary guided locomotion is plotted against mean firing rate during voluntary locomotion. The majority 

of neurons that showed increased firing rate during voluntary locomotion exhibited a significant (p < 0.05) decrease in firing rate during 

involuntary guided locomotion (red). A cluster of neurons displayed increased firing rates during both paradigms, but the extent of the 

modulation was more pronounced during voluntary than involuntary locomotion (magenta). *, P < 0.05; **, P < 0.01. Error bars, SEM 

 



 60 

 

 
 
Fig. S14 | Microinjections of muscimol into the motor cortex abolish voluntary locomotion overground, but leave spinal locomotor 

circuitries globally unaffected. Representative example of bipedal locomotion overground in the presence of enabling factors for a 

overground-trained rat (A) before and (B) 5 min after a microinjection of muscimol into the left motor cortex. Hindlimb locomotor kinematics and 

vGRFs are shown using the same conventions as in fig. S4. The amount of vertical support provided by the robot is indicated above each 

panel (%). Muscimol microinjections immediately abolished voluntary locomotion overground. However, all the tested rats (n = 3) displayed 

coordinated locomotor movements during involuntary guided locomotion (13 cm/s). These results indicate that the inactivation of the motor 

cortex suppressed the ability to initiate voluntary locomotion, but did not prevent spinal locomotor circuitries from producing coordinated 

stepping movements. (C) One day after muscimol microinjection, the rats recovered voluntary locomotion overground. (D) PC analysis of 

hindlimb locomotion in intact and non-trained rats, as well as overground-trained rats before and after muscimol microinjection. The histogram 

plot reports locomotor performance measured as the distance to intact rats in PC space. **, P < 0.01. a.u., arbitrary unit. Error bars, SEM 
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Table S1 | Computed kinematics and gait parameters for principal component (PC) analysis. 

 

Movies S1 to S3  

For Supplementary Movies S1, S2, and S3 please refer to: www.sciencemag.org/cgi/content/full/336/6085/1182/DC1 
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Abstract 

Severe spinal cord injury in humans leads to a progressive neuronal dysfunction in the chronic stage of the injury. 

This dysfunction is characterized by premature exhaustion of muscle activity during assisted locomotion, which is 

associated with the emergence of abnormal reflex responses. Here, we hypothesize that undirected compensatory 

plasticity within neural systems caudal to a severe spinal cord injury contributes to the development of neuronal 

dysfunction in the chronic stage of the injury. We evaluated alterations in functional, electrophysiological and 

neuromorphological properties of lumbosacral circuitries in adult rats with a staggered thoracic hemisection injury. In 

the chronic stage of the injury, rats exhibited significant neuronal dysfunction, which was characterized by co-

activation of antagonistic muscles, exhaustion of locomotor muscle activity, and deterioration of electrochemically-

enabled gait patterns. As observed in humans, neuronal dysfunction was associated with the emergence of 

abnormal, long-latency reflex responses in leg muscles. Analyses of circuit, fiber and synapse density in segments 

caudal to the spinal cord injury revealed an extensive, lamina-specific remodeling of neuronal networks in response 

to the interruption of supraspinal input. These plastic changes restored a near-normal level of synaptic input within 

denervated spinal segments in the chronic stage of injury. Syndromic analysis uncovered significant correlations 

between the development of neuronal dysfunction, emergence of abnormal reflexes, and anatomical remodeling of 

lumbosacral circuitries. Together, these results suggest that spinal neurons deprived of supraspinal input strive to re-

establish their synaptic environment. However, this undirected compensatory plasticity forms aberrant neuronal 

circuits, which may engage inappropriate combinations of sensorimotor networks during gait execution. 

 

Introduction 

More than half of human spinal cord injuries lead to permanent paralysis below the level of the injury, as well as 

severe bladder, bowel, sexual, and immune dysfunction (Fawcett et al., 2007, Riegger et al., 2009). There is 

overwhelming evidence that the dramatic consequences of a severe SCI expand beyond these apparent deficits 

(Hiersemenzel et al., 2000, Dietz and Muller, 2004, Calancie et al., 2005, Courtine et al., 2009, Dietz et al., 2009, 

Boulenguez et al., 2010, Murray et al., 2010, Horst et al., 2012). Various electrophysiological studies have suggested 

that neuronal circuits deprived of supraspinal input undergo a progressive and extensive remodeling (Calancie et al., 

1996, Calancie et al., 2000, Maegele et al., 2002, Beres-Jones et al., 2003, Calancie et al., 2005, Harkema, 2008); a 

process that continues to evolve for years after the SCI (Dietz, 2010). These alterations have been associated with 

the development of neuronal dysfunction in chronically paralyzed individuals. This clinical syndrome is characterized 

by premature exhaustion of the overall motor neuronal output and poorly coordinated muscle activation patterns 

during assisted stepping on a treadmill (Dietz and Muller, 2004, Dietz et al., 2009). Restoration of motor function after 

severe SCI has been interpreted as the need to regenerate severed fibers to their original target (Tuszynski and 

Steward, 2012). However, the progressive neuronal dysfunction observed in paralysed individuals emphasizes that 
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recovery of useful sensorimotor capacities after severe SCI will rely on the ability to design interventions that will 

additionally preserve the integrity of neural networks caudal to the injury (Dietz, 2010, Roy and Edgerton, 2012).  

A deeper understanding of the mechanisms leading to neuronal dysfunction after severe SCI may contribute 

to conceptualizing therapeutic strategies capable of counteracting the development of neuronal dysfunction. Various 

studies in experimental animals uncovered a mosaic of injury-induced molecular and cellular changes in segments 

caudal to a SCI (Krenz and Weaver, 1998, Ballermann and Fouad, 2006, Kitzman, 2006, 2007, Soares et al., 2007, 

Hou et al., 2008, Tan et al., 2008, Hou et al., 2009, Boulenguez et al., 2010, Murray et al., 2010, Ichiyama et al., 

2011, Singh et al., 2011, Kapitza et al., 2012, Tan et al., 2012). Depending upon the SCI model and specific 

functional assessments, these alterations in the properties of neuronal circuits have alternatively been classified as 

beneficial or detrimental. Therefore, the general impending biological principles through which the development of 

neuronal dysfunction occurs remain unclear.  

Although previous studies reported contrasting and variable conclusions, they consistently highlighted the 

progressive upregulation of receptor (Murray et al., 2010), synapse (Kitzman, 2006, Ichiyama et al., 2011, Kapitza et 

al., 2012, Tan et al., 2012), and fibre density (Krenz and Weaver, 1998, Ballermann and Fouad, 2006, Hou et al., 

2008, Hou et al., 2009) in response to the interruption of supraspinal input. Likewise, ablation of afferent pathways in 

the brain provokes the formation of new fiber arborizations and spines in the affected region (Kirov and Harris, 1999). 

This compensatory mechanism has been described as homeostatic plasticity (Turrigiano et al., 1998), a process that 

strives to restore the number and strength of synaptic inputs within denervated neuronal circuits. After incomplete 

SCI that leaves residual motor capacities, activity-dependent mechanisms steer compensatory plasticity in order to 

restore useful functional capacities (Raineteau and Schwab, 2001, Weidner et al., 2001, Edgerton et al., 2004, 

Courtine et al., 2008, Rosenzweig et al., 2010). In contrast, more severe SCIs impair the ability to produce 

movements, which prevents activity-dependent mechanisms from contributing to the remodeling of denervated 

neuronal networks in a useful direction. The resulting undirected compensatory plasticity may potentially lead to 

detrimental changes in neuronal circuit properties.  

To test this hypothesis, we developed a new rodent model of SCI (Courtine et al., 2008, van den Brand et al., 

2012) that replicated the key characteristics of neuronal dysfunction observed in severely paralysed human subjects. 

Using a range of multifaceted assessments and novel syndromic analysis (Ferguson et al., 2013), we provide 

evidence suggesting that undirected compensatory plasticity contributes to the development of neuronal dysfunction 

in the chronic stage of severe SCI. 
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Materials and Methods 

Experimental setup 

Experiments were conducted on adult female Lewis rats (~220 g body weight, Centre d’Elevage R. Janvier, France). 

Animals were housed individually on a 12 h light/dark cycle, with access to food and water ad libitum. Temperature 

(22 ± 10C) and humidity (40–60%) in the animal facilities were maintained constant in accordance to Swiss 

regulations for animal housing. All animals were handled daily for at least 2 weeks before the first surgeries. Animal 

care, including manual bladder voiding, was performed twice daily throughout the post-injury period. All procedures 

and surgeries were approved by the Veterinarian Office of the cantons of Zurich and Vaud, Switzerland.  

 

Surgical procedures and post-surgical care 

All surgical procedures used have been described previously (Courtine et al., 2009, Musienko et al., 2011). Under 

aseptic conditions and general anesthesia, a partial laminectomy was performed over spinal segments L2 and S1. 

Stimulating electrodes were created by removing a small part (~1 mm notch) of insulation from Teflon-coated 

stainless steel wires (AS632, Cooner Wire), which were subsequently secured at the midline overlying spinal level L2 

and S1 by suturing the wires to the dura. A common ground wire (~1 cm of Teflon removed at the distal end) was 

inserted subcutaneously in the right shoulder. Bipolar intramuscular EMG electrodes, using the same wire type, were 

inserted bilaterally in the medial gastrocnemius (MG) and tibialis anterior (TA) muscles. All electrode wires were 

connected to a percutaneous amphenol connector (Omnetics Connector Corporation) fixed to the skull of the rat. 

Analgesia (buprenorphine Temgesic®, ESSEX Chemie AG, 0.01-0.05 mg per kg, subcutaneous) and antibiotics 

(Baytril®, 2.5%, Bayer Health Care AG, 5-10 mg per kg, subcutaneous) were provided for 5 days post-surgery. After 

the completion of pre-injury recordings, a second surgery was performed. Partial laminectomies were made at mid-

thoracic levels and two lateral hemisections were placed on opposite sides at T7 (left) and T10 (right) spinal 

segments. This SCI completely interrupted all direct supraspinal input. The completeness of spinal cord lesions was 

verified histologically post-mortem. 

 

Kinematic, kinetic and electromyography recordings 

The same rats (n = 11) participated in kinematic, kinetic and EMG recordings before injury, and 1 week (subacute 

SCI) as well as 9 weeks (chronic SCI) after injury. Stepping capacities were recorded on a motorized treadmill belt 

set at a constant speed of 9 cm/s. Animals wore a custom-made jacket especially designed for either bipedal or 

quadrupedal locomotion (Dominici et al., 2012) that was connected to an automated, servo-controlled body-weight 

support system (Robomedica Inc). The optimal amount of body weight support was determined visually. 

Spontaneous (no facilitation) stepping capacities were recorded for both quadrupedal and bipedal postures, before 

injury as well as 1 and 9 weeks post-injury. To evaluate the functional capacities of lumbosacral circuits in paralysed 
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rats, we applied an electrochemical neuroprosthesis that transformed lumbosacral circuits from non-functional to 

highly functional networks (Courtine et al., 2009, Musienko et al., 2011, Musienko et al., 2012, van den Brand et al., 

2012). Chemical stimulations consisted of a systemic administration of the 5-HT2A receptor agonist quipazine (0.2–

0.3 mg per kg, intraperitoneal) and the 5-HT1A,7 receptor agonist 8-OHDPAT (0.05–0.3 mg per kg, subcutaneous). 

The agonists were injected 5 min before behavioural testing. Epidural electrical stimulations (0.2 ms duration, 100–

500 µA, 40 Hz) consisted of continuous series of rectangular pulses delivered at 40 Hz over spinal segments L2 and 

S1 through the chronically implanted electrodes. To evaluate the capacity of lumbosacral circuits to sustain stepping 

in the chronic stage of SCI, locomotor output was recorded every 7 min in a separate group of rats (n = 4) during a 

bout of continuous stepping (14 min) enabled by electrical epidural stimulation alone. In this condition no chemical 

stimulations were delivered in order to avoid time-dependent effects of pharmacological agents. 

 

Kinematic, kinetic and electromyography analyses 

All procedures used have been detailed previously (Courtine et al., 2009, Musienko et al., 2011, van den Brand et al., 

2012). Kinematics of hindlimb stepping were captured by the high speed motion capture system Vicon (Vicon Motion 

Systems), consisting of 10 infrared cameras (MX-3+, 200Hz). Reflective markers were attached bilaterally at the iliac 

crest, the greater trochanter (hip joint), the lateral condyle (knee joint), the lateral malleolus (ankle), the distal end of 

the fifth metatarsophalangeal (MTP) joint and the tip of the fourth toe. The body was modeled as an interconnected 

chain of rigid segments, and joint angles were generated accordingly. Vertical ground reaction forces were recorded 

using a biomechanical force plate (2 kHz; HE6X6, AMTI) located below the treadmill belt. EMG signals (2 kHz) were 

amplified, filtered (10-1000 Hz bandpass), stored and analyzed offline to compute the amplitude, duration and timing 

of individual bursts. For both the left and right hindlimbs, 10 successive step cycles were extracted from a continuous 

sequence of stepping on a treadmill for each rat under each condition. A 10-s interval was used when no or very 

minimal stepping movements were observed. A total of 147 parameters quantifying gait, kinematics, kinetics, and 

EMG features were computed for each limb and gait cycle according to methods described in detail previously 

(Courtine et al., 2008, Courtine et al., 2009, Musienko et al., 2011, van den Brand et al., 2012). 

 

Electrophysiological experiments 

Spinal reflexes were assessed in fully awake rats (n = 10). During testing, the animals were suspended in the air (no 

contact with the ground) using the trunk harness and robotic systems described above. To elicit reflexes, we 

delivered single rectangular pulse (0.5 ms duration) through the chronically implanted S1 electrode at 0.2 Hz. Before 

the injury, we identified the stimulus intensity (typically ~160-200 µA) that elicited the largest monosynaptic 

responses in the absence of direct muscle responses (direct stimulation of the motor nerve, equivalent to M waves), 

typically 1.5 to 2-fold above motor threshold (Gerasimenko et al., 2006), and used this intensity to test reflexes at 1 

and 9 weeks post-injury. The compound motor-evoked potentials were recorded in both left and right tibialis anterior 
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muscles (10 kHz), and the onset latency, peak-to-peak amplitude, and integral of the averaged (n = 5) reflex 

responses were determined.  

 

Tracing procedures 

Under general anesthesia, a laminectomy over L1-L2 spinal level was performed to expose the dorsal aspect of the 

spinal cord. In a subset of rats with chronic SCI (n = 6), a 10% suspension of Tetramethylrhodamine-conjugated 

dextran 3000 MW (TMR) (Invitrogen AG) was stereotaxically injected into the spinal cord, using a 33 G needle on a 

10 µl Hamilton syringe (1701 RN, Hamilton Company) attached to an UltraMicroPump (World Precision Instruments). 

Six injections of 200 nl TMR separated by 700 μm were performed in each hemicord. The injection coordinates were 

800 μm lateral of the midline and ~700 μm above the ventral surface of the spinal cord.  

To elicit locomotor-related expression of c-fos, the remaining chronic SCI rats (n = 5) stepped bipedally on a 

treadmill during 45 min with the electrochemical neuroprosthesis. Rats were returned to their cages and perfused 

exactly 60 min after stepping (Ichiyama et al., 2008, Courtine et al., 2009). All animals were deeply anaesthetized by 

an intraperitoneal injection of 0.5 ml pentobarbital-Na (50 mg/ml) and transcardially perfused with ~80 ml Ringer’s 

solution containing 100 000 IU/l heparin (Liquemin, Roche) and 0.25% NaNO2 followed by 300 ml of cold 4% 

phosphate buffered paraformaldehyde, pH 7.4 containing 5% sucrose. The brain and spinal cord were removed and 

postfixed overnight in the same fixative before they were transferred to 30% sucrose in phosphate buffer for 

cryoprotection. The tissue was embedded in Tissue Tek O.C.T (Sakura Finetek Europe), frozen at -40°C, and cut to 

a thickness of 30 or 40 μm. 

 

Immunohistochemistry 

Mounted or free-floating sections were washed three times in 0.1M PBS and blocked in 5% normal goat serum 

containing 0.3% Triton. For c-fos and neurofilament stainings, slices were pretreated with H2O2 and cold methanol 

(100%), respectively. Sections were then incubated in primary antibody diluted in the blocking solution overnight at 

4°C (c-fos) or room temperature (neurofilament, vGlut1, vGlut2). TMR visualization incubation time was 48 h at 4°C. 

The primary antibodies used were rabbit anti-c-fos (1:5000; Santa Cruz Biotechnologies) and anti-TMR (1:1000; 

Molecular Probes, Life Technologies), mouse anti-neurofilament (1:10 000; Millipore) and anti-vGlut2 (1:5000; 

Millipore), and guinea pig anti-vGlut1 (1:2000; Millipore) antibodies. Sections were again washed three times in 0.1 M 

PBS and incubated with the appropriate secondary antibody diluted 1:200 (Alexa fluor® 488 or Alexa fluor® 555; 

Molecular Probes, Life Technologies) in blocking solution. Sections were washed again, mounted onto glass slides, 

coverslipped with Mowiol®.  
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Neuromorphological evaluations 

TMR-labelled fibers and c-fos-positive neurons were counted using image analysis software (Neurolucida, 

MicroBrightField) on 4-5 transverse slices per animal. For TMR-labelled fibers, a rectangular grid half the size of the 

ventral horn was overlaid and intersecting fibers within the grey matter were counted. C-fos-positive neurons were 

quantified with respect to the Rexed laminae defined by Molander (Molander et al., 1984). Neurofilament and 

vesicular glutamate transporter (vGlut1, vGlut2) density was measured using three to five confocal image stacks per 

region per rat acquired with standard imaging settings and analysed using custom-written Matlab (MathWorks) 

scripts according to previously described methods (Carmel et al., 2010b, van den Brand et al., 2012). Confocal 

output images were divided into square regions of interest, and densities computed within each region of interest as 

the ratio of traced fibres (amount of pixels) per region of interest area. Both manual and computerized counts were 

performed blindly. Image acquisition was performed using a Leica TCS SPE or SP5 laser confocal scanning 

microscope and the LAS AF interface (Leica Microsystems) and stacks were processed offline using the Imaris 

software (Bitplane). 

 

Principal component analysis and statistics 

To evaluate the characteristics underlying stepping for the different experimental conditions, we implemented a multi-

step statistical procedure based on principal component analysis (Courtine et al., 2009, Musienko et al., 2011, 

Dominici et al., 2012). The various steps, methods, typical results, and interpretation of the analysis are detailed in 

Figs 2 and 3. The same procedure was applied for the syndromic analysis; all the collected kinematic, kinetic, EMG, 

electrophysiological, neuromorphological and immunohistochemical parameters of SCI animals (n = 6) were 

manually curated and combined in a single matrix. 

 

Comparisons with neuronal dysfunction in humans with severe injury 

Electrophysiological recordings of leg muscle activity and spinal reflex behaviour were conducted in individuals with 

motor complete (Dietz et al., 2009, Hubli et al., 2012) or motor incomplete SCI (Hubli et al., 2012). To evaluate the 

capacity of spinal neuronal networks to sustain locomotion, we recorded the EMG activity of the tibialis anterior and 

medial gastrocnemius muscles during 10–15 min of robotically assisted stepping at a constant speed of 2.0 km/h and 

65–75% body weight support. Spinal reflex behaviour was assessed in healthy subjects, as well as in spinal cord 

injured individuals in the early and late stage of SCI. Non-noxious electrical stimuli were randomly applied to the 

distal part of the tibial nerve in subjects wearing a harness in an upright, unloaded position, as performed in the rats. 

Each stimulation was composed of a series of eight biphasic rectangular stimuli with 2 ms single stimulus duration 

and a frequency of 200 Hz. Stimulation intensity was set at two times motor threshold. Reflex responses were 

recorded from the ipsilateral tibialis anterior muscle. 
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Statistical procedures 

All data are reported as mean values ± SEM. Statistical evaluations were performed using one-way ANOVA for 

neuromorphological evaluations, and one- or two-way repeated-measures ANOVA for functional assessments. The 

post hoc Tukey’s or Fisher LSD test was applied when appropriate. Pearson’s correlation coefficients were used to 

evaluate univariate correlations, except for patient data where the Spearman’s rank correlation coefficient was 

computed. The significance level was set as |R value| > 0.45 and P < 0.05, respectively. 

 

Results 

Staggered hemisection injury leads to complete and permanent paralysis 

Adult rats received a severe SCI consisting of a left lateral hemisection at T7 and right lateral hemisection at T10 , 

which interrupted all the direct supraspinal input to lumbosacral circuits (van den Brand et al., 2012). To test the 

functional impact of the SCI, we positioned the rats bipedally and quadrupedally on a motorized treadmill (9 cm/s) 

with robot-assisted vertical support (% of body weight support). In both postures, the rats showed continuous 

dragging of the hindlimbs along the treadmill belt, which was associated with the absence of EMG activity in flexor 

and extensor muscles of the ankle (Figure 1B and C). Occasionally, some of the tested rats exhibited spontaneous 

hindlimb oscillations, either unilateral or bilateral, which rapidly extinguished after a few cycles, as previously 

observed in rats with complete SCI (Courtine et al., 2009).  

 

Staggered hemisection injury leads to neuronal dysfunction in the chronic stage  

We sought to evaluate the functional properties of lumbosacral locomotor circuits in the sub-acute (1 week post-

injury) and chronic stage (9 weeks post-injury) of the SCI (n = 9). To enable locomotion of the paralysed hindlimbs, 

we applied an electrochemical neuroprosthesis that transformed lumbosacral circuits from non-functional to highly 

functional networks (Courtine et al., 2009, Musienko et al., 2012). By increasing the general level of spinal 

excitability, this electrochemical spinal neuroprosthesis enables sensory information to become a source of control 

for stepping. In consequence, the recorded motor patterns were exclusively generated within lumbosacral circuits, 

without contribution from supra-lesional input (Courtine et al., 2009, van den Brand et al., 2012). As early as 1 week 

post-lesion, electrochemical stimulations promoted coordinated locomotion with appropriate timing of left and right 

limb alternation, and reciprocal activation between flexor and extensor muscles (Fig. 1A and B). In striking contrast, 

the same rats exhibited highly variable stepping patterns with poor inter- and intra-limb coordination in the chronic 

stage of the SCI (Fig. 1C).  



 73 

 
 

We next aimed at quantifying gait performance pre-injury, and at the subacute and chronic stages of SCI. To achieve 

this, we applied a multi-step statistical procedure based on principal component analysis. We first conducted detailed 

kinematic, kinetic, and EMG recordings, which allowed the computation of a large number of variables (n = 147) that 

provided a comprehensive quantification of gait patterns for each rat and time point. Principal component analysis 

creates new variables that linearly combine the original parameters in order to maximize the amount of explained 

variance per principal component. Individual gait cycles can be represented in the new de-noised space defined by 

first three principal components. Gait patterns associated with each experimental time point emerged in distinct 

spatial locations (Fig. 2A). To visualize these differences, we applied a least square elliptic fitting on each cluster. 

The distance between data points in the principal component space provides a measure of the degree of discrepancy 

 
 

Figure 1 The staggered lateral hemisection spinal cord injury led to deterioration of locomotor function in the chronic stage. (A) Diagram of the 
electrochemical neuroprosthesis. Rats were positioned bipedally over a moving treadmill belt and provided with body weight support. A 
representative locomotor trial of the same rat performed before injury (inact), (B) 1 week (subacute) and (C) 9 weeks post-injury (chronic) is 
shown. Above each panel, the % of body weight support is indicated and a stick diagram decomposition of hindlimb motion is shown together 
with color-coded trajectories of hindlimb endpoints. Vectors represent the direction and intensity of the hindlimb endpoint velocity at swing 
onset. The corresponding sequences of hindlimb oscillations, raw EMG activity of an extensor (MG, medial gastrocnemius) and a flexor (TA, 
tibialis anterior) muscle and vertical ground reaction forces (vGRF) are shown below. Grey and red bars indicate the duration of stance and 
drag phases, respectively. For each time point, a polar plot representation illustrates the coordination between the oscillations of left and right 
hindlimbs (black line, single gait cycle; red arrow, average of all gait cycles). The density plot displays the coordination between the 
antagonistic muscles tibialis anterior and medial gastrocnemius throughout one locomotor trial. L-shaped patterns reflect perfect reciprocal 

activation of muscles. 
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or similarity between the clusters, i.e. gait patterns (Fig. 2B). The dispersion of data points accounts for the variability 

of gait patterns within each rat and time point (Fig. 2B). This analysis revealed that gait patterns recorded in the 

chronic stage significantly differed from (P < 0.01), and showed a high variability compared with (P < 0.05) those 

observed in the same rats pre-injury and in the sub-acute stage (n = 9). Principal component scores indicate the 

location of data points and conditions along each individual principal component axis (Fig. 2C). Here, extraction of 

scores revealed that PC1 captured differences across the time points (P < 0.001), whereas PC2 distinguished the 

subacute stage from the other time points (P < 0.01). Next, we computed the factor loadings, which correspond to the 

correlation between each variable and each principal component. We then identified variables with significant factor 

loading (|value| > 0.5, P < 0.05), which we regrouped into functional clusters that we named for clarity (Fig. 3A). To 

provide a more classic representation of differences between time points, histogram plots were generated for the 

most prominent variable (highlighted within yellow frames; Fig. 3A) per extracted functional cluster in PC1 (Fig. 3B) 

and PC2 (Fig. 3C). This multi-step analysis showed that in the chronic stage of the SCI rats exhibited highly variable 

gait patterns, a pronounced flexed posture, poor interlimb coordination, altered distal joint control, and enhanced 

extensor muscle activation during electrochemically-enabled locomotion (PC1 clusters; Fig. 3B). Instead, slow 

movement, low level of weight bearing, and prolonged swing duration characterized gait patterns underlying stepping 

in the subacute stage (PC2 clusters; Fig. 3C). Together, these results not only emphasize the dramatic degradation 

of stepping capacities in the chronic stage of SCI, but also identify the ensemble of gait features that characterizes 

the syndromic signature of this neuronal dysfunction. We sought to leverage this detailed evaluation to decipher 

putative mechanisms underlying these functional changes.  

 

 

 
 

Figure 2 Multi-step statistical analysis of gait patterns. (A) Representation of individual gait cycles in the new de-noised space created by PC1-
3. Least square elliptic fitting reveals widely separated clusters of data points for each time point. (B) Locomotor performances were quantified, 
for each rat, as the 3D Euclidean distance between the location of gait cycles and the average location of all gait cycles from all the rats pre-
lesion (n = 9 rats). Variability of gait cycles was assessed as the dispersion of data points for each rat and time point. (C) The scores indicate 

which experimental time points are differentiated by each principal component (PC). * P < 0.05; ** P < 0.01; *** P < 0.001. Error bars, SEM. 
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Staggered hemisection injury leads to premature exhaustion of locomotor muscle activity  

Chronically injured, non-ambulatory SCI patients showed premature exhaustion of leg muscle activity during 

robotically assisted locomotion (Fig. 4C; adapted from (Dietz et al., 2009). We tested whether rats with severe, 

chronic SCI exhibited a similar decrease in hindlimb muscle activation during electrically enabled stepping (Fig. 4A). 

At the onset of stepping, the electrical neuroprosthesis promoted coordinated locomotor movements with alternation 

between powerful bursts of EMG activity in flexor and extensor muscles. The recruitment of hindlimb muscles rapidly 

declined over time, and eventually reached amplitudes that were too low to sustain locomotion (p < 0.05; Fig. 4B). 

Similar exhaustion of locomotor EMG was observed during manually assisted movements in rats (data not shown). 

These results show that, as observed in humans, rats exhibited premature exhaustion of the overall locomotor 

muscle output in the chronic stage of a severe SCI. 

 
 

Figure 3 Multi-step statistical analysis identified time-specific features of locomotor patterns after severe SCI. (A) Extraction of factor loadings, 
i.e. correlation between gait variable and the first two principal components. Variables with the highest factor loading (|value| > 0.5, P < 0.05) 
were regrouped into functional clusters, which are named for clarity. (B and C) Bar graphs of single variables [highlighted within yellow frames 
in (A)] for each extracted functional cluster of (B) PC1 and (C) PC2 (n = 9 rats). * P < 0.05; ** P < 0.01; *** P < 0.001. Error bars, SEM. BW = 
body weight. 
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Staggered hemisection SCI leads to the emergence of abnormal long-latency reflex responses 

In severely paralysed humans, exhaustion of locomotor muscle activity occurred in parallel with the emergence of 

abnormal, long-latency reflex responses in leg muscles (Dietz et al., 2009). To elicit these reflexes, a train of stimuli 

was applied to the tibial nerve in upright and unloaded human subjects. In the absence of neurological impairments, 

the stimulation evoked a short-latency (75–100 ms) reflex response in the ipsilateral tibialis anterior muscle (Fig. 5A). 

Reflex responses with similar latency but markedly reduced amplitude were recorded in the subacute stage of the 

injury (2 months post-SCI). Chronic, non-ambulatory SCI patients showed a diminished or nearly absent, early reflex 

response, and concurrently developed an abnormal long-latency reflex response (200–300 ms) (Fig. 5A). The 

relative amplitude of this long-latency reflex response inversely correlated with locomotor capacities (Fig. 5E). 

We investigated whether similar changes in hindlimb reflex responses occurred in severely paralysed rats. 

Before the SCI, electrical stimulation delivered through the S1 epidural electrode in fully awake rats elicited two well-

defined reflex responses in the tibialis anterior muscle (Fig. 5B), which engaged a monosynaptic and a polysynaptic 

neural circuit (Gerasimenko et al., 2006). As previously described (Lavrov et al., 2006), the polysynaptic response 

corresponds to the short latency reflex response evoked in humans. In the subacute stage of the SCI, the 

polysynaptic response was either markedly reduced or completely suppressed (Fig. 5B). The same rats tested in the 

 
 

Figure 4 Exhaustion of locomotor muscle activity in the chronic stage of SCI. (A) Evaluation of exhaustion of locomotor muscle activity in rats 
at the chronic stage of SCI. Rats were positioned bipedally over a moving treadmill belt with 90% body weight support at a speed of 9 cm/s. 
Stepping was enabled with the electrical neuroprosthesis and a representative example of muscle activity is shown at the onset and end of a 
14-min continuous stepping bout. (B) Bar graphs of the normalized EMG amplitudes recorded at the beginning and end of stepping in rats (n = 
4). (C) Representative example of EMG activity recorded in a chronically paralysed human patient during robotically assisted leg movements at 
a constant speed of 2.0 km/h and 65-75% body weight support. EMG activity is shown at the onset of stepping and after 10 min of a continuous 
bout of locomotion. Adapted from Dietz et al. (2009). * P < 0.05; *** P < 0.001. Error bars, SEM. MG = medial gastrocnemius; TA = tibialis 
anterior. 
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chronic stage of the SCI displayed a new, long-latency reflex response in the tibialis anterior muscle (25–50 ms, P < 

0.001; Fig. 5B and C). Although epidural electrical stimulation primarily recruits afferent fibres (Courtine et al., 2009, 

Musienko et al., 2012), including the tibial nerve, these responses might not be completely equivalent to those 

observed in humans. As previously described in human patients, however, the amplitude of this abnormal long-

latency reflex response inversely correlated with locomotor capacities in rats (r = 0.66, P < 0.05; Fig. 5D).  

 

Staggered hemisection injury triggers extensive reorganization within denervated neuronal networks 

We surmised that the neuronal dysfunction syndrome, characterized by degradation of stepping capacities, 

premature EMG exhaustion and abnormal reflex responses, was in part due to abnormal rewiring of the denervated 

lumbosacral networks. To test this hypothesis, we first assessed putative changes in overall fibre density in spinal 

 
 

Figure 5 Emergence of long-latency reflex responses in the chronic stage of SCI correlated with deterioration of locomotor capacities. (A) 
Representative reflex traces recorded from the tibialis anterior muscle in response to a train of tibial nerve stimulations in a healthy subject, and 
a severely paralysed non-ambulatory patient recorded in both the subacute and chronic stage of SCI. Adapted from Dietz et al. (2009). (B) 
Representative reflex traces recorded from the tibialis anterior muscle in response to a single epidural stimulus at S1 in the same rat pre-lesion, 
and in the subacute and chronic stage of the SCI. The shaded area highlights the window for the long-latency reflex responses. (C) Bar graph 
reporting the amplitude of the long-latency reflex response in the subacute and chronic stage of the SCI in rats (n = 8). (D) Correlation between 
stepping capacities and the amplitude of the long-latency reflex response in chronically paralysed rats (n = 10). Stepping capacities were 
quantified as the 3D distance (see Fig. 2) between gait cycles pre-lesion and in the chronic stage of SCI. (E) Correlation between the 
normalized ratio of early and long-latency reflex responses and the walking speed converted from the 10-min walk test in patients with clinically 
complete (triangle) and incomplete (circle) SCI. Adapted from Hubli et al. (2012). *** P < 0.001. Error bars, SEM. ρ = Spearman’s rank 

correlation coefficient. 
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segments caudal to the SCI (Fig. 6A). Evaluation of neurofilament staining at spinal segment L4 revealed a 28% 

decrease in fibre density in intermediate and ventral laminae in the subacute phase compared with intact rats (P < 

0.001; Fig. 6B). After the complete interruption of supraspinal pathways, severed axons show a rapid Wallerian 

degeneration (Hausmann, 2003) that likely accounted for this pronounced loss of neurofilament in sub-lesional spinal 

segments. We found a near complete, lamina-specific restoration of neurofilament density in denervated segments of 

chronically injured rats (P < 0.01; Fig. 6B and C).  

This result suggested that the SCI led to the formation of new arbors in sub-lesional segments, which we 

evaluated in more detail with neuronal tract-tracing techniques. We injected a TMR-conjugated antero- and 

retrograde neuronal tracer into spinal segments L1-L2 (Fig. 6A). We first quantified retrogradely labelled neurons at 

L6 and found a 2-fold increase in the number of labelled neurons in rats with chronic SCI compared with both intact 

and subacutely lesioned animals (P < 0.001; Fig. 6D). We next evaluated the density of anterogradely labelled fibres 

projecting to L6. The number of labelled fibres at L6 was significantly reduced in the subacute stage (P < 0.001), 

presumably due to the loss of descending fibres. We observed a 3-fold increase in the density of fibres at L6 in 

chronic stage of SCI (p < 0.001; Fig. 6D and E). This increase in fibre density re-established the level of innervation 

observed in intact rats (P = 0.96; Fig 6D right).  

To confirm and expand these findings, we next evaluated changes in the density of synapses associated with 

intraspinal afferent fibres. Glutamate is the most abundant excitatory neurotransmitter in the spinal cord. The 

vesicular glutamate transporter 2 (vGlut2) is expressed in the synaptic terminals of various spinally projecting  

 

 

 
 
Figure 6 The staggered lateral hemisection SCI led to substantial intraspinal reorganization in the denervated lumbosacral segments. (A) 
Diagram illustrating anatomical experiments. (B) Bar graph and density plot reporting the overall neurofilament density and lamina-specific 
neurofilament density within the spinal segment L4 for each experimental group (n = 4-5 rats per group). (C) Representative heatmaps 
displaying neurofilament density throughout the spinal cord grey matter. (D) Bar graphs reporting the number of retrogradely labelled neurons 
at L6, and manual fiber counts at L6 after injecting TMR at L1-L2 (n = 5-6 rats per group). (E) Single-slice fiber reconstructions of TMR-labelled 

fibre density in the right L6 hemicord. ** P < 0.01; *** P < 0.001. Error bars, SEM. 
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supraspinal neurons and intraspinal neurons. Due to the complete interruption of descending pathways after 

staggered hemisections, vGlut2 was near-exclusively associated with segmental afferents in injured rats (Oliveira et 

al., 2003, Todd et al., 2003, Alvarez et al., 2004, Landry et al., 2004). vGlut2-positive fibre endings were primarily 

found in the superficial dorsal horn and in the intermediate and ventral laminae 7 to 10 (Fig. 7B). Compared with 

intact rats, we found a significant decrease in vGlut2 density in spinal segments L4 of rats in the subacute stage of 

the SCI (P < 0.001; Fig. 7A). Rats in the chronic stage of SCI exhibited a near complete, lamina-specific restoration 

of vGlut2 density (P < 0.01; Fig. 7A and B). These combined results reveal that a striking, lamina-specific 

reorganization of intraspinal connectivity and associated synaptic terminals spontaneously takes place in the chronic 

stage of severe SCI. 

 

 

 

Staggered hemisection injury leads to remodeling of sensory terminals within denervated segments 

We sought to investigate whether sensory afferents also undergo remodelling in response to severe SCI. Staining of 

vesicular glutamate transporter 1 (vGlut1) in the spinal cord mainly identifies the synaptic terminals of corticospinal 

fibers (Persson et al., 2006), as well as myelinated primary afferents (Oliveira et al., 2003, Todd et al., 2003, Alvarez 

et al., 2004, Landry et al., 2004), which essentially arise from muscle proprioceptive fibres (Alvarez et al., 2004). Due 

to the complete interruption of the corticospinal tract after staggered hemisections, vGlut1 staining provides the 

opportunity to quantify the density of synaptic contacts formed by proprioceptive fibres in denervated spinal 

segments. vGlut1-positive fibre endings were concentrated in the deep dorsal horn and around the central canal (Fig. 

 
 

Figure 7 The staggered lateral hemisection SCI led to reorganization of sensory afferents in denervated lumbosacral segments. (A) Bar graph 
and density plot reporting density of vGlut2-positive synaptic terminals in spinal segment L4 (n = 4-5 rats per group). (B) Representative 
heatmaps of vGlut2-positive synaptic terminals. (C) Bar graph and density plot reporting density of vGlut1-positive synaptic terminals in spinal 
segment L4 (n = 4-5 rats per group). (D) Representative heatmaps of vGlut1-positive synaptic terminals. ** P < 0.01; *** P < 0.001. Error bars, 

SEM. 
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7D), which complemented the distribution pattern of vGlut2-positive synapses. Compared with intact rats, vGlut1 

density was significantly reduced in intermediate and ventral laminae in the subacute stage of the SCI (P < 0.01; Fig. 

7C). Rats in the chronic stage of SCI showed a density of myelinated primary afferent terminals that did not differ 

from that observed in intact rats (Fig. 7C). The recovery of vGlut1-positive fibre endings occurred in a lamina-specific 

manner (Fig. 7D).  

 

 
 

Rats with chronic injury show aberrant recruitment of neurons during stepping  

We sought to evaluate whether the increased density of fibres and synapses observed in rats with chronic SCI had 

an impact on the recruitment of sensorimotor circuits during gait execution. To address this question, we studied the 

expression pattern of the activity-dependent early gene protein c-fos in response to a continuous bout of 

electrochemically-enabled stepping (Ichiyama et al., 2008, Courtine et al., 2009). Rats in the chronic stage of SCI 

exhibited a 2-fold increase in the number of c-foson neurons in motor-related spinal regions (laminae 7 to 10) 

compared with intact rats (P < 0.001; Fig. 8A-C). The number of c-foson neurons inversely correlated with locomotor 

capacities (r = -0.86, P < 0.001; Fig. 8B).  

 

Syndromic analysis establishes relationships between functional and neuromorphological changes after 

severe SCI 

We finally aimed at establishing multidirectional correlative relationships between functional, electrophysiological and 

neuromorphological alterations in chronically injured rats. For this purpose, we applied a syndromic analysis 

(Ferguson et al., 2013) to all the computed variables (n = 55) in order to uncover causal links between neuronal 

 
 

Figure 8 Locomotor activity engaged an aberrant neuronal population in the chronic stage of severe SCI. (A) Bar graph reporting the number 
of c-fosON neurons in laminae 7-10 of spinal segment L4 after 45 min of continuous stepping (n = 5 rats per group). (B) Correlation between c-
fosON neuron counts and stepping performance quantified as the sum of PC1 and PC2 for each animal. (C) single-slice reconstructions of c-

fosON neurons in spinal segment L4. Laminae 7-10 are delineated by the dotted line. * P < 0.05; ** P < 0.01; *** P < 0.001. Error bars, SEM. 
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dysfunction and compensatory plasticity. The first principal component (PC1) accounted for 32% of the total variance 

(Fig. 9). Extraction of PC1 factor loadings revealed that deterioration of stepping capacities, emergence of long-

latency reflex responses, and extensor over-activity during electrochemically enabled motor states significantly 

correlated with injury-induced reorganization of primary afferent and intraspinal axonal systems. This syndromic 

analysis thus suggested that the aberrant remodelling of lumbosacral circuits significantly contributed to the 

syndrome of neuronal dysfunction after a severe SCI. 

 

 

 

Discussion 

We show that chronically paralysed rats and humans exhibited similar changes in locomotor activity and reflex 

behaviour. Using a syndromic analysis (Ferguson et al., 2013) applied on a range of functional, electrophysiological 

and neuromorphological assessments, we provide statistical evidence that aberrant remodelling of denervated spinal 

circuits was in part responsible for the development of neuronal dysfunction in the chronic stage of SCI. 

 

Severely paralysed rats and humans exhibit similar neuronal dysfunction in the chronic stage of injury 

We aimed at developing a SCI model that shares some of the key pathophysiological and functional features of a 

severe SCI in humans. Specifically, we sought to create a lesion that induces permanent paralysis, but spares 

residual bridges of intact neural tissue (Courtine et al., 2008, Murray et al., 2010). We placed a staggered lateral 

hemisection SCI that met these criteria while providing controlled experimental conditions to assess injury- and 

 
 

Figure 9 Syndromic analysis establishes relationships between functional and neuromorphological changes after severe SCI. (A) Bivariate 
correlations were applied to all the functional, electrophysiological and neuromorphological variables (n = 55) for all the rats in the subacute and 
chronic stage of the SCI. (B) Principal component analysis (PCA) was performed on the bivariate correlation matrix and stepping capacities 
significantly correlated with PC1 (32% of explained variance), indicating that PC1 was associated with the development of neuronal 
dysfunction. Each arrow represents a functional or neuromorphological variable with a high factor loading on PC1. The thickness of each arrow 
is proportional to the contribution of each represented variable to PC1. Blue and red colors correspond to a decrease or increase in the values 
of the variables, respectively. For example, this analysis shows that a decrease in stepping capacities (blue) correlates with an increase in the 

number of L6 projecting fibers (red). Asterisks indicate statistically significant factor loadings (|value| > 0.45). MG = medial gastrocnemius. 
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intervention-mediated anatomical reorganization (van den Brand et al., 2012). This SCI induced a neuronal 

dysfunction in the chronic stage of the injury, which contrasted with the progressive recovery of sensorimotor 

functions that spontaneously occur after partial spinal cord injuries in rodents (Raineteau and Schwab, 2001, Bareyre 

et al., 2004, Courtine et al., 2008), non-human primates (Courtine et al., 2005, Rosenzweig et al., 2010) and humans 

(Curt et al., 2008). Neuronal dysfunction in rats was characterized by a premature exhaustion of locomotor muscle 

activity, which was also observed in chronic, non-ambulatory patients (Dietz and Muller, 2004); and by a dramatic 

dysfunction of spinal locomotor circuits that we uncovered with the use of an electrochemical neuroprosthesis 

(Courtine et al., 2009, Musienko et al., 2012). Although the progressive decline of functional capacities has been well 

documented after a severe SCI (De Leon et al., 1999a, Dietz et al., 2002, Boulenguez et al., 2010) our detailed 

neurobiomechanical and statistical analyses identified, for the first time, the syndromic signature of deterioration of 

stepping function in rats. This syndrome included high gait variability, pronounced flexed posture, undesired co-

activation between antagonistic muscles, poor interlimb coordination, altered distal joint control, and increased 

extensor muscle activity during electrochemically enabled locomotion. Comparable changes in gait pattern 

characteristics have been reported in humans with SCI (Grasso et al., 2004, Lunenburger et al., 2006, McKay et al., 

2011). Here, we hypothesized that the development of neuronal dysfunction is largely due to multifaceted plastic 

changes that propagate throughout local and long-distance interneuronal circuits after severe SCI. 

 

Severely paralysed rats and humans exhibit similar changes in reflex behavior in the chronic stage of injury 

We previously documented the emergence of abnormal long-latency reflex responses in ankle flexor muscles 

following stimulation of the tibial nerve in non-ambulatory individuals with chronic SCI (Dietz et al., 2009). The 

amplitude of these reflex responses correlated with the development of neuronal dysfunction (Hubli et al., 2012). 

These long-latency reflex responses resemble an exacerbation of the flexor reflex afferent response, which plays an 

important role in the production of locomotion (Bussel et al., 1989, Nicol et al., 1995). To date, this syndrome has 

never been observed in experimental animals with SCI (Dietz et al., 2009). Here, we developed a new model of SCI 

in which we observed the appearance of abnormal long-latency reflex responses in the chronic stage of the injury. As 

previously observed in humans (Hubli et al., 2012), the amplitude of long-latency reflexes correlated with the 

development of neuronal dysfunction in rats with SCI. 

These results highlight remarkable similarities in the functional response of the rodent and human spinal cord 

after the chronic interruption of supraspinal input. The profound reorganization of sub-lesional reflex circuits 

suggested that a significant anatomical remodelling took place within denervated neuronal networks after severe SCI. 
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Undirected plasticity of denervated circuits leads to the development of neuronal dysfunction in the chronic 

stage of injury 

Previous investigations in animal models of SCI documented the progressive upregulation of receptor, synapse and 

fibre density in spinal circuitries deprived of supraspinal input (Krenz and Weaver, 1998, Kitzman, 2006, Boulenguez 

et al., 2010, Ichiyama et al., 2011, Kapitza et al., 2012, Tan et al., 2012, Bos et al., 2013). In the present study, we 

also found a multiplicity of plastic changes in spinal segments caudal to a staggered lateral hemisection SCI. 

Chronically denervated lumbosacral segments showed sprouting of myelinated primary afferent fibres, increased 

intraspinal axon density, enhanced bidirectional connectivity between distant spinal segments, and upregulation of 

the number of glutamatergic synaptic terminals. Using a syndromic analysis (Ferguson et al., 2011, Ferguson et al., 

2013), we established mechanistic relationships between this extensive anatomical reorganization, and the alteration 

of reflex behaviour and stepping capacities. These results suggested that injury-induced rewiring of denervated 

spinal segments formed aberrant sensorimotor circuits that caused abnormal reflex responses and recruited 

inappropriate combinations of neuronal networks during gait execution. Complementary experimental results directly 

supported this conclusion; analysis of stepping-associated c-fos expression patterns revealed that rats with chronic 

SCI engaged an abnormally high number of spinal neurons to produce locomotor output. 

These combined results reveal that the interruption of supraspinal pathways induces a profound rewiring 

within denervated spinal segments, which can lead to the formation of aberrant sensorimotor circuits in the chronic 

stage of the injury. We suggest that these newly established connections misdirect neural information in spinal 

circuits during gait execution, which leads to the syndrome of neuronal dysfunction in paralysed rats, and probably in 

non-ambulatory humans with SCI. 

 

Undirected compensatory plasticity is responsible for the detrimental rewiring of lumbosacral circuits after 

severe injury 

Our results provide overwhelming evidence that a massive reorganization of neural connectivity occurred in 

denervated spinal segments after severe SCI. At first these extensive and ubiquitous changes seemed to be chaotic. 

However, a closer examination suggested that they follow a common biological principle. Injury-induced anatomical 

reorganization of denervated neural systems occurred in a lamina-specific manner. Changes in the density of fibres 

and synapses in each lamina at the chronic stage of the SCI invariably reached the innervation level observed in 

non-injured rats. These results highlight the systematic effort of denervated neural systems to restore their normal 

synaptic environment. Along the same line, blockage of synaptic transmission induces a substantial increase in the 

number of dendritic spines on hippocampal neurons (Kirov and Harris, 1999). This phenomenon, which has been 

termed homeostatic plasticity (Turrigiano et al., 1998), is interpreted as an attempt to maintain a well-balanced 

synaptic activity in neuronal networks. After incomplete SCIs that leave residual motor capacities, activity-dependent 

mechanisms likely contribute to steering plasticity. The associated reconfiguration of the synaptic environment 
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promotes useful remodelling that ameliorates sensorimotor functions (Raineteau and Schwab, 2001, Weidner et al., 

2001, Edgerton et al., 2004, Courtine et al., 2008, Rosenzweig et al., 2010). For instance, lamina-specific restoration 

of serotonergic projections in segments caudal to a moderate SCI has been associated with improved locomotion in 

rats (Mullner et al., 2008). 

In contrast, we show here that after a severe SCI leading to chronic paralysis, the absence of activity leads to 

a chaotic remodelling of denervated neuronal networks. The resulting undirected compensatory plasticity leads to 

neuronal dysfunction in the chronic stage of SCI. This potentially detrimental impact of compensatory plasticity has 

been described in other neural networks, including the autonomic nervous system such as the pyloric network of the 

stomatogastric ganglion (Nahar et al., 2012). In the spinal cord, the increased expression of constitutively active 5-

HT2C receptor isoforms partially compensated for the depletion of brainstem-derived serotonin after severe SCI 

(Murray et al., 2010). However, the regained excitability in motor neurons contributed to the development of abnormal 

reflex responses (Murray et al., 2010). Likewise, the depletion of corticospinal tract associated vGlut1 terminals after 

a pyramidotomy induced a specific sprouting of vGlut1 proprioceptive afferent fibres, but also in this condition, the 

synaptic reorganization adversely altered proprioceptive reflex circuits (Tan et al., 2012). Although additional 

mechanisms such as changes in motor neuron membrane excitability (Lin et al., 2007, Boulenguez et al., 2010) likely 

contribute to neuronal dysfunction in the chronic stage of SCI, our combined results suggest that undirected 

compensatory plasticity plays an important role in the emergence of this syndrome. 

 

Directing compensatory plasticity to improve functional recovery after severe injury 

We propose that the myriad of anatomical and functional changes that follow a severe SCI obeys a common 

biological principle— compensatory plasticity, which is a powerful mechanism to maintain the stability of neurons, 

and shape the reconfiguration of circuits and pathways following injury (Turrigiano et al., 1998). However, unless this 

process is directed with use-dependent cues, compensatory plasticity can lead to an aberrant reorganization of 

denervated spinal circuits, which contributes to the development of neuronal dysfunction in the chronic stage of SCI.  

Spinal cord repair interventions primarily focus on developing strategies to promote regeneration of severed 

neural pathways. The present findings in rats and humans demonstrate that recovery after severe SCI will also 

necessitate directing and exploiting compensatory plasticity to preserve and improve the functional capacities of 

denervated spinal sensorimotor circuits (Dietz, 2010). Electrochemically-enabled training is capable of promoting 

useful remodelling of spinal circuits and functional improvement in severely paralysed rats (Courtine et al., 2009, 

Ichiyama et al., 2011, van den Brand et al., 2012). Robotically assisted training also shows efficacy to improve both 

spinal reflex behaviour and mobility in individuals with incomplete SCI (Hubli et al., 2012). Future studies will need to 

investigate how activity-based rehabilitation steers compensatory plasticity of spinal sensorimotor circuits in order to 

prevent, and potentially reverse, the development of neuronal dysfunction after severe SCI. 
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Abstract 

After complete spinal cord transections that removed all supraspinal inputs in adult rats, combinations of serotonergic 

agonists and epidural electrical stimulation were able to acutely transform spinal networks from nonfunctional to 

highly functional and adaptive states as early as 1 week after injury. Using kinematics, physiological and anatomical 

analyses, we found that these interventions could recruit specific populations of spinal circuits, refine their control via 

sensory input and functionally remodel these locomotor pathways when combined with training. The emergence of 

these new functional states enabled full weight-bearing treadmill locomotion in paralyzed rats that was almost 

indistinguishable from voluntary stepping. We propose that, in the absence of supraspinal input, spinal locomotion 

can emerge from a combination of central pattern-generating capability and the ability of these spinal circuits to use 

sensory afferent input to control stepping. These findings provide a strategy by which individuals with spinal cord 

injuries could regain substantial levels of motor control.  

 

Introduction 

Severe spinal cord injuries that remove all supraspinal input to lumbosacral spinal circuits lead to permanent 

paralysis of the legs in adult rodents (Courtine et al., 2008, Ichiyama et al., 2008, Kubasak et al., 2008) and humans. 

Nevertheless, networks of neurons in the lumbosacral spinal cord retain an intrinsic capability to oscillate and 

generate coordinated rhythmic motor outputs. Circuits underlying such rhythmic and oscillatory outputs are 

commonly referred to as central pattern generators (CPGs) and are found in all invertebrate and vertebrate animals 

(Grillner, 2006, Kiehn, 2006). Although the anatomical architecture of locomotor CPGs remains poorly understood, 

especially in mammals (Kiehn, 2006), the functional phenomenon, central pattern generation, has been documented 

extensively. Indirect evidence suggests that CPGs are present in human spinal cord (Dimitrijevic et al., 1998, 

Gurfinkel et al., 1998). These observations offer the possibility of directly accessing and activating spinal cord CPGs 

to facilitate locomotor recovery after a severe spinal cord injury (SCI).  

Several experimental strategies have been tested to activate locomotor circuits in mammals after a complete 

spinal cord transection, including pharmacological treatments (Chau et al., 1998a, Antri et al., 2003, Landry et al., 

2006), epidural (Ichiyama et al., 2005, Gerasimenko et al., 2007, Ichiyama et al., 2008) or intraspinal (Guevremont et 

al., 2006, Barthelemy et al., 2007) electrical stimulation, and motor training (Chau et al., 1998a, de Leon et al., 

1999b, Tillakaratne et al., 2002, Ichiyama et al., 2008, Kubasak et al., 2008). Serotonin or agonists of 5-HT2A and 5-

HT1A/7 receptors can activate the quiescent locomotor circuitry in neonatal rodent fictive locomotion preparations 

(Hochman et al., 2001, Liu and Jordan, 2005) and can facilitate treadmill stepping with limited weight bearing in adult 

rats (Antri et al., 2003) and mice (Landry et al., 2006) with SCI. Epidural electrical stimulation (EES) applied dorsally 

at the lumbar (L2) (Ichiyama et al., 2005, Ichiyama et al., 2008) or sacral (S1) (Gerasimenko et al., 2007, Lavrov et 

al., 2008b) spinal segments induces rhythmic hindlimb movements (Gerasimenko et al., 2007, Ichiyama et al., 2008). 
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Locomotor training, notably in conjunction with pharmacological (Chau et al., 1998a, Antri et al., 2003) or electrical 

stimulation (Ichiyama et al., 2008) interventions, can promote use-dependent plastic changes in sensorimotor circuits 

below the injury (Tillakaratne et al., 2002, Cote and Gossard, 2004, Petruska et al., 2007) that lead to specific 

improvements of stepping patterns. These interventions, however, have shown limited potential for promoting weight-

bearing capacities and there have been few attempts to correlate the specific functional states induced 

pharmacologically (Antri et al., 2003, Landry et al., 2006), electrically (Ichiyama et al., 2005, Barthelemy et al., 2006, 

Guevremont et al., 2006, Gerasimenko et al., 2007, Lavrov et al., 2008b) or by locomotor training (Petruska et al., 

2007, Ichiyama et al., 2008) with distinct characteristics of stepping motor patterns. When studied in sufficient 

statistical detail, analyses of kinematics and electromyographic (EMG) features revealed that such induced spinal 

locomotion differed from voluntary stepping in many important aspects (Antri et al., 2003, Guevremont et al., 2006, 

Ichiyama et al., 2008). In addition, it remains unknown whether lumbosacral neuronal networks in the absence of 

brain input could sustain full weight-bearing locomotion that resembles nondisabled stepping. Considering the 

diffusely distributed (Kiehn, 2006) and heterogeneous (Grillner, 2006) character of the spinal locomotor system, it is 

likely that multiple complementary approaches, both acute and chronic, would be required to attain the full possible 

expression of effective stepping in the absence of supraspinal input.  

We tested the hypothesis that combinations of specific pharmacological and electrical stimulation 

interventions, together with locomotor training, may interact synergistically to activate and functionally remodel spinal 

locomotor circuits, possibly enabling a coordinated and context-dependent function of the paralyzed hindlimbs of 

adult rats after a complete spinal cord transection. We tested combinations of 5-HT2A and 5-HT1A/7 serotonin agonists 

and EES at two different positions distal to the lesion, each of which individually exerted some facilitating effects on 

hindlimb function. Using detailed kinematics, EMG and anatomical analyses, we found that such combinatorial 

interventions induced unique functional states that correlated with distinct patterns of locomotion in paralyzed rats. 

We demonstrate for the first time, to the best of our knowledge, the ability of rats with SCI to generate full weight-

bearing bipedal treadmill locomotion that is almost indistinguishable from voluntary stepping recorded in the same 

rats prior to injury. We also found that sensory input determines the formation of adaptive motor patterns in the 

absence of supraspinal influences. 

 

Results 

Experiments were conducted on adult rats that received a complete mid-thoracic (~T7) spinal cord transection, 

permanently removing all supraspinal input below the level of the lesion. At 7–8 d after injury, all of the rats showed 

flaccid paralysis of the hindlimbs; no bursts of EMG were observed in extensor or flexor muscles (Fig. 1) when a rat 

was positioned in a bipedal posture on a moving treadmill belt (9 cm s−1) while secured in a jacket that was attached 

to a robotic arm used to control and measure the amount of hindlimb body weight support (BWS; Supplementary Fig. 

1) (Ichiyama et al., 2008).  
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Accessing spinal locomotor circuits  

We first examined the ability of combined pharmacological and electrical stimulations to transform spinal circuits from 

a dormant to a functional state. These experiments were conducted sequentially (Fig. 1a–i) on the same rats to 

identify the specificity of and synergy between each intervention on the modulation of stepping patterns 

(Supplementary Fig. 2). To facilitate stepping with electrical stimulation, we applied EES over the dorsal surface of L2 

and S1 (Supplementary Fig. 1). We previously found that stimulation at either site can facilitate treadmill locomotion 

in paralyzed rats with SCI after 5–7 weeks of recovery post-injury (Ichiyama et al., 2005, Lavrov et al., 2008b). 

Applied 7–8 d post-injury, EES (40–50 Hz, 0.2 ms, 1–4 V) at L2 and/or S1 modestly increased EMG bursting patterns 

or tonic activity in the hindlimb muscles (P < 0.05; Fig. 2), but failed to generate any step-like movements (Fig. 1c). 

To engage locomotor networks pharmacologically, we administrated quipazine, a predominantly 5-HT2A receptor 

agonist, and 8-OHDPAT, a 5-HT1A and 5-HT7 receptor agonist. Both serotonin agonists can facilitate treadmill 

locomotion in spinal rodents after some weeks of recovery from SCI (Antri et al., 2003, Landry et al., 2006), but when 

 
Figure 1 Accessing spinal locomotor circuits 1 week after the interruption of all supraspinal input. (a–i) EMG and kinematic characteristics 
underlying locomotion recorded pre-injury (a) and 7–8 d post-injury (b) without any intervention, as well as under various combinations of 
serotonergic agonists and/or EES (c–i). The full combination (i) included quipazine, 8-OHDPAT and EES at L2 and S1. Recordings were 
performed sequentially in the same rat. Horizontal arrows indicate the chronology of the different recordings. A representative stick diagram 
decomposition of hindlimb motion during swing is shown for each condition with successive color-coded trajectories of limb endpoint. Vectors 
represent the direction and intensity of the limb endpoint velocity at swing onset. A sequence of raw EMG activity from tibialis anterior (TA) and 
soleus (Sol) muscles is shown below. Grey and red bars indicate the duration of stance and drag phases, respectively. The BWS of the 
represented rat under each condition is shown. Finally, a polar plot representation documents the coordination between the left and right 
hindlimbs (thin arrow, single gait cycle; thick red arrow, average of all gait cycles; 50%, out of phase). (j) Three-dimensional statistical 
representation of locomotor patterns. Each small colored label represents the gait pattern from an individual rat under a given combination of 
interventions. The area defined by individual points under a given condition is traced to emphasize the differences between gait patterns under 
specific combinations. This analysis revealed that each combination of interventions resulted in distinct, but reproducible, patterns of 
locomotion. (k–m) Bar graphs of average scores on principal components 1–3. (n) Color-coded representation of factor loadings that identify 
the variables that contributed most to the differences observed between the experimental conditions. For example, principal component 2 
captured the differences between stepping with EES at L2 versus S1. Variables associated with changes in joint angles toward flexion and limb 
endpoint trajectory (left and right step heights, 18–19) clustered on principal component 2, indicating that EES at L2 enhanced flexion, whereas 
EES at S1 enhanced extension. All of the computed kinematic and EMG variables (n = 135) are reported in Supplementary Table 1. Error 

bars represent s.e.m. * P < 0.05, different from all other conditions. ** P < 0.05, significantly different conditions. 
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systemically administered at 7–8 d post-injury, quipazine (0.3 mg per kg of body weight, intraperitoneal) and/or 8-

OHDPAT (0.1–0.3 mg per kg, subcutaneous) induced only brief periods of erratic hindlimb movements in response to 

treadmill motion (Fig. 1f), with limited weight bearing (Fig. 2c) and small EMG bursts in both extensor and flexor 

muscles (Fig. 2g,h). Thus, pharmacological or EES interventions alone, administrated 1 week after a complete 

interruption of supraspinal input, could not induce functional states that would enable stepping. In contrast, several 

 
 

Figure 2 Kinematics and EMG features of locomotor patterns. (a–h) Bar graphs of average values (n = 7 or 8 rats per group) for locomotor 
parameters computed under the different experimental conditions. In each graph, the green horizontal bar represents the pre-lesion baseline 
recorded in the same rat 1 week pre-injury. The duration of stance (light gray), swing (dark gray) and drag (red) phases is shown in a. The r 
values at t = 0 for the cross-correlation function between oscillations of the left and right hindlimbs computed over a gait sequence of ten steps 
is shown in b. A r value of −0.5 indicates out of phase coupling between the limbs. The maximum level of weight bearing (percentage of body 
weight) at which the rat could perform ten successful steps is shown in c. Cross-correlation functions were computed between datasets 
obtained pre-injury and under a given experimental condition for the hip, knee, ankle and MTP joint angles, and associated joint velocity 
profiles (d). Maximum r values were extracted from each cross-correlation function and averaged across joint angle and joint angle velocity 
profiles. The variability of gait parameters computed as the mean coefficient of variation for all the computed parameters normalized to the pre-
injury baseline are shown in e. Step height, defined as the maximum vertical distance between the foot (MTP marker) and the stepping surface, 
is shown in f. The average EMG burst amplitude for left and right soleus (g) and tibialis (h) anterior muscles normalized to pre-injury values are 

shown. Error bars represent s.e.m. ** P < 0.05, significantly different conditions. 
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combinations of serotonin agonists and EES were strongly synergistic, resulting in hindlimb locomotion whose 

features clearly varied with the procedures used (Fig. 1d–i). 

We extensively quantified the kinematics and EMG characteristics of stepping movements caused by specific 

treatment combinations (n = 135; Supplementary Table 1). However, because a large number of these parameters 

changed substantially across combinations, we resorted to principal component analysis (PCA) to identify the specific 

contributions of individual interventions to the observed variations in hindlimb stepping. PCA transforms the raw 

dataset to a new coordinate system such that the explained variance is maximized on each axis. In the PCA-based 

statistical representation, the differences between gait patterns are related to the distance between the data points. 

The distinct spatial locations (P < 0.05; Fig. 1k–m) occupied by each combination (Fig. 1j) indicated that each 

intervention promoted a specific pattern of hindlimb locomotion. The distinct characteristics captured by each 

component can be extracted from the analysis of factor loadings, that is, correlations between each variable and 

each component. To visualize factor loadings, we developed a color-coded representation that clearly highlighted the 

variables that cluster on each component (Fig. 1n). For example, principal component 3 (Fig. 1j) differentiated the 

effects of quipazine from the effects of the other interventions (P < 0.05; Fig. 1j). Variables associated with joint 

extension (variables 56, 57 and 76) and EMG activity of extensor muscles (soleus, P < 0.01; Fig. 2g) clustered on 

principal component 3 (Fig. 1n), indicating that quipazine primarily facilitated extension components. 8-OHDPAT was 

significantly more effective in facilitating rhythmic movements of the hindlimbs under EES at S1 plus L2 compared 

with quipazine (principal component 1, P < 0.05; Figs. 1k and 2b,e). However, stepping patterns were less variable 

(P < 0.001; Fig. 2e), showing markedly improved interlimb coordination (P < 0.01; Fig. 2b) and higher levels of weight 

bearing (P < 0.01; Fig. 2c) when combining quipazine, 8-OHDPAT and EES at either site. In turn, principal 

component 2 differentiated gait patterns under EES at the L2 versus S1 levels (P < 0.001; Fig. 1i). Analysis of the 

variables that clustered on principal component 2 (Fig. 1m) showed that EES at L2 facilitated flexion and resulted in 

an enhanced swing phase (P < 0.01; Fig. 2f), whereas EES at S1 was more biased toward extension.  

To further investigate the modulation of hindlimb movements by site-specific EES, we compared the changes 

in limb postures produced by EES at L2 compared with EES at S1. During standing (20% weight bearing), EES at L2 

(Fig. 3) induced a rapid flexion (mean duration to peak flexion, 263 ± 96 ms) at all joints (P < 0.001; Fig. 3c,d) that 

was maintained tonically during the duration of the stimulation (3 s). In contrast, EES at S1 promoted a progressive 

whole-limb extension (mean duration to peak extension, 1,050 ± 361 ms; P < 0.001; Fig. 3a,d) that persisted as long 

as the stimulation was continued (3 s) and was comparatively slower (P < 0.001) and less stable than the effects of 

EES at L2. Next, we tested the effects of increasing intensity at L2 versus S1 during locomotion enabled by 

quipazine, 8-OHDPAT and dual-site EES. Gradually increasing the intensity of EES at L2 progressively increased hip 

flexion (P < 0.05; Fig. 3d), step height (P < 0.05; Fig. 3c) and foot velocity (P < 0.05) during swing. Opposite effects 

(P < 0.05; Fig. 3c,d) were obtained when increasing EES at S1 (Fig. 3b). Together, these results demonstrate that 
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upper lumbar stimulation engages the circuits controlling flexion, whereas upper sacral stimulation primarily recruits 

the circuits controlling extension.  

 

 
 

When EES was simultaneously applied to L2 and S1 in the presence of quipazine and 8-OHDPAT (Fig. 1i), the 

variability of stepping motion was reduced compared with EES application at either site alone (P < 0.01; Fig. 2e). 

Weight-bearing ability increased twofold (P < 0.01; Fig. 2c) and EMG activity in extensor and flexor muscles reached 

levels similar to those observed during voluntary locomotion recorded in the same rats pre-injury (Fig. 2g,h). Although 

some defects persisted, for example, toe dragging at swing onset (P < 0.05; Figs. 1d and 2a) and only partial weight-

bearing ability (P < 0.001; Fig. 2c), the resulting locomotor patterns resembled voluntary stepping (Fig. 1a,i). These 

results indicate that there is a strong, synergistic potential for combined pharmacological and electrical stimulations to 

functionally engage spinal locomotor circuits as early as 1 week after a complete spinal cord transection, promoting 

weight-bearing locomotion with plantar placement of the paws in the hindlimbs of paralyzed adult rats 

(Supplementary Video 1).  

 

 
 

Figure 3 Site-specific effects of EES during standing and stepping. (a) Stick diagram decomposition of hindlimb movements and time course of 
changes in hindlimb joint angles when delivering EES at L2 (left) or S1 (right) during standing (20% of weight bearing). Each diagram is 
separated by 5 ms (L2) or 50 ms (S1). The dark gray shaded areas indicate the period during which EES-induced changes in hindlimb posture 
were observed. Light gray shaded areas represent periods during which EES-induced posture was maintained. (b) Effects of increasing EES 
by 0.4 and 0.8 V at L2 versus S1 on hindlimb movements during locomotion enabled by the full combination of interventions. Data are 
presented as in Figure 1. Arrows indicate increased flexion with EES at L2 versus increased extension with EES at S1. (c) Bar graph of 
average values of maximum foot height during standing and step height during locomotion. Opt, optimal EES intensity to encourage stepping. 
(d) Bar graphs of average values of angular changes during standing and stepping. For standing, values were obtained by measuring, for each 
joint angle, the difference between positions at EES onset and at the time of maximum EES-induced change in hindlimb posture at each joint 
and then averaging these values across joints. Ext, extension. Fle, flexion. For stepping, the maximum position of the hip joint angle in flexion 
during swing was computed. Error bars represent s.e.m. * P < 0.05, different from all the other conditions. ** P < 0.05, significantly different 
conditions. 
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Learning in spinal locomotor circuits  

Next, we sought to optimize the use of spinal circuits for recovery of locomotor function in the absence of supraspinal 

input. To attain this goal, we subjected rats with SCI to the above pharmacological and/or EES interventions in 

combination with well-established rehabilitative locomotor training procedures. We hypothesized that use-dependent 

mechanisms would functionally remodel the pharmaco-electrically activated spinal circuits and further improve 

stepping ability.  

 

 

 
 

Figure 4 Rehabilitation locomotor training enabled by pharmacological and EES interventions improves stepping ability. (a–d) Representative 
illustrations of EMG and kinematic characteristics underlying bipedal hindlimb locomotion recorded at 9 weeks post-injury under the full 
combination of interventions for a nontrained rat with SCI that did not receive pharmacological or EES interventions for the entire duration of 
the post-injury period until the day of testing (a), a rat with SCI that was trained with serotonergic agonists only (b), a rat with SCI that was 
trained with EES at L2 and S1 only (c), and a rat with SCI that was trained with the full combination of interventions (d). Data for this rat are 
also shown pre-injury in Figure 1a and at 1 week post-injury in Figure 1i. (e) Successive limb endpoint trajectories from the right hindlimb are 
shown for all of the other rats from each experimental group. The BWS of each rat is reported below each limb endpoint trajectory. (f) Color-
coded representation of factor loadings of each variable on principal components 1–3 (as shown in Fig. 1n). Principal component 1 identified 
improved gait in rats tested at 1 week post-injury and then trained with the full combination compared with the other groups. The analysis of 
variables that clustered on principal component 1 indicated that reduced variability of gait parameters, improved gait stability, increased 
amplitude of EMG activity and recovery of full weight-bearing capacities were the more salient features for explaining the improved stepping 
performances of rats trained with the full combination. (g) Three-dimensional statistical representation of locomotor patterns. The near absence 
of spatial interceptions between the different groups indicates that each group of rats had unique stepping patterns. (h–j) Bar graphs of 
average scores on principal components 1–3, which each captured specific effects. Error bars represent s.e.m. * P < 0.05, different from all the 

other conditions. ** P < 0.05, significantly different conditions. Data are presented as in Figure 1. 
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We exposed the rats to 20-min locomotor training sessions every other day for 8 weeks, starting 7-8 d post-injury. 

Stepping was enabled by the full combination of serotonergic agonists and dual-site EES. We compared the 

locomotor performance of these rats (Fig. 4) with their performance measured at 1 week post-injury, before any 

training (Fig. 1i), with that of nontrained rats that received no pharmacological or electrical stimulation (Fig. 4a) and 

with that of rats trained with either the serotonin agonists (Fig. 4b) or dual-site EES (Fig. 4c) alone (Supplementary 

Fig. 2).  

PCA (Fig. 4f–j) identified clusters of variables on each component (Fig. 4f) that allowed us to differentiate the 

effects of the various conditions on stepping abilities. Principal component 1 identified improved performance in rats 

that were trained with the full combination of serotonergic agonists and dual-site EES compared with nontrained rats 

and rats trained with either the serotonergic agonists or EES alone (P < 0.01; Fig. 4h). Principal component 2 

highlighted the deterioration of stepping ability in nontrained rats after 8 weeks compared with the gait patterns 

recorded at 1 week post-injury (P < 0.001; Fig. 4i). Principal component 3 revealed the importance of combining the 

serotonergic agonists and EES for promoting stepping improvement with locomotor training (P < 0.01; Fig. 4j). 

Deterioration of stepping capacities in chronic nontrained rats (Fig. 4a) was made evident by the substantial increase 

in movement variability (P < 0.001; Fig. 2e), the loss of interlimb coordination (P < 0.001; Fig. 2b) and the partial 

coactivation of normally reciprocally activated flexor and extensor hindlimb muscles (Fig. 4a and Supplementary Fig. 

3). In contrast, rats trained with the full combination of treatments (Fig. 4d) recovered the ability to sustain full weight-

bearing locomotion (Fig. 2c) with kinematic profiles of hindlimb joint angles (P > 0.2; Fig. 2d) and limb endpoint 

trajectories (Fig. 4d) that were nearly indistinguishable from those observed during voluntary bipedal treadmill 

stepping in the same rats pre-injury (Fig. 1a). Although locomotor training with the full combination did not completely 

prevent the hindlimb muscle atrophy that accompanies a SCI, the amount of muscle weight loss was significantly less 

(mean for all muscles, 14%) in trained versus nontrained rats (P < 0.01; Supplementary Fig. 4). Deterioration of 

locomotor performance was reduced in rats trained with either the pharmacological or EES intervention compared 

with nontrained rats (P < 0.01; Fig. 4i). However, locomotor training enabled by the individual interventions failed to 

promote substantial improvement in stepping ability.  

We next investigated use-dependent plastic changes in the spinal circuits that mediate the observed 

functional improvements. To assess physiological changes, we chronically measured the efficacy of monosynaptic 

inputs to extensor and flexor motoneurons in awake standing (20% weight bearing) rats (Lavrov et al., 2006). The 

rats showed a significant decrease in the amplitude of monosynaptic responses in extensor motoneuron pools 1 

week post-injury (P < 0.05; Fig. 5a), whereas these values were unchanged in flexor motoneuron pools (Fig. 5b) 

compared to pre-lesion values. Before the onset of locomotor training, no significant differences could be detected 

between the two groups (P > 0.4; Fig. 5a,b). After 9 weeks of the absence of weight bearing in nontrained injured 

rats, we observed no significant changes in the amplitude of the responses in flexor motoneuron pools (Fig. 5b), 

whereas there was a moderate facilitation of the extensor motoneuron pools (P < 0.05; Fig. 5a). In contrast, after 8 
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weeks of locomotor training, all of the rats demonstrated a substantial increase in the efficacy of monosynaptic inputs 

to both extensor (P < 0.01; Fig. 5a) and flexor (P < 0.01; Fig. 5b) motoneuron pools. We further assessed the 

functional remodeling of lumbosacral locomotor networks anatomically by examining FOS expression patterns 

(Ichiyama et al., 2008) induced by 45 min of continuous bipedal stepping under the full combination of treatments. 

Although FOS-positive nuclei were found mainly in laminae I–IV in the vicinity of the site of stimulation when EES 

was delivered with the rats in a prone, suspended non–weight-bearing position (Supplementary Fig. 5), FOS-positive 

nuclei were present in all of the laminae of the examined lumbar and sacral segments in response to locomotor 

activity (Fig. 5c,d). However, the number of FOS-positive cells per segment (L1 to S2) was two- to threefold higher in 

nontrained than in trained (P < 0.01) and noninjured (P < 0.001) rats (Fig. 5d and Supplementary Fig. 5). Moreover, 

the total number of FOS-positive cells was inversely correlated with the level of locomotor recovery (P < 0.001; Fig. 

5e). These results confirm earlier observations (Ichiyama et al., 2008) that motor learning can occur in adult rodent 

lumbosacral circuits after a complete spinal cord transection and extend these findings by showing that, in the 

absence of any supraspinal input, use-dependent learning mechanisms can promote the recovery of full weight-

bearing treadmill locomotion that is kinematically very similar to pre-injury voluntary stepping in the same rats 

(Supplementary Video 2).  

 

  
 

Figure 5 Functional remodeling of spinal circuits after 

rehabilitative locomotor training. (a) Representative average 

(n = 10) traces of monosynaptic motor-evoked potentials 

recorded from the soleus muscle pre-injury and at 1 and 9 

weeks post-injury. Data are shown for one nontrained and 

one rat trained with the full combination of interventions. Dark 

shaded areas indicate the amplitude of pre-injury motor-

evoked potentials. Bar graphs report the average amplitude 

of motor-evoked potentials recorded in the soleus muscle at 

the different time points. (b) Data are presented as in a for 

the tibialis anterior muscle. (c) Representative example of 

camera lucida drawings of FOS-positive cells in spinal 

segments L2, L4 and S1 of a noninjured rat, a nontrained rat 

with SCI and a rat with SCI trained with the full combination 

of interventions. (d) Average values for the total FOS-positive 

cell count (all laminae) per spinal segment. (e) Correlation 

between the total number of FOS-positive cells (all laminae 

from L1 to S2) and gait performance measured as individual 

scores along the principal component 1 axis. PCA was 

applied on locomotor data (n = 135) recorded from the same 

rats 3–5 d before the FOS experiments under the same 

conditions, that is, no intervention for noninjured rats and 

under the full combination for rats with SCI. Error bars 

represent s.e.m. * P < 0.05, different from trained group. ** P 

< 0.05, different from noninjured group. 
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Control of spinal locomotor circuits  

We next investigated how successful control of spinal locomotor circuits occurs in the absence of supraspinal input in 

adult rats. Cats with SCI can recover hindlimb locomotion when lumbosacral circuits have access to sensory 

information (Chau et al., 1998a, De Leon et al., 1999a). This is usually attributed to the sensory systems providing 

feedback correction (Rossignol et al., 2006) and reinforcement (Pearson, 2004) of motor patterns generated by the 

spinal circuitry (Antri et al., 2003, Grillner, 2006, Barriere et al., 2008). However, the precise contributions of sensory 

input during spinal locomotion have not been defined. To investigate the influence of sensory input on the initiation 

and control of standing and stepping in the absence of supraspinal input, we imposed substantial changes in the 

patterns of afferent information while the rats’ spinal circuits were engaged by the full combination of interventions. 

For this purpose, an additional group of rats (n = 6) was trained to step for 3 weeks before testing (Supplementary 

Fig. 2).  

We first compared the effects of dynamic versus static patterns of sensory input. In the absence of treadmill 

motion, but under weight-bearing conditions (37% ± 3% of weight bearing), pharmacological and EES interventions 

facilitated the tonic recruitment of extensor muscles, whereas the flexor muscles were quiescent or weakly active, 

behaviorally apparent as standing (Fig. 6a). When treadmill belt motion (5 cm s−1) was initiated, all hindlimb joints 

underwent changes toward extension (limb moving backward), creating dynamic proprioceptive input that 

immediately transformed the motor patterns from a tonic to a rhythmic state (Fig. 6a). To further test the influence of 

velocity-dependent afferent input on motor pattern formation, we incrementally increased the treadmill belt speed 

from 5 cm s−1 (slow walking) to 25 cm s−1 (running). Increasing treadmill speed induced a velocity-dependent 

lengthening of the stride (P < 0.01; Fig. 6a), an increase in stepping frequency (P < 0.001; Fig. 6a,b), a progressive 

decrease in the duration of the stance phase (P < 0.001; Fig. 6b) and of extensor EMG bursts (P < 0.001; Fig. 6c), 

and a progressive adjustment in the relative timing between hindlimb segment oscillations (P < 0.05; Fig. 6d). In 

contrast, the duration of the swing phase (Fig. 6b) and of flexor bursts (Fig. 6c) were unchanged across speeds. 

Similar adjustments of the kinematics and EMG parameters were observed in noninjured rats (Supplementary Fig. 6). 

All of the rats with SCI (n = 6) accommodated displacement of the limbs and recruitment of motor pools to changing 

treadmill belt speeds in a single step and were able to locomote for extended periods of time on the treadmill even at 

the fastest speeds (25 cm s−1; Supplementary Fig. 7). When the treadmill belt was stopped at either slow or fast 

speeds, rhythmic hindlimb movements arrested instantly (Fig. 6a). Ongoing bursts in extensor muscles persisted as 

sustained tonic activity, whereas flexor muscles became quiescent, similar to what would occur in noninjured rats.  

Next, we assessed the influence of weight-bearing input on the formation of motor patterns in rats with SCI 

(Fig. 7). When hindlimbs were suspended above the treadmill belt, that is, in the absence of load-related input, 

pharmacological and EES interventions induced step-like movements with alternate recruitment of extensor and 

flexor motor pools in all of the rats (n = 6; Fig. 7a). In the absence of belt motion, contact of the hindlimbs with the 

treadmill immediately arrested the rhythmic movements (Fig. 7a), stopped the recruitment of flexor muscles (P < 
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0.001; Fig. 7d), and induced tonic levels of EMG activity in extensor muscles (P < 0.001; Fig. 7d) that resulted in 

vertical reaction forces (P < 0.001; Fig. 7e), enabling a sustained standing posture. Stepping movements continued if 

the treadmill belt was moving at the time of hindlimb contact, even with minimal weight bearing (Fig. 7b). Increasing 

the level of weight bearing resulted in a progressive increase in the amplitude of the extensor bursts (P < 0.001; Fig. 

7b–d), an increase in the vertical reaction forces during stance (P < 0.001; Fig. 7b,c,e) and adjustments in hindlimb 

endpoint trajectories (longer stride, lower height) (P < 0.01; Fig. 7b).  
 

 

 
 

Figure 6 Effects of velocity-dependent afferent input on motor patterns. (a) Representative example of hindlimb kinematics and EMG activity 
recorded from a continuous sequence of steps during which the speed of the treadmill belt was changed gradually (0, 5, 15, 25 and 0 cm s−1). 
Data are presented as in Figure 1, except that changes in hindlimb joint angles are also shown. Stick diagram decomposition of the first step is 
shown to demonstrate the smooth transition from standing to stepping. MG, medial gastrocnemius; St, semitendinosus; VL, vastus lateralis. (b) 
The durations of the swing and stance phases are plotted against the cycle duration. Color-coded labels indicate the measured treadmill belt 
speed during the performance of the represented gait cycles. (c) The durations of flexor (TA) and extensor (MG) EMG bursts are plotted 
against the cycle duration. (d) The temporal lag between oscillations (with respect to the direction of gravity) of adjacent hindlimb segments is 
plotted against the cycle duration. Inter-limb lags were computed by means of cross-correlation functions and expressed as a percent of cycle 
duration. b–d are shown for a representative rat. Mean ± s.e.m. correlation values computed by averaging values obtained from linear 
regressions performed on each rat (n = 6) individually are reported in each plot. All rats were trained with the full combination of interventions 

for 3 weeks before the experimental testing. 
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Finally, we assessed the effects of direction-dependent afferent input on locomotor pattern formation (Fig. 8). When 

reversing the direction of the treadmill belt from forward to backward, all of the rats (n = 6) showed alternate stepping 

movements with backward-oriented motion of the foot during swing (P < 0.001; Fig. 8b) and significant adaptations 

(timing and amplitude, P < 0.001) in muscle activity (Fig. 8b). Notably, a substantial coactivation of antagonist 

muscles was observed systematically during stance (Fig. 8b), as also occurred, although less frequently, in 

noninjured rats (Supplementary Fig. 6). In contrast, reciprocal recruitment of extensor and flexor motor pools was the 

only pattern observed during forward locomotion (Fig. 8a). Likewise, rotating the rat perpendicular to the treadmill belt 

 
 

Figure 7 Effects of load-dependent afferent input on motor patterns. (a) Representative example of hindlimb kinematics and EMG activity 
induced by the full combination while the rat transited from suspended in the air (0% of body weight) to contact with the immobile treadmill belt 
(40% of body weight support). (b) Representative example of limb endpoint trajectories, mean EMG activity and mean vertical reaction forces 
during stepping with 0, 20, 60 or 100% weight bearing. (c) The mean vertical reaction force measured during stance is plotted against the 
amplitude of the medial gastrocnemius EMG burst for a representative rat that demonstrated full weight-bearing capacities after 3 weeks of 
training with the full combination of interventions. Color-coded labels represent the amount of body weight supported by the hindlimbs of the 
rat. A strong relationship was observed in all of the rats (n = 6). The mean ± s.e.m. correlation value computed by averaging the values 
obtained from linear correlation computed on each rat is reported. (d) Bar graphs of average amplitudes (n = 6) of EMG bursts in selected 
hindlimb muscles. Values are normalized to values measured during standing (40% of body weight support). The 100% weight-bearing 
condition is not represented because only two rats could step without any support after 3 weeks of training. (e) Bar graphs of average values (n 

= 6) of vertical reaction forces measured during stance. Error bars represent s.e.m. ** P < 0.05, significantly different conditions. 
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direction did not arrest stepping movements. Instead, all of the rats (n = 6) showed sideways displacements of the 

feet (P < 0.001; Fig. 8c) with a reversed pattern of hip abduction and adduction (P < 0.001; Fig. 8c) compared with 

forward locomotion (Fig. 8a). Although variable among rats, a major reorganization in the coordination patterns of 

proximal and distal flexor and extensor motor pools was observed during sideways locomotion. Well-defined 

coactivation patterns (Fig. 8c) between motor pools that were activated reciprocally during forward locomotion (Fig. 

8a) also occurred during sideways stepping. These results reveal a previously unrecognized ability of velocity-, load-

and direction-dependent sensory inputs to regulate both the control of standing and the control of adaptive and 

flexible stepping movements with an exquisite degree of refinement and without any influences from supraspinal 

centers in adult rats (Supplementary Video 3). 

 

 
 

Figure 8 Effects of direction-dependent afferent input on motor patterns. (a–c) Representative example of mean (+ s.d.) hindlimb kinematics 

and raw EMG activity during continuous locomotion in the forward (a), backward (b) and sideways (c) directions. The same limb from the same 

rat is shown for the three directions, which corresponds to the leading (front) limb during sideward locomotion. Bar graphs show the average (n 

= 6 rats) linear distance traveled by the foot during swing with respect to the pelvis orientation for the different directions of stepping. Backward 

(BW) and forward (FW) motions correspond to displacements in the sagittal plane (defined by the pelvis orientation), whereas outward (OW) 

and inward (IW) motions correspond to displacements in the medio-lateral direction. Probability density distributions of normalized EMG 

amplitudes between the semitendinosus and medial gastrocnemius muscles, and the tibialis anterior and vastus lateralis muscles are shown at 

the bottom. L-shape patterns indicate reciprocal activation between the pair of muscles, whereas line-shape patterns indicate coactivation. Abd, 

abduction (increasing value); Add, adduction. Data are presented as in Figure 1, except that stick diagrams are represented in three 

dimensions, with the main plane oriented with the direction of the treadmill belt motion. 
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Discussion 

Accessing the circuits and receptors in lumbosacral spinal cord  

Although several studies have documented the potential of pharmacological (Antri et al., 2003, Landry et al., 2006) 

and/or electrical stimulation (Iwahara et al., 1992, Ichiyama et al., 2005, Guevremont et al., 2006, Barthelemy et al., 

2007, Gerasimenko et al., 2007, Lavrov et al., 2008b), as well as motor training (Chau et al., 1998a, Tillakaratne et 

al., 2002, Ichiyama et al., 2008), to facilitate stepping in rats with a complete spinal cord transection, limited weight- 

bearing capacities have been achieved, and when investigated in detail, kinematics and EMG patterns differed 

substantially from those underlying voluntary stepping. A major result of our study is that a combination of 

pharmacological and electrical stimulations was able to acutely transform rodent lumbosacral circuits from 

nonfunctional to highly functional and adaptive states as early as 1 week post-injury. Furthermore, we found that, in 

conjunction with rehabilitative motor training, the same combined stimulations promoted the recovery of full weight-

bearing hindlimb locomotion on a treadmill that was nearly indistinguishable from voluntary stepping, although robotic 

assistance was necessary for the rats to maintain balance. Together with previous evidence in cats  (Rossignol et al., 

2006), our results indicate that the mammalian lumbosacral spinal cord contains circuitry that is sufficient to generate 

close-to-normal hindlimb locomotor patterns in the absence of any supraspinal input.  

The mechanisms underlying locomotion induced by intraspinal stimulation (Guevremont et al., 2006) 

Barthelemy, 2007 #1543} or EES (Iwahara et al., 1992, Ichiyama et al., 2005, Gerasimenko et al., 2007, Lavrov et al., 

2008b) in rats and cats remain undetermined. Neurophysiological recordings (Gaunt et al., 2006) and computer 

simulations (Rattay et al., 2000), however, suggest that the electrical stimulation engages spinal circuits primarily by 

recruiting afferent fibers. In fact, dorsal root stimulation can induce stepping similar to intraspinal stimulation in spinal 

cord–injured cats (Barthelemy et al., 2007). In humans, leg muscle vibration, which recruits large-diameter afferent 

fibers, can evoke locomotor-like movements of the legs (Gurfinkel et al., 1998). In principle, EES applied at discrete 

lumbosacral locations could recruit both long-range ascending and descending afferent branches in the segments 

below the spinal cord transection and activate profuse intraspinal ramifications that contact subsets of circuits 

localized around the stimulation site (Rudomin, 2002). Accordingly, although electrical stimulation of virtually any 

lumbosacral segment can facilitate step-like movements on a treadmill (Ichiyama et al., 2005), we found clear site-

specific effects of EES on hindlimb locomotion. Consistent with the rostrocaudal anatomical gradient of flexor and 

extensor motor pools, lumbar stimulation facilitated flexion, whereas stimulation applied at the sacral level primarily 

facilitated extension. Distinct locations of serotonin receptors associated with stepping have also been reported in 

neonatal rats. A previous study (Liu and Jordan, 2005) found that in vitro brainstem-induced fictive locomotion can be 

blocked by antagonizing 5-HT2A or 5-HT7 receptors and that 5-HT7 receptors are prominent in the upper lumbar 

segments, whereas 5-HT2A receptors are more localized to the lower lumbar and sacral segments. Further studies 

will be required to identify the location and types of neurons, interneurons and receptors that are engaged by 
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serotonergic agonists and electrical stimulation during treadmill locomotion. Nevertheless, our statistical analyses 

indicate that each pharmacological or electrical intervention modulates distinct functions, suggesting the fine-tuning 

of selective circuits. This specificity provides the means for the synergy between serotonergic agonist and electrical 

stimulation interventions, such that only combinations of both were able to functionally engage spinal locomotor 

networks 1 week after injury and induce substantial functional improvements when combined with rehabilitative 

locomotor training.  

These findings support the viewpoint (Giszter et al., 1993, Tresch and Bizzi, 1999, Hochman et al., 2001) that 

the spinal motor infrastructure is composed of a widely distributed and heterogeneous, but highly integrated and 

synergistic, system of neural circuits and receptors that can generate a range of task-specific movements when 

recruited in different combinations. Evidence for such principles has been extracted statistically in humans (Courtine 

and Schieppati, 2004, Ivanenko et al., 2007) and documented directly in anesthetized frogs (Giszter et al., 1993), rats 

(Tresch and Bizzi, 1999) and cats (Lemay and Grill, 2004). Our findings are consistent with and extend these 

organizational principles to the production of adaptive locomotor movements without any brain input in vivo. 

Consistent with this, the development of high-density electrode arrays that enable detailed, distributed and 

simultaneous access to the diffusely located components of the lumbosacral circuits may offer the potential to 

promote a higher level of motor control than is currently possible in paralyzed subjects.  

 

Functional remodeling of the spinal locomotor circuitry  

A substantial reorganization of propriospinal circuits and spared descending fibers that leads to functional recovery 

occurs spontaneously after an incomplete SCI (Courtine et al., 2008) and can be enhanced with locomotor training 

(Engesser-Cesar et al., 2007). However, there has been limited or no evidence for a similar plasticity of lumbosacral 

networks when the lesion interrupts all supraspinal inputs in adult rats (Ichiyama et al., 2008, Kubasak et al., 2008) 

and humans (Harkema, 2008), contrary to functional improvements that have been repeatedly documented in cats 

with SCI (Chau et al., 1998a, De Leon et al., 1999a, Tillakaratne et al., 2002). We found that the combination of 

locomotor training with pharmacological and electrical stimulation markedly improved the functional capabilities of the 

sensorimotor circuits to sustain locomotion without supraspinal input. Although locomotor training with either 

pharmacological or electrical stimulation alone could reduce the deterioration of stepping ability observed in chronic 

nontrained rats with SCI, only the combination of all three intervention types could produce a substantial 

improvement. The decrease in the number of FOS-positive neurons, together with elevated synaptic efficacy of 

monosynaptic inputs to both flexor and extensor motoneuron pools, suggests that locomotor training combined with 

serotonergic and electrical stimulations may reinforce selected spinal circuits and may suppress other, nonspecific 

circuitry. Use-dependent selection and strengthening of neural circuits has been shown neurochemically (Tillakaratne 

et al., 2002) and electrophysiologicaly (Cote and Gossard, 2004, Petruska et al., 2007) after motor training in adult 

cats with SCI and rats with a neonatal SCI, as well as in the brain in conjunction with the practice of skilled 
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movements (Rioult-Pedotti et al., 2000). Our results suggest that similar mechanisms underlie motor learning in the 

adult rat spinal cord bereft of brain input and that the extent of this functional remodeling is highly correlated with the 

degree of improvement of locomotor ability. We also found that the chronic absence of activity leads to a 

deterioration in stepping ability, as has been reported in cats (De Leon et al., 1999a). These results corroborate 

clinical insights from individuals with severe SCI (Dietz and Muller, 2004) and emphasize the need to counteract the 

rapid deterioration of function that occurs in the absence of weight bearing and motor activity after a SCI.  

Combined, these results indicate that the recovery of stepping ability after a spinal cord transection does not 

result simply from the activation of an ontogenetically defined hardwired and unmodified circuitry that persists and 

recovers post-injury. Instead, specific combinations of locomotor training and pharmacological and electrical 

stimulation induce de novo use-dependent functional states that enable spinal circuits to learn the motor tasks that 

are trained and practiced.  

 

Sensory control of stepping after the loss of brain input  

The recovery of hindlimb locomotion in animals with SCI is usually attributed to the neuronal networks responsible for 

central pattern generation, that is, oscillatory output without brain or sensory input (Antri et al., 2003, Grillner, 2006, 

Barriere et al., 2008). However, we found that near normal adaptive stepping and standing without any brain input 

emerged in vivo as a result of the capability of spinal neuronal networks to recognize and use task-specific sensory 

input. We found that sensory information instantly transformed motor patterns in response to changing task, load, 

speed and direction conditions with a degree of flexibility and precision that has not been previously observed in 

animals with SCI (Rossignol et al., 2006).  

Although the role of sensory information in feedback modulation of locomotor activity has been well 

recognized in cats with SCI (De Leon et al., 1999a, Tillakaratne et al., 2002, Pearson, 2004, Rossignol et al., 2006) 

as well as in humans (Harkema et al., 1997, Beres-Jones and Harkema, 2004), our results suggest that the sensory 

information is also instructive in a functional, primary feedforward manner. Indeed, we previously showed that 

pharmacological and electrical stimulations fail to elicit rhythmic recruitment of deafferented hindlimb muscles in rats 

with SCI in vivo (Lavrov et al., 2008a) and a partial deprivation of cutaneous input strongly reduces the stepping 

ability of cats with SCI, but not in intact cats (Bouyer and Rossignol, 2003). Robust changes in the functional 

properties of spinal locomotor circuits have been described in the lamprey when introducing sensory inputs (Grillner 

and Wallen, 2002). However, these interactions between feedforward and feedback mechanisms have received little 

attention. Our results indicate that the ability of afferent information to markedly reorganize functional connections 

among spinal sensorimotor pathways, both acutely and chronically, is an important property of the spinal motor 

infrastructure.  
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Clinical perspectives  

Our findings have important implications for the understanding of motor pattern formation in the absence of 

supraspinal input in vivo and provide a conceptual framework for the design of strategies to ameliorate motor function 

in humans after SCI or in the context of other neuromotor disorders such as Parkinson’s disease (Fuentes et al., 

2009). Preliminary clinical studies have reported that EES can engage lumbosacral circuits of spinal cord–injured 

individuals (Dimitrijevic et al., 1998) and facilitate the recovery of functional walking (Carhart et al., 2004). Given the 

evidence that afferents can serve as a source of control for stepping and standing and can drive use-dependent 

plasticity of locomotor networks in spinal cord–injured individuals (Harkema, 2008), combinatorial strategies may also 

promote recovery of motor function after severe SCI in humans. Such interventions could include neuroprosthetic 

spinal cord electrode arrays, customized pharmacological treatments and robotically-assisted locomotor training 

procedures. With the development of efficacious neural repair therapies, these neurorehabilitative strategies may 

become important for counteracting chronic deterioration of function (Dietz and Muller, 2004), optimizing the use of 

intrinsic lumbosacral circuits in regaining function (Harkema, 2008) and ensuring functional interactions between 

spinal mechanisms and regenerative fibers (Courtine et al., 2007a, Maier et al., 2009).  
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Online Methods 

Animals and animal care 

All procedures followed the US National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and 

were approved by the Animal Use Committee at the University of California, Los Angeles and the Veterinary Office of 

the Canton of Zurich. These experiments were conducted on adult female Sprague-Dawley rats (~300 g), housed 

individually on a 12-h light/dark cycle with access to food and water ad libitum. Supplementary Figure 2 describes the 

time line of the surgical and experimental procedures, as well as the different groups of rats that were included in the 

present study.  

 

Surgical procedures and post-surgical care 

All procedures have been described in detail previously (Gerasimenko et al., 2007, Ichiyama et al., 2008, Lavrov et 

al., 2008b). Briefly, a combination of ketamine (100 mg per kg) and xylazine (10 mg per kg) was used to induce 

anesthesia, which subsequently was maintained with isoflurane (1–2.5%) via facemask. Under aseptic conditions, a 

partial laminectomy was performed over spinal segments L2 and S1. Teflon-coated stainless steel wires (AS632, 

Cooner Wire) were passed under the spinous processes and above the dura matter of the remaining vertebrae 

between the partial laminectomy sites. After removing a small portion (~1 mm notch) of the Teflon coating to expose 

the stainless steel wire on the surface facing the spinal cord, we secured the electrodes at the midline of the spinal 

cord at spinal level L2 and S1 by suturing the wire to the dura mater above and below the electrode (Supplementary 

Fig. 1). A common ground wire (~1 cm of the Teflon removed at the distal end) was inserted subcutaneously in the 

mid-back region.  

Bipolar intramuscular EMG electrodes using the same wire type as above were inserted bilaterally in the mid-

belly of the soleus and deep (close to the bone) mid-belly of the tibialis anterior muscles, or unilaterally into the deep 

mid-belly of the vastus lateralis, distal deep compartment of the semitendinosus and medial deep region of the 

medial gastrocnemius. All electrode wires were connected to a percutaneous amphenol connector cemented to the 

skull of the rat. The proper location of the epidural and EMG electrodes was verified post-mortem. After 2– 3 weeks 

of recovery from surgery, baseline recordings were obtained (see below). The rats then underwent a second surgical 

procedure to receive the SCI. A partial laminectomy was made at a mid-thoracic level (~T7) and the spinal cord was 

completely transected. Gel foam was inserted into the gap created by the transection as a coagulant and to separate 

the cut ends of the spinal cord. The completeness of spinal cord transections was verified by two surgeons by lifting 

the cut ends of the cord during the surgery as well as histologically post-mortem.  
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Pharmacological and EES interventions 

To encourage locomotion via EES, we delivered rectangular pulses (0.2 ms duration) at 40–50 Hz (Lavrov et al., 

2008b) using a dual-output Grass S88 stimulator (Grass Instruments) through two constant-voltage isolation units 

(Grass SIU5, Grass Instruments) connected to the L2 and S1 epidural electrodes. The stimulation intensity (1–4 V) 

was adjusted to obtain optimal facilitation of stepping visually. Pharmacological modulation was induced by 

administrating quipazine (0.2–0.3 mg per kg) intraperitoneally and 8-OHDPAT (0.05–0.3 mg per kg) subcutaneously 

(Antri et al., 2003). Serotonin agonists were injected 10 and 15 min before locomotor training and behavioral testing, 

respectively.  

 

Locomotor training 

An upper-body harness was used to position the rats over a treadmill belt and to partially support their body weight 

during bipedal locomotion (Supplementary Fig. 1). An automated, servo-controlled body-weight support system 

measured and provided the optimal amount of body-weight support that each rat needed to step. Rats were trained 

every other day, 20 min per session for 8 weeks, starting 8 d after spinal cord transection. Locomotor training was 

enabled by EES at S1 and L2, by quipazine and 8-OHDPAT, and by the combination of both. Treadmill belt speed 

was set at 9 cm s−1. Nontrained rats were housed similarly to the trained rats, but did not receive serotonin agonists 

or EES and were not placed in the treadmill apparatus, except for the final testing session when all rats were tested 

under the same conditions.  

 

Spinal cord reflexes 

Monosynaptic motor potentials were evoked during bipedal standing with constant weight bearing (20% of body 

weight) by delivering rectangular pulses (0.5-ms duration) through the S1 electrode at 0.2 Hz (Gerasimenko et al., 

2006). Before the injury, we identified the stimulus intensity that elicited the largest monosynaptic responses in the 

absence of direct muscle responses (direct stimulation of the motor nerve, equivalent to M waves), typically 1.5–2-

fold greater than motor threshold (Gerasimenko et al., 2006), and used this intensity to test reflexes at 1 and 9 weeks 

post-injury. The efficacy of monosynaptic inputs to flexor and extensor motoneuron pools was measured as the peak-

to-peak amplitude of averaged (n = 10) motor-evoked potentials recorded from the tibialis anterior and soleus 

muscles bilaterally (10 kHz).  

 

Kinematics and EMG analyses of locomotion 

Three-dimensional video recordings (100 Hz) were made using four cameras (Basler Vision Technologies) oriented 

at 45° and 135° bilaterally with respect to the direction of locomotion or the motion capture system VICON by means 

of 8 infrared television cameras (200 Hz). Reflective markers were attached bilaterally at the iliac crest, greater 

trochanter, lateral condyle, lateral malleolus, MTP and the tip of the toe (Supplementary Fig. 1). SIMI motion capture 
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software (SIMI Reality Motion Systems) and Nexus (Vicon) were used to obtain three-dimensional coordinates of the 

markers. The body was modeled as an interconnected chain of rigid segments and joint angles were generated 

accordingly.  

EMG signals (2 kHz) were amplified, filtered (10–1,000-Hz bandpass), stored and analyzed off-line to 

compute the amplitude, duration and timing of individual bursts. To evaluate coactivation between muscles, we 

generated probability density distributions of normalized EMG amplitudes of specific pairs of muscles during 

continuous treadmill stepping sequences, as described previously (Courtine et al., 2008). In some recordings (Fig. 4), 

vertical reaction forces were monitored using a biomechanical force plate (2 kHz, HE6X6, AMTI) located below the 

treadmill belt (Supplementary Fig. 1). During the long bouts of recording under different load and speed conditions, a 

rigid circular (diameter, 0.5 mm) stick was inserted between the rat’s limbs to prevent them from crossing.  

Ten successive step cycles were extracted for both the left and right hindlimbs from a continuous sequence of 

treadmill stepping for each rat under each condition. A 10-s interval was used when no stepping movements were 

observed. A total of 135 parameters quantifying gait timing, joint kinematics, limb endpoint trajectory and EMG 

activity were computed for each gait cycle according to methods described previously (Supplementary Table 1) 

(Courtine et al., 2005, Courtine et al., 2008, Ichiyama et al., 2008).  

 

Gait parameters 

Gait cycles were defined as the time interval between two successive paw contacts of one limb. Successive paw 

contacts were visually defined by the investigators with an accuracy of ±1 video frame (100 Hz). The onsets of the 

swing phases were set at the zero crossings of the rate of change of the elevation angle of the limb axis (virtual 

segment connecting the crest to the MTP), that is, at the onset of forward oscillation. Cycle duration and stance and 

swing durations were determined from the kinematic recordings. Footfall patterns were used to compute the coupling 

between the hindlimbs. In particular, the time at which the contralateral limb contacted the treadmill belt was 

expressed as a percentage of the duration of the ipsilateral gait cycle and represented in polar coordinates (Fig. 1). 

On these polar representations, 50% indicates that the limbs move out of phase, whereas 0% typically corresponds 

to jumps after which both feet contact the treadmill belt simultaneously or to the absence of movements. Interlimb 

coordination was statistically computed as the r value at t = 0 of the cross-correlation function between the oscillation 

of the left and right limb axis. An r value of −0.5 indicates that both hindlimbs oscillate perfectly out of phase. The 

variability of all parameters was measured as the coefficient of variation computed separately for left and right 

hindlimbs.  

 

Limb endpoint trajectory 

Limb endpoint trajectories were analyzed on the basis of the xyz motion of the MTP marker. The computed spatial 

parameters included stride length, three-dimensional linear path, step height, and distance at swing and stance onset 
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between the limb endpoint and the hip in the direction of walking (Courtine et al., 2005). The extent of paw dragging 

during swing was computed as the time during which the paw was in contact with the treadmill belt after swing onset. 

Intensity and direction of foot velocity at swing onset were computed as the module and pitch angle of the MTP 

velocity vector in the sagittal plane (direction of walking), respectively. Limb endpoint acceleration at swing onset and 

maximum limb endpoint velocity during swing were measured. We used principal component analysis to quantify 

spatial consistency of hindlimb endpoint trajectory. Spatial coordinates of hindlimb endpoint trajectory were extracted 

from the selected sequence of stepping and separated into their x, y and z components. For each gait cycle, each 

step component was resampled to 100 data points, thus removing the temporal information. The data were then 

arranged into three m × n matrices, with each column containing the data for a single step and each row containing 

the interpolated position values at each time step. Matlab (Mathworks) scripts were written to extract principal 

components from each dataset. The consistency of limb endpoint trajectory during swing was measured as the 

amount of variance explained by the first principal component.  

 

Stability 

Stance width was measured for each gait cycle as the perpendicular distance (medio-lateral plane) between left and 

right MTP markers at the time of paw contact. The degree of pelvis stability was evaluated as the s.d. of pelvis 

oscillations in the sagittal and medio-lateral planes during the analyzed sequence of stepping.  

 

Hindlimb kinematics 

Maximum joint angle positions in flexion and extension were computed as the minimum and maximum values of each 

angle over the time course of each gait cycle, respectively. The amplitude of joint angular excursions was measured 

as the difference between maximum positions in flexion and extension. We used cross-correlation functions to 

assess the coordination among joints. Cross-correlations among all unique pairs of degrees of freedom (that is, hip, 

knee, ankle and MTP) were calculated and maximum r values extracted to quantify the degree of correlation among 

a given pair of joints (Kubasak et al., 2008). The timing in the coupling between oscillations of adjacent segments 

(thigh, leg, foot and toe) was quantified for each gait cycle as the relative lag at the maximum r value of the cross-

correlation function between both angles. To quantify the degree of similitude in the profile of joint angles and joint 

angle velocities between pre- and post-injury stepping patterns, we computed cross-correlation functions between 

mean waveforms. The procedure was repeated for each rat, joint angle, joint angle velocity and side. The highest 

positive r value determined the degree of similitude between pre-and post-injury waveforms.  
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Variability of joint motion 

To assess the variability of joint angles across consecutive gait cycles, we computed the s.d. of time-normalized joint 

angles every 10% of the normalized time base. Variability of each joint angle from both left and right sides was 

measured as the mean of s.d.  

 

PCA 

Performance of gait implies the rhythmic repetition of stereotypical patterns of leg motion. Several parameters need 

to be used to thoroughly characterize a given gait pattern; here, we computed 135 variables that provided detailed 

quantification of kinematic and EMG features underlying specific patterns of locomotion. Such high dimensionality 

substantially complicates the extraction of relevant parameters to account for differences between experimental 

conditions. However, reduction of such multidimensional datasets can be achieved via multivariate statistical analysis 

such as PCA. PCA is mathematically defined as an orthogonal linear transformation that transforms the original 

dataset to a new coordinate system, such that the variance is maximized on each new coordinate axis. Here, data 

were analyzed using the correlation method, which adjusts the mean of the data to 0 and the s.d. to 1. This is a 

conservative method and is appropriate for variables that differ in their variance. For each rat and condition, we 

computed the averaged values of the 135 original variables (Supplementary Table 1) and ordered them in a matrix, 

with the variables along the columns and the observations (data from each rat under a given condition) along the 

rows. Principal components were then extracted on different sets of conditions (for example, combinations of 

interventions or different locomotor training conditions). A few principal components, typically three, were sufficient to 

account for more than 50% of the total variance of the studied samples, demonstrating the high correlation between 

the variables describing gait. The degree of similarities and differences between the rats and conditions was 

evaluated as the difference in the factor coordinates of each observation (scores) on each principal component axis. 

To visualize the differences between rats and conditions, we plotted coordinates from each rat under a specific 

condition (observation) in the new space created by the first three principal components. In this representation, the 

distance between the data points increases (nonlinearly) with the difference between the underlying locomotor 

characteristics, allowing us to readily visualize differences and similarities between rats and conditions. Next, we 

identified the variables that contributed to account for the differences between the experimental conditions. This 

classification is based on the analysis of factors loadings, that is, correlations between each variable and each 

principal component. To display the results of this analysis, we created a color-coded representation (Figs. 1n and 4f) 

of correlation values for all the computed variables with principal components. In this representation, variables that 

correlate positively or negatively with a given principal component identified clusters of parameters that account for a 

specific difference between conditions. Accordingly, each principal component tends to explain distinct differences 

between rats and experimental conditions.  
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FOS immunohistochemistry 

FOS immunoreactivity of spinal neurons was determined as previously described (Ichiyama et al., 2008). Briefly, after 

a 45-min bout of continuous hindlimb bipedal stepping under pharmacological (quipazine and 8-OHDPAT) and EES 

(S1 and L2) interventions, the rats were returned to their cages and were anesthetized and killed by intracardial 

perfusion of 4% paraformaldehyde (wt/vol) in phosphate buffer about 60 min later. After perfusion, the spinal cords 

were grossly dissected with the vertebral column and post-fixed overnight (4 °C). Spinal cords then were dissected 

carefully and cryoprotected in 30% sucrose (wt/vol) in phosphate buffered saline (PBS) for at least 3 d. Segments L1 

through S2 were mounted and frozen and 30-μm coronal sections were obtained using a cryostat. We processed one 

section of each spinal segment for locomotor-trained, nontrained and noninjured rats simultaneously for FOS 

immunoreactivity. Free-floating sections were submerged in 0.3% H2O2 (wt/vol, 10 min) and ubsequently washed in 

PBS (three times for 10 min). Sections were incubated in the primary antibody to the c-fos protein product FOS 

(rabbit, polyclonal; Santa Cruz Biotechnology) at 1:1,000 for 48 h (4 °C). Sections then were washed in PBS (30 min) 

and incubated in the secondary antibody (biotinylated goat antibody to rabbit; Jackson ImmunoResearch) at 1:100 for 

1 h. After PBS washes (30 min), sections were incubated for 1 h in a 1:100 Vectastain Elite ABC (avidin–biotin 

peroxidase complex) solution (Vector Laboratories). Sections were washed again in PBS and reacted with 

diaminobenzidine solution (Sigma-Aldrich) for about 2–3 min. Finally, sections were rinsed in PBS (30 min), mounted 

on microscope slides, air dried, counterstained with Methyl Green and coverslipped with Permount. FOS-positive 

nuclei were counted manually using camera lucida techniques and superimposed onto Molander’s cytoarchitectonic 

maps of the rat lumbosacral cord. Counts were performed blindly for each spinal segment and for each rat.  

 

Muscle weights 

After perfusion, the left hindlimb was dissected blindly and the following muscles and muscle groups extracted: 

triceps surae (soleus, medial gastrocnemius, lateral gastrocnemius), quadriceps (rectus femoris, vastus lateralis, 

vastus medialis, vastus intermedius), tibialis anterior, plantaris and extensor digitorum longus. After removal of 

excess fat and connective tissues, the muscles or muscle groups were weighed and normalized to the body weight of 

the rat at the time of perfusion.  

 

Statistical analyses 

All data are reported as mean values ± s.e.m. One way ANOVAs, repeated-measures ANOVAs or one way 

repeated-measures ANOVAs were used, depending on the conditions, to test differences between groups and/or 

conditions on the experimental parameters. The factors examined were the presence of EES (L2 and/or S1) and 

serotonin agonists (quipazine and/or 8-OHDPAT), body sides (left, right), time points (pre-injury and 1 and 9 weeks 

post-injury), training status (nontrained, trained), and task conditions (standing, stepping, load, speed, direction). Post 
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hoc differences were assessed using the Newman-Keuls test. The software package Statistica was used for all 

analyses. 
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Supplementary Information 

 

 
 

 

Supplementary Fig. 1: Experimental set up and epidural electrode implantation 

a. The animal is positioned in an upper body jacket that is attached to a robotic arm that measures and controls the amount of weight support. 
Reflective markers are bilaterally attached to the shaved skin overlying bony landmarks to reconstruct 3‐D hindlimb movements during 

stepping on the treadmill. Intramuscular and epidural electrodes are routed sub‐cutaneously to a percutaneous amphenol head connector, 

enabling the recording of EMG activity and the delivery of electrical stimulation chronically.  b. Wires are routed below the spinous processes 
and sutured over the dura on the dorsal aspect of L2 and S1 spinal segments. Stimulating electrodes are made by removing a small area (~1 

mm notch) of the Teflon insulation on each wire. 
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Supplementary Fig. 2: Timeline of the different experimental procedures 

a. The ability of the pharmacological and electrical interventions to transform quiescent spinal locomotor circuits into functional states was 
tested at 7 and 8 days after a complete mid‐thoracic spinal cord transection (n = 8). Spontaneous hindlimb movements in response to treadmill 

motion were recorded at the beginning of the testing session. The ability of EES to promote stepping was assessed afterwards. After these 
baseline recordings, quipazine or 8‐OHDPAT was administrated systemically. Recordings of stepping ability were performed 10‐15 min 

post‐injection, and were immediately followed by the administration of quipazine or 8‐OHDPAT. Locomotor recordings were conducted again 

10‐15 min after this second injection. Four rats received the first injection with quipazine on day 7 and with 8‐OHDPAT on day 8. The other 4 

rats were tested with the inverse sequence. No differences could be detected between the two sub‐groups of rats. Data from day 7 were used 

to investigate the characteristics of locomotion under the combination of quipazine plus 8‐OHDAPT and EES at L2 plus S1, as well as the 
effects of EES at L2 vs. S1. To assess any improvement with locomotor training, the same rats were trained for 8 weeks starting on day 8, after 
the completion of the experimental recordings. Another group of rats (n = 7) received no locomotor training and no pharmacological or EES 
interventions until the final testing day, 63 days post‐lesion. In a terminal experiment, both non‐trained rats and rats trained with the 

combination of interventions performed continuous treadmill locomotion for 45 min under the combination of quipazine plus 8‐OHDAPT and 
EES at L2 plus S1. The rats were returned to their cages for I h and then killed. b. A group of 6 rats were trained for 3 weeks under the 
combination of quipazine plus 8‐OHDAPT and EES at L2 plus S1. The ability of velocity‐, load‐ and direction‐dependent sensory input to 
modulate locomotor characteristics were evaluated in these animals at 28‐34 days post‐injury. c. Two groups of rats were trained under EES at 

L2 plus S1 or with quipazine plus 8‐ OHDPAT for 8 weeks. At the end of the training procedure, the locomotor ability of both groups of rats was 

tested under a combination of the interventions, as rats from (a). 
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Supplementary Fig. 3: Coordination between the recruitment of extensor and flexor motor pools 

A continuous sequence of treadmill stepping (9 cm/s) under EES at L2 and S1 recorded 15 min after the administration of quipazine and 

8‐OHDPAT is shown for a non‐trained rat 9 weeks post‐injury, and for a trained rat before (1 week) and after (9 weeks) chronic training. Raw 

EMG activity recorded in the Sol and TA muscles from both the left and right sides are displayed together with the durations of the stance (grey 

shaded) and drag (red shaded) phases. Probability density distributions of normalized EMG amplitudes in the Sol and TA muscles during 

treadmill stepping are shown at the bottom. L‐shaped patterns observed during stepping sub‐acutely and after locomotor training reveal 

reciprocal activation between the antagonist TA and Sol motor pools. Thickening of the L‐shape during stepping of chronic non‐trained rats 

indicates partial co‐activation between the TA and Sol, i.e. loss of proper coordination between antagonist motor pools. 
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Supplementary Fig. 4: Post‐ mortem quantification of muscle weights  

Bar graph of average values (n = 7 for non‐trained, n = 8 for trained with a combination of the interventions) of normalized (to no injury rats, n = 

5) muscle weights for triceps surae (soleus, medial gastrocnemius, lateral gastrocnemius), quadriceps (rectus femoris, vastus lateralis, vastus 
medialis, vastus intermedius), tibialis anterior, plantaris, and extensor digitorum longus muscles from the left hindlimb (see  Methods). Error 

bars, S.E.M. Bars with a + sign link conditions that are significantly different (p < 0.05). 
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Supplementary Fig. 5: C-fos expression patterns 

a. Representative example of camera lucida drawings of FOS+ cells in spinal segments L2, L4, and L6 induced by 45 min of continuous EES at 
L2 in a chronic non‐trained spinal rat. EES at L2 without pharmacological stimulation did not induce air‐stepping movements. Average values 

(open circle, n = 2) of total FOS+ cell count (all laminae) per spinal segment are shown together with average values (n = 5) measured 
following stepping under the full combination in non‐trained spinal rats for comparison. In a suspended, non‐weight bearing position, EES 

induced FOS expression in neurons located in laminae I‐IV in the vicinity of the site of stimulation. Error bars, S.E.M. *, significantly different (p 

< 0.01) from values obtained during stepping.  b. Representative example of FOS+ cells in the ventral aspect of the lumbar (L2) spinal cord for 
a non‐injured rat and a non‐trained spinal rat, as well as a spinal rat trained under the full combination. Scale bars, 100 μm and 50 μm for 

survey and detail images, respectively. 
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Supplementary Fig. 6: Sensory modulation of motor patterns in non‐ injured rats  

a. Representative example of hindlimb kinematics and EMG activity recorded during locomotion on a treadmill at 9, 13, 17, and 21 cm.s‐1 in 

non‐injured rats. The actual treadmill belt speed is shown at the top of the graph. Conventions are the same as in  Fig. 6, which reports the 

same data in spinal rats.  b. The durations of the swing and stance phases are plotted against the cycle duration. Color‐coded labels indicate 

the measured treadmill belt speed during the performance of the represented gait cycles.  c. The durations of flexor (TA) and extensor (Sol) 

EMG bursts are plotted against the cycle duration.  d. The temporal lag between oscillations (with respect to the direction of gravity) of adjacent 

hindlimb segments is plotted against the cycle duration. Inter‐limb lags were computed by means of cross‐correlation functions and expressed 

as a percent of cycle duration. Plots  a‐ d are shown for a representative rat. Mean (± S.E.M) correlation values computed by averaging values 

obtained from linear regressions computed on each animal (n = 3 rats) individually are reported in each plot.  e. Representative example of 

mean (+ one S.D.) hindlimb kinematics and raw EMG activity during continuous locomotion in the backward direction in a non‐injured rat. 

Similar characteristics were observed in the other tested non‐injured rats (n = 3). Conventions are the same as in  Fig. 8, which reports the 

same data in spinal rats. 
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Supplementary Fig. 7: Continuous stepping at maximum stepping speed  

A continuous sequence (6 min) of treadmill stepping (25 cm.s‐1) under EES at L2 plus S1 and quipazine plus 8‐ OHDPAT recorded 4 weeks 

post‐injury is shown for a rat trained for 3 weeks ( supplementary Fig. 2b). Raw EMG activity recorded in the MG and TA muscles are displayed 

together with the oscillations of the corresponding limb and the stance phase duration (grey boxes). 
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For Supplementary Videos 1, 2 and 3, please refer to: http://www.nature.com/neuro/journal/v12/n10/full/nn.2401.html. 

 

 
 

Supplementary Table 1: Summary of computed kinematics and EMG parameters 

A total of 135 parameters were computed based on kinematics and EMG data recorded from the left (L) and right (R) hindlimbs during treadmill 

stepping. Variability in the parameters was computed, for each rat independently, as coefficients of variation (CV). The number (#) associated 

with each variable corresponds to their respective position in the representation of the PC analysis in  Fig. 1 and  Fig. 4. 
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Abstract 

Descending monoaminergic inputs markedly influence spinal locomotor circuits, but the functional relationships 

between specific receptors and the control of walking behavior remain poorly understood. To identify these 

interactions, we manipulated serotonergic, dopaminergic, and noradrenergic neural pathways pharmacologically 

during locomotion enabled by electrical spinal cord stimulation in adult spinal rats in vivo. Using advanced 

neurobiomechanical recordings and multidimensional statistical procedures, we reveal that each monoaminergic 

receptor modulates a broad but distinct spectrum of kinematic, kinetic, and EMG characteristics, which we expressed 

into receptor-specific functional maps. We then exploited this catalog of monoaminergic tuning functions to devise 

optimal pharmacological combinations to encourage locomotion in paralyzed rats. We found that, in most cases, 

receptor-specific modulatory influences summed near algebraically when stimulating multiple pathways concurrently. 

Capitalizing on these predictive interactions, we elaborated a multidimensional monoaminergic intervention that 

restored coordinated hindlimb locomotion with normal levels of weight bearing and partial equilibrium maintenance in 

spinal rats. These findings provide new perspectives on the functions of and interactions between spinal 

monoaminergic receptor systems in producing stepping, and define a framework to tailor pharmacotherapies for 

improving neurological functions after CNS disorders. 

 

Introduction 

The modulatory influences of monoaminergic systems are critical for the control of most behaviors in animals and 

humans. For example, while the spinal neuronal networks that generate locomotor outputs are essentially composed 

of fast excitatory glutamatergic and inhibitory glycinergic neurons (Grillner, 2006), successful locomotion relies 

heavily on the coordinated release of serotonin (5-HT), noradrenaline (NA), and dopamine (DA) in various spinal 

regions (Jordan et al., 2008).  

Monoaminergic modulation is not restricted to hardwired synaptic communication but also operates 

perisynaptically through volume transmission (Zoli et al., 1999, Agnati et al., 2010). Monoamines easily escape the 

synaptic cleft and reach extrasynaptic G-protein-coupled receptors located on neighboring cells (Agnati et al., 2010). 

This signaling transduction pathway alters cell properties over timescales that span from minutes to hours (Raymond 

et al., 2001). Thus, volume transmission communication provides a rationale for the powerful role of monoamines in 

modulating mood, reward, cognitive, and sensorimotor functions (Agnati and Fuxe, 2000), and a conceptual 

mechanism for some of the therapeutic effects of these pharmacological agents (Zoli et al., 1999). For example, 

serotonergic pharmacotherapies show a strong potential to facilitate the recovery of locomotion after spinal cord 

injuries (Chau et al., 1998a, Landry et al., 2006, Courtine et al., 2009). 

An important issue associated with volume transmission signaling is the need to maintain signal privacy to 

mediate defined functional modulations while preserving the fundamental features of the behavior (Agnati et al., 
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2010). Conceptually, neuromodulatory specificity may be obtained if the circuits are endowed with a specific 

recognition apparatus, such as distinct receptors. Indeed, various monoaminergic receptors show the capacity to 

modulate behaviors including locomotion (Jordan et al., 2008, Courtine et al., 2009, Guertin, 2009). The ability of 

monoaminergic pathways to fine-tune distinct functional characteristics of a complex behavior through receptor-

specific neuromodulation, however, has not been demonstrated unequivocally. Such functional mapping requires 

detailed analytic tools and well controlled behavioral outputs to correlate neural receptor activity with specific system-

level kinematic features. In this respect, spinal locomotor circuitries offer the key advantage of generating a 

sophisticated behavior with multifaceted components that can be measured with high precision (Courtine et al., 

2009). In particular, epidural electrical stimulation (EES) applied dorsally over specific lumbosacral segments 

promotes reproducible locomotor patterns that can be recorded in vivo over multiple sessions in adult spinal rats 

(Lavrov et al., 2008b, Courtine et al., 2009). Spinal locomotion retains complex and highly adaptive behavioral 

features since spinal locomotor networks act as a processing interface that constantly modulates its outputs in 

response to inputs arising from sensory systems (Courtine et al., 2009). 

We thus capitalized on the multifaceted and adaptive nature of spinal locomotor outputs to investigate the 

ability of monoaminergic systems, largely acting via volume transmission, to generate predictable stepping patterns. 

First, we asked whether 5-HT, NA, and DA receptors could individually tune gait patterns in qualitatively unique ways. 

Second, we tested the hypothesis that such receptor-specific modulation of stepping behaviour may be used to 

predict interactions resulting from concurrent monoaminergic stimulations. The underlying objective was to define 

how different receptor systems could be manipulated interactively to control a complicated motor task (i.e., stepping) 

in paralyzed subjects. 

 

Materials and Methods 

Animals and animal care 

The experiments were conducted on 39 adult female Sprague Dawley rats (~300 g body weight). All procedures and 

were approved by the Veterinary Office of the Canton of Zurich, Switzerland. Animals were housed individually on a 

12 h light/dark cycle, with access to food and water ad libitum. 

 

Surgical procedures and postsurgical care 

All procedures have been described in detail previously (Courtine et al., 2009). Briefly, under general anesthesia and 

aseptic conditions, a partial laminectomy was performed over spinal segments L2 and S1. Teflon-coated stainless-

steel wires (AS632; Cooner Wire) were passed under the spinous processes and above the dura mater of the 

remaining vertebrae between the partial laminectomy sites. After removing a small portion (~1mm notch) of the 

Teflon coating to expose the stainless-steel wire on the surface facing the spinal cord, the electrodes were secured at 



 126 

the midline of the spinal cord at spinal levels L2 and S1 by suturing the wire to the dura mater above and below the 

electrode (see Fig. 1B).A common ground wire (~1 cm of the Teflon removed at the distal end) was inserted 

subcutaneously in the midback region. Bipolar intramuscular EMG electrodes using the same wire type as above 

were inserted bilaterally in the midbelly of the tibialis anterior (TA), midbelly of the vastus lateralis (VL), distal deep 

compartment of the semitendinosus (St), and medial deep region of the medial gastrocnemius (MG) muscles. All 

electrode wires were connected to a percutaneous amphenol connector cemented to the skull of the rat. Proper 

location of the epidural and EMG electrodes was verified postmortem. In the same surgical intervention, the spinal 

cord was transected completely at a midthoracic level (~T7) (Courtine et al., 2009). The completeness of spinal cord 

transections was verified by two surgeons by lifting the cut ends of the cord during the surgery as well as 

histologically postmortem (Courtine et al., 2009). 

 

Testing protocols 

All tested rats were allowed to recover for 5 weeks after lesion to regain stable levels of excitability in the spinal 

networks to facilitate locomotion via EES (Lavrov et al., 2008b). An upper body harness was used to position the rats 

over a treadmill belt and to partially support their body weight during bipedal locomotion (see Fig. 1A). An automated, 

servocontrolled body weight support system (Robomedica) measured and provided the optimal amount of body 

weight support that each rat needed to step. To facilitate locomotion via EES, monopolar rectangular pulses (0.2 ms 

duration) were delivered at 40 Hz using two constant-current stimulators (A-M Systems) connected to the electrodes 

positioned at L2 and S1. The stimulation was delivered between the active electrode (L2 or S1) and an indifferent 

ground located subcutaneously on the lateral aspect of the body. The frequency and intensity of stimulation was 

adjusted (40 Hz, 0.2 ms, 50–200 µA) to obtain optimal facilitation of stepping visually. All experimental testing 

followed the same protocol (see Fig. 1C). We first obtained a robust baseline of locomotor abilities and gait features 

by recording 10 successive gait cycles during treadmill locomotion (13 cm/s) facilitated by dual-site EES. The effects 

of individual or combinations of pharmacological agents then were tested. When the effects of pharmacological 

agents peaked (i.e., ~15–20 min after injection), a continuous sequence of 10 step cycles were recorded under the 

same conditions as described above. 

 

Experimental groups 

Group 1. To identify effective and safe doses to modulate stepping pharmacologically as well as to determine the 

time course of the drug effects, a first group of rats (n = 14) were treated with various concentrations of selective 

agonists and antagonists to the different investigated serotonergic, dopaminergic, and noradrenergic receptors. 

Video recordings of treadmill locomotion were obtained before, and at regular intervals from 10 min up to 2 h after 

drug injection. These experimental data were used to determine optimal concentrations and time points for the 

testing of rats in group 2. 
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Group 2. After completion of preliminary testing with group 1, experimental recordings were conducted in a 

second group of rats (n = 7) in which the contributions of serotonergic, dopaminergic, and noradrenergic receptors to 

the modulation of gait patterns were investigated thoroughly. A total of 16 pharmacological agents were evaluated. 

These rats were tested every other day for ~4 weeks (31 d), beginning 5 weeks after lesion (see Fig. 1A). Each 

testing session consisted of a series of 10–20 steps with EES alone followed (10 min later) by a series of 10–20 

steps under EES and a given pharmacological agent (see Fig. 1A). Based on previous studies (Courtine et al., 2009), 

it is unlikely that the limited number of steps performed during each session would have significantly modified the 

stepping ability of the rats. Rats always were allowed to recover for 1 d after a testing session. The effects of each 

pharmacological agent were washed out completely after this period of recovery. Testing of agonists and antagonists 

to the different receptors was randomized across days and rats. 

Group 3. On the basis of results from group 2, we next tested the effects of individual or combinations of several 

agonists or antagonists to serotonergic, dopaminergic, and noradrenergic receptors on the modulation of the 

stepping patterns (n = 7). Experimental recordings were performed over 2–3 weeks of testing, beginning 5 weeks 

after lesion (see Fig. 1A). Only one drug or one combination of drugs was tested in each rat on a given day of testing. 

The different drug combinations were randomized across days and rats. 

Group 4. Eight noninjured rats were tested during bipedal locomotion on a treadmill to obtain a representative 

baseline of stepping characteristics in noninjured subjects. 

 

Pharmacological interventions 

We investigated serotonergic, dopaminergic, and noradrenergic receptors that previously have been shown to be 

involved in the modulation or production of locomotion in mammals (Chau et al., 1998a, Madriaga et al., 2004, 

Guertin and Steuer, 2005, Gerasimenko et al., 2007, Lapointe and Guertin, 2008, Courtine et al., 2009, Liu et al., 

2009). We also selected agonists and antagonists to the various tested receptors on the basis of those previous 

studies (see Results). These pharmacological agents present a selective degree of affinity for certain receptor 

subtypes. When possible, we used combinations of agonists and antagonists to improve the selective activation of a 

specific receptor (e.g., 5-HT1A and 5-HT7). Nevertheless, the selective activation of a single subtype is difficult to 

achieve pharmacologically, and this limitation needs to be kept in mind when interpreting the present results. It is 

worth noting, however, that we obtained a reproducible mapping of receptor-specific locomotor tuning functions in all 

rats tested, revealing the robustness of the functional link between monoaminergic receptors and gait modulation 

patterns. 

Drugs were injected subcutaneously or intraperitoneally (8-OHDPAT). Most antagonistic drugs had no or 

limited effects on locomotion enabled by EES in spinal rats, as expected based on the complete interruption of 

descending monoaminergic pathways. To ascertain whether all receptors in the spinal cord were blocked by the 

injection of each specific antagonist, these studies were followed by the systematic injection of the respective 
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agonist, which in all cases failed to modulate locomotion (data not shown). All combinations of agonists and 

antagonists were evaluated using concentrations identical with those used for the single drug conditions to avoid 

uncontrolled interactions associated with the use of different drug concentrations. 

 

Kinematics, kinetics, and EMG recordings 

Kinematics. Three-dimensional video recordings (200 Hz) were made using the motion capture system VICON. 

Eight infrared television cameras (200 Hz) were used to track the motion of reflective markers attached bilaterally at 

the iliac crest, greater trochanter, lateral condyle, lateral malleolus, distal end of the fifth metatarsal 

[metatarsophalangeal joint (MTP)], and tip of the toe (see Fig. 1A). Nexus (Vicon) was used to obtain 3-D coordinates 

of the markers. The body was modeled as an interconnected chain of rigid segments, and joint angles were 

generated accordingly. 

Kinetics. Moments and ground reaction forces in the vertical, anteroposterior, and mediolateral directions were 

monitored using a biomechanical force plate (2 kHz; HE6X6; AMTI) located below the treadmill belt (see Fig. 1A). 

Vicon BodyBuilder (Vicon) was used to compute the displacements of the center of foot pressures. 

EMG. EMG signals (2 kHz) were amplified, filtered (10–1000 Hz bandpass), stored, and analyzed off-line to 

compute the amplitude, duration, and timing of individual bursts (Courtine et al., 2009). 

 

Data analyses 

Ten successive step cycles were extracted for both the left and right hindlimbs from a continuous sequence of 

stepping on the treadmill for each rat under each condition. When no stepping movements were observed, a 10 s 

period was recorded and analyzed. A total of 129 parameters quantifying gait, kinematics, kinetics, and EMG 

features were computed for each limb and gait cycle according to methods described in detail previously (Courtine et 

al., 2005, Courtine et al., 2008, Courtine et al., 2009). These parameters provided a holistic quantification of 

locomotor patterns ranging from general features of gait to fine details of limb motions and coordination. To allow 

direct comparisons between the different experimental conditions, all computed variables were normalized to those 

measured before drug injection (i.e., during locomotion facilitated by dual-site EES alone). 

 

Statistical analyses 

The pharmacological agents used in this study promoted substantial modulations of gait patterns, which were evident 

in the modification of a large proportion of the 129 computed parameters. To evaluate the more important and 

reproducible modulation patterns mediated by the different drugs across rats, we established a new, multistep 

statistical procedure based on principal component (PC) analysis (Courtine et al., 2009). The various steps are 

detailed in Results. PC analysis was applied on data from all individual gait cycles for each rat alone, and for all rats 

together, as indicated in the text and figures. Data from a single noninjured rat were included in the analysis to avoid 
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overrepresentation of noninjured rats when PC analysis was applied on each rat independently. Because of the high 

homogeneity among noninjured rats, results were similar regardless of the selected subject, as verified by an iterative 

bootstrapping algorithm. Data were analyzed using the correlation method, which adjusts the mean of the data to 0 

and the SD to 1. This method of normalization allows the comparison of variables with disparate values (large vs 

small values) as well as different variances. PCs were extracted and a PC score along each axis was computed to 

quantify differences between conditions. In the vast majority of cases, PC1 differentiated locomotion under EES 

(baseline) or EES plus antagonist drugs versus locomotion under EES plus agonists to the tested receptor (see Fig. 

3). Except for NA2A receptors, PC2 and PC3 were related to idiosyncratic gait features and/or intrinsic variability 

between steps and, therefore, were not considered for further analysis. The variables that showed the highest factor 

loading (0.6 or more) on PC1 (i.e., correlation between each variable and the PC that explained the largest 

percentage of data variance) identified the parameters that accounted for the main effects of the drugs and were 

used to construct functional maps. We then defined seven categories or locomotor subfunctions to regroup 

interrelated parameters in functional clusters: locomotion (general facilitation of locomotion), reproducibility, 

coordination, extension, flexion, forces, and stability. This cluster analysis allowed us to elaborate submaps that 

highlighted the specifically tuned function and indirectly the extent of this modulation for each receptor. Considering 

the large number of parameters computed, we only reported those variables that showed the largest factor loadings 

across all experimental conditions, for both single and combinatory testing (see Fig. 4). In addition, we excluded 

variables that were redundant (e.g., stride length vs endpoint path length). All data are reported as mean values ± 

SEM. Repeated-measures ANOVAs were used to test differences between locomotor parameters recorded before 

and after drug injections. 

 

Results 

Tonic electrical spinal cord stimulation generates continuous bipedal locomotion in spinal rats 

Experiments were conducted on adult rats that received a complete midthoracic (~T7) spinal cord transection that 

permanently removed all supraspinal input below the level of the lesion. To reach stable levels of excitability in the 

spinal networks to facilitate stepping electrically (Lavrov et al., 2006, Lavrov et al., 2008b), the rats were allowed to 

recover for 5 weeks after lesion before initiating experimental recordings (Fig. 1C). At this time point and during the 

subsequent 4 weeks after lesion, the rats showed no (Fig. 1D) or limited (Fig. 1E) spontaneous hindlimb stepping 

when supported in a bipedal posture on a moving treadmill belt (13 cm/s) (Fig. 1A). In contrast, continuous (40 Hz, 

0.2 ms, 50–200 µA) EES applied dorsally over the S1 and L2 spinal segments (Fig. 1B) generated continuous 

hindlimb locomotion on the treadmill in all rats tested (Fig. 1F).  
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Figure 1. Experimental setup and statistical procedures. A, Spinal rats were positioned bipedally in a robotically controlled supporting system. 
Using reflective markers overlying specific joints (MTP), a force plate located below the treadmill belt, and chronic intramuscular recording 
electrodes and epidural stimulating electrodes (EES), we measured detailed kinematics, kinetics, and EMG features underlying continuous 
hindlimb stepping on a treadmill. B, Wires for EES were routed below the spinous processes and sutured over the dura on the dorsal aspect of 
the L2 and S1 spinal segments. C, Timeline for the entire study and for individual testing sessions. D–F, Representative illustrations of 
kinematics, kinetics, and EMG features underlying spontaneous and EES-enabled locomotion recorded at 6 weeks after lesion. The same rat is 
shown in E and F, with and without the presence of dual-site EES. Representative color-coded stick diagram decomposition of hindlimb motion 
during stance (black), paw dragging (red), and swing (blue) is shown for each condition together with successive (n=10) trajectories of the limb 
endpoint (MTP marker). In these drawings, the arrows represent the direction and intensity of limb endpoint velocity at swing onset. A 
sequence of raw EMG activity from the TA and MG muscles and the changes in vertical ground reaction forces is shown at the bottom. The 
gray and red boxes indicate the duration of stance and drag phases bilaterally, while open areas indicate the duration of the swing phase. 
Averaged (n = 10 steps) rectified EMG activity, vertical forces, and stance period durations are displayed nearby the raw data in the rightmost 
plots. G, Multistep statistical procedures to extract intervention-specific parameters. Step 1, Quantification of kinematics, kinetics, and EMG 
features (129 variables measured) for each rat. Step 2, PC analysis was applied on each rat independently (all sessions) or on all rats and 
sessions simultaneously. Bar graphs indicate the amount of variance explained by each PC for individual (top; means + SEM) and collective 
(bottom) PC analyses. Step 3, Three-dimensional, PC-based statistical representation of spontaneous locomotion and EES-enabled stepping 
recorded in all rats (n = 7) during several recording sessions (5– 8 weeks). Each point represents a single gait cycle from an individual rat 
under a given condition (total gait cycles, 979). In this representation, the discrepancy between locomotor features increases with the distance 
between data points, and inversely, data points indicating similar gait patterns are in close proximity. In the bottom plot, least-squares spheres 
are traced for each condition to emphasize the clear differences between statistically extracted gait patterns under specific interventions. The 
bar graph shows the average (n = 7 rats) scores along PC1, which correspond to the coordinates of data points along the axis that accounted 
for the largest amount of the total variance. These scores indicate the degree of difference versus similarity between conditions. Step 4, Color-
coded representation of factor loadings (i.e., correlation values between each variable) and PC1 that identify the variables that contribute most 
to the differences observed between the experimental conditions. PC2 and PC3, instead, were related to idiosyncratic gait features, varied 
locomotor performances, and step-to-step variability. Factor loadings extracted for each rat independently are represented in successive 
columns. The last column shows averaged factor loadings and thus identifies parameters modulated consistently across rats (i.e., the most 
relevant variables). Interrelated parameters can then be regrouped into functional clusters (see Materials and Methods). Step 5, Bar graphs of 
mean (n = 7 rats) values for the most relevant variables identified in step 4. BWS, Body weight support. Error bars indicate SEM. The asterisks 

indicate significantly different at **p<0.01 and ***p<0.005, respectively. 
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Novel statistical procedures to identify modulations ingait patterns 

We quantified specific modulations of stepping patterns mediated by EES compared with spontaneous locomotion 

using a new five-step statistical analysis based on PC analysis (Fig. 1G). 

Step 1 

A total of 129 parameters providing detailed quantification of kinematics, kinetics, and EMG features underlying 

hindlimb stepping patterns for each rat were determined (Courtine et al., 2009). 

Step 2 

PC analysis was applied on all computed parameters both for individual rats and for all rats combined. This analysis 

constructs new variables (PC) that linearly combine the original variables to maximize the amount of explained 

variance for each successive PC. 

Step 3 

When gait cycles are visualized in the 3-D space defined by the newly constructed variables PC1–3 (37% of 

explained variance) (Fig. 1G, step 2), clear differences emerged between the spontaneous and EES conditions (all 

rats and sessions) (Fig. 1G, step 3). EES-related data points clustered in a well-defined location that highlighted the 

reproducibility of electrically facilitated locomotor patterns across steps, between days of testing (5–8 weeks), and 

among rats (n = 7). In contrast, the distribution of data points related to spontaneous locomotion illustrated the wide 

range of movements observed under this condition [i.e., from complete paralysis (Fig. 1D) to occasional plantar 

stepping (Fig. 1E)]. 

Step 4 

For individual rats, we computed correlations (factor loadings) between each measured parameter and PC1 that 

accounted for the largest part of the variance (39 ± 9%), thus reflecting EES related modulations. In contrast, PC2 

and PC3 were related to differences in stepping performances between rats and step-to-step variability. We then 

visualized these results in color-coded tuning maps (Fig. 1G, step 4). Although a large number of parameters were 

modulated significantly with EES-facilitated locomotion compared with spontaneous stepping for each rat (p < 0.05) 

(Fig. 1G, step 4, colored areas), only a few variables consistently changed in the same direction across all rats (Fig. 

1G, step 4, last column). These statistically extracted variables then were regrouped into functional clusters (Fig. 1G, 

step 4, rightward table) that highlight the locomotor subfunctions specifically modulated in all rats with the EES 

intervention, regardless of idiosyncratic gait characteristics or baseline stepping abilities. We defined seven 

locomotor subfunctions: locomotion (general facilitation of stepping), reproducibility, extension, flexion, coordination, 

forces, and stability. 
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Step 5 

The variables associated with the identified functional clusters were represented to illustrate the amplitude of the 

tuning (Fig. 1G, step 5). This analysis showed that, compared with spontaneous locomotion, EES improved 

extension, flexion, coordination, reproducibility, and forces. The tuning of these locomotor subfunctions is illustrated 

by the larger EMG activity in distal extensor and flexor muscles, increased vertical ground reaction forces, enhanced 

step height, increased reproducibility of limb endpoint trajectory, and improved interlimb coordination. We then used 

these same analyses to identify specific functional links between monoaminergic receptor systems and gait pattern 

modulations in spinal rats receiving EES to facilitate stepping. 

 

Manipulation of the 5-HT receptor system 

5-HT1A (Courtine et al., 2009), 5-HT2A/2C (Courtine et al., 2009), 5-HT3 (Guertin and Steuer, 2005), and 5-HT7 (Liu et 

al., 2009) receptors have been the main 5-HT receptors studied in the modulation and/or production of locomotion in 

rodents (Jordan et al., 2008). To evaluate their specific functions, we manipulated these neural pathways 

pharmacologically using specific agonists and antagonists to these receptors at optimal concentrations. All functional 

evaluations were conducted in the presence of EES. Although antagonists to 5-HT receptors occasionally modified 

EES-induced locomotion (data not shown), no reproducible effects could be detected across rats (all rats and step 

cycles) (see Fig. 3A–D). In contrast, stimulation of 5-HT1A, 5-HT2A/2C, 5-HT3, or 5-HT7 receptors each mediated 

significant and specific changes in the stepping patterns (p < 0.005) (Fig. 3A–D). 

5-HT1A 

In rats pretreated with the 5-HT7 antagonist SB269970 [(R)-3-[2-[2-(4-methylpiperidin-1-yl)ethyl]pyrrolidine-1-

sulfonyl]phenol hydrochloride] (5–7 mg/kg) (see Materials and Methods), administration of the 5-HT1A/7 agonist 8-

OHDPAT (0.05 mg/kg) markedly modulated the stepping patterns enabled by EES (Figs. 2A,B, 3A). This tuning was 

characterized by improved interlimb coordination (Fig. 4A2), reduced kinematic variability (Fig. 4A4,C4), increased 

weight-bearing capacities (Fig. 4C2) and ground reaction forces (Fig. 4C1), and a general facilitation of locomotion 

and flexion (Fig. 3A). This latter influence was evident in the increased flexion at all joints (Fig. 5A), reduced paw 

dragging (Fig. 4A6), and increased activity of flexor muscles compared with EES alone (Fig. 4B3). 

5-HT2A/C 

Activation of 5-HT2A/C receptors with quipazine (0.2 mg/kg) resulted in a clear facilitation of extension, particularly in 

distal joints (Figs. 2C, 5A). Stance duration became longer (Fig. 4A1), the duration (Fig. 4B2) and amplitude (Fig. 4B4) 

of EMG bursts in distal extensor muscles increased significantly, and improved weight-bearing ability (Fig. 4C2) 

accompanied a threefold increase in vertical ground reaction forces (Fig. 4C1). A significant facilitation of flexor motor 

pools also was observed (Fig. 4B3). Thus, 5-HT2A/C receptors essentially facilitated weight-bearing and extension 
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Figure 2. Receptor-specific modulation of stepping patterns enabled by EES in spinal rats. Representative characteristics of stepping patterns 
recorded during EES alone (A), and after the administration of agonists or antagonists to specific 5-HT, DA, and NA receptor subtypes, as 

indicated above each panel (B–K ). Conventions are the same as in Figure 1. The same rat is shown in all panels. 

components (Fig. 3B). The 5-HT2A/C antagonist ketanserin [3-(2-[4-(4-fluorobenzoyl)-1-piperidinyl]ethyl)-2,4(1H,3H)-

quinazolinedione (+)-tartrate salt] (2–4 mg/kg) had no systematic effects on locomotion enabled by EES. 

5-HT3 

Most of the locomotor features that clustered on PC1 with the activation of 5-HT2A/C receptors were also found when 

the 5-HT3 agonist SR 57227A [4-amino-1-(6-chloro-2-pyridyl)-piperidine hydrochloride] (1.5 mg/kg) was administered 

(Figs. 2D, 3C). In addition to markedly enhancing the extension components (Fig. 4B4,C1,C2) and weight-bearing 

features (Fig. 4C1,C2), activation of 5-HT3 receptors significantly reduced gait timing variability and paw dragging (Fig. 

4A6). Moreover, the increase in the duration of EMG bursts in distal extensor muscles, which also was observed with 

the activation of 5-HT2A/C receptors, was particularly prominent when stimulating 5-HT3 receptors (Figs. 2D, 4B2). The 

5-HT3 antagonist ondansetron [1,2,3,9-tetrahydro-9-methyl-3-[(2-methyl-1Himidazol-1-y1)methyl]-4H-carbazol-4-one 

hydrochloride] (3–5 mg/kg) had no systematic effects on locomotion enabled by EES (Fig. 3C). 
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Figure 3. Statistical representation of receptor-specific modulation of stepping patterns. A–H, For each monoaminergic receptor system 
independently, PC analysis was applied on all gait cycles recorded from all rats (n = 7) under EES alone, under EES and a given agonist, and 
under EES and the respective antagonist. Representations and conventions are the same as in Figure 1. Each 3-D plot has been rotated to 
adequately visualize discrepancies between the locations of gait cycles associated with the different experimental conditions. Each point 
represents a gait cycle under a given condition. Data points clustered in distinct spatial locations, revealing that pharmacological interventions 
modulated locomotor patterns in the same direction in all the rats, regardless of the initial stepping performance or idiosyncratic gait features. 
The bar graphs show average (n = 7 rats) scores along PC1 and PC2. PC1 captures the main effects of the drugs, whereas PC2 (not 
significant, except for NA2) and PC3 (data not shown) are related to differences between rats’ performances and step-to-step variability. Next 
to each plot, we regrouped parameters with factor loadings superior to 0.6 into functional clusters or locomotor subfunctions: generation 
facilitation of locomotion (L), reproducibility (R), coordination (C), forces (Fc), extension (E), flexion (F), and stability (S). The number of 
variables represented in each cluster and the intensity of the color indicate, for each monoaminergic receptor, the specifically tuned locomotor 
subfunctions and the amplitude of this modulation. Error bars indicate SEM. The asterisks indicate significantly different (***p_0.005) from all 
other nonmarked conditions. 
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5-HT7 

When the 5-HT1A antagonist WAY 100.635 [N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-

pyridyl)cyclohexanecarboxamide] (0.5 mg/kg) was administered before 8-OHDPAT to activate 5-HT7 receptors, 

limited changes in stepping patterns were detected (Figs. 2E, 3D). The few variables that clustered on PC1 

essentially were related to improved rhythmicity and coordination (Figs. 3D, 4A2,A8). The moderate affinity of 8-

 
 
 

Figure 4. Selected kinematics, kinetics, and EMG features of locomotor patterns. Bar graphs of average values (n_7 rats, 10 steps from the 
right limb per rat) for selected kinematics (as indicated above each panel A1–A8), (A), EMG (as indicated above each panel B1–B4), and 
stability (kinetics and kinematics) (as indicated above each panelC1–C4) parameters that were more frequently identified as relevant variables 
by PC analysis to account for receptor-specific gait pattern modulations. These variables were obtained by averaging factor loadings across all 
experimental conditions and sorting those parameters with the largest values. However, redundant or similar variables were excluded. With the 
exception of interlimb coordination (A2), all values were normalized to the meanvalues recorded for each rat during stepping facilitated by EES 
alone on the same day of testing (horizontal gray dotted line). The solid line inA2 represents the value (_0.5) underlying a perfect alternated 
(out-of-phase) coupling between the left and right hindlimbs. For each parameter, the actual mean value for all sessions and rats is reported 
within the box attached to the right aspect of the baseline. Data from noninjured rats were normalized to the grand average of values recorded 
during stepping with EES in all rats for all recording sessions. For weight-bearing levels, a value of 50% corresponds to full weight-bearing 
hindlimb locomotion, as recorded in noninjured rats walking in a bipedal posture. Combo 1, 5-HT1A plus 5-HT7. Combo 2, 5-HT1A plus 5-HT7 
plus 5-HT2A/C. Combo 3, 5-HT1A plus 5-HT7 plus 5-HT2A/C plus DA1. Combo 4, 5-HT1A plus 5-HT7 plus 5-HT2A/C plus DA1 plus NA2an. 
Error bars indicate SEM. The asterisks indicate significantly different from EES baseline at * p _0.05, ** p _0.01, and *** p _0.005, respectively. 
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OHDPAT for 5-HT7 receptors, however, may have accounted for these unexpectedly weak effects of activating 5-HT7 

receptors (Liu et al., 2009). 

 

Manipulation of DA receptor system 

Dopamine exerts potent facilitating effects on locomotion of spinal mice through DA1-like receptors (Lapointe et al., 

2009). In vitro experiments in neonate mice also suggested a role for DA2-like receptors (Madriaga et al., 2004), 

which, however, could not be confirmed in adult spinal animals in vivo (Lapointe et al., 2009). We investigated the 

specific influences of the activation of these receptors on locomotor behavior.  

DA1  

Activation of DA1-like receptors with R-(+)-6-chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine 

hydrobromide (SKF-81297) (0.15–0.2 mg/kg) markedly enhanced motoneuronal drive in both extensor and flexor 

muscles concomitantly with pronounced changes in hindlimb kinematics during both stance and swing (Fig. 2F). The 

durations of the stance phase (Fig. 4A1) and of extensor EMG bursts (Fig. 4B2) were longer and the vertical ground 

reaction forces were twofold to threefold higher compared with locomotion enabled by EES alone (Fig. 4C1). During 

swing, the amplitude of limb oscillations (stride length) markedly increased (Fig. 4A8), and this was associated with 

larger limb endpoint velocities (Fig. 4A7), higher foot elevations (Fig. 4A5), and reduced paw dragging (Fig. 4A6). This 

widespread but rather unspecific facilitation of locomotion with a bias toward extension is well illustrated in the 

distribution of the modulated variables in each functional cluster associated with DA1 receptors (Fig. 3E). 

DA1 antagonist 

At an optimal concentration (0.1–0.15 mg/kg), the selective DA1 antagonist R-(+)-7-chloro-8-hydroxy-3-methyl-1-

phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH-23390) modulated the stepping patterns in a 

strikingly similar way as DA1 agonists (compare Fig. 2F,G, as well as 3-D plot and functional clusters in Fig. 3E). 

Although PC analysis identified subtle differences between the two interventions (Figs. 5A, 6A), the modulated 

parameters and the extent of this tuning were remarkably similar when agonists or antagonists to DA1-like receptors 

were administered (Fig. 4A–C). Similar, agonist-like effects of the DA1 receptor antagonist SCH-23390 have 

previously been reported in rats (Wachtel and White, 1995). 

DA2 

The DA2 antagonist eticlopride (0.9–1.8 mg/kg) had no systematic effects on locomotion enabled by EES (Fig. 3F). In 

contrast to previous behavioral observation in spinal mice (Lapointe et al., 2009), we found significant (p < 0.001) 

(Fig. 3F) changes in gait patterns following administration of the D2-like agonist quinpirole (0.15–0.2 mg/kg) (Fig. 2H). 

This pharmacological agent resulted in a clear facilitation of flexion and improved gait consistency but also led to a 

markedly reduced hindlimb extension (Fig. 3F). Activation of DA2-like receptors increased the durations of the swing 
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phase (Fig. 4A3) and of the EMG bursts in flexor muscles (Fig. 4B1). In addition, DA2 agonists reduced the variability 

of joint angle kinematics (Fig. 4B4) and resulted in improved consistency of limb endpoint trajectories (Fig. 4C4). 

 

Manipulation of NA receptor system 

While previous studies have reported a limited ability of α1 adrenergic receptors (NA1) to trigger locomotion (Chau et 

al., 1998b), marked facilitation of locomotion by the α2 adrenergic (NA2) agonist clonidine has been demonstrated 

repeatedly in spinal cats (Grillner and Zangger, 1979, Chau et al., 1998b). 

NA1 

The NA1 agonist methoxamine (2–2.5 mg/kg) produced limited and variable changes in the stepping patterns of 

spinal rats, although some variables, essentially associated with flexion, consistently clustered in PC1 (p < 0.05) 

(Figs. 2I, 3G). Activation of the NA1 receptor mediated a decrease in paw dragging duration (Fig. 4A6) that was 

associated with an increased EMG activity in distal flexor muscles (Fig. 4B3). The NA1 antagonist prazosin (3 mg/kg) 

somewhat altered gait in a few rats but failed to mediate any significant modulations (Fig. 3G). 

NA2 

In sharp contrast with an enhancement of stepping ability in spinal cats, the NA2 agonist clonidine (0.4–0.5 mg/kg) 

abolished the stepping enabled by EES in spinal rats. Activation of the NA2 receptor transformed continuous patterns 

of locomotion into gait patterns ranging from hopping (n = 3) (Fig. 2J) to complete paralysis (n = 4). Clonidine also 

decreased the duration (Fig. 4B1) and amplitude (p < 0.05) (Fig. 4B3) of flexor EMG bursts and changed rhythmic 

firing patterns of extensor motor pools toward more tonic patterns of activity (Fig. 4B2). As a consequence, a large 

number of gait parameters changed significantly (Fig. 3H), generally showing a suppression of locomotor function 

after administering clonidine in spinal rats (Fig. 4A–C). Low clonidine dosages were also shown to suppress or 

markedly reduce locomotor EMG activity in humans with a severe spinal cord injury (Dietz et al., 1995). 

NA2 antagonist 

The NA2 antagonist yohimbine (0.4–0.5 mg/kg) conversely improved locomotion (Fig. 2K), modulating various 

parameters in opposite directions compared with clonidine (PC1; p < 0.001) (Fig. 3H). Blocking NA2 receptors 

reduced paw dragging (Fig. 4A6) and substantially improved the consistency of limb endpoint trajectories (Fig. 4C4) 

and interlimb coordination (Fig. 4A2). Moreover, compared with locomotion enabled by EES, distal extensor muscle 

EMG bursts increased in amplitude (Fig. 4B4) and duration (Fig. 4B2). Thus, cluster analysis showed that NA2 

antagonists principally improved the reproducibility of stepping movements and some aspects of hindlimb extension. 
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Receptor-specific functional tuning maps 

The above results demonstrate that each of the monoaminergic receptors investigated could mediate specific and 

reproducible changes in kinematics, kinetics, and/or EMG features during locomotion enabled by EES in adult spinal 

rats, regardless of the idiosyncratic gait characteristics exhibited by each subject (Fig. 3A–H). These complex fine-

tuning patterns could be visualized in holistic functional maps that highlighted both receptor-wide adjusted 

 
 
Figure 5. Functional maps underlying gait pattern modulations mediated by monoaminergic interventions.A, Color-coded representation of 
factor loadings associated with PC1 (i.e., correlations between the different variables and the component that accounted for 30 –50% of the 
total variance), as reported below each column as the mean_SEM. Factor loadings were computed in each rat independently, averaged across 
rats (n_7 rats), and represented as a mean for each receptor and each combinatorial intervention in the successive columns. The last column 
shows averaged factor loadings obtained for noninjured (healthy) rats (n_8 rats). B, Correlation between factor loadings underlying locomotion 
of noninjured rats (n_8 rats), stepping enabled by EES in spinal rats (left) or by EES and the full monoaminergic combinatorial intervention 
(combo 4; right). Regression lines and values of regression coefficients are reported in the respective graphs. C1–C4, Selected details of 
functional maps represented in A. Submaps were chosen to illustrate the three main tuning schemes underlying the modulation of stepping 
patterns under the combined interventions (i.e., preservative, summative, and synergistic tuning), which are ordered vertically. The actual value 
for each factor loading and condition is reported in the corresponding colored box. Amp., Amplitude; Kin., kinematics; coor., coordination; osc., 

oscillation; int., integral. 
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parameters and receptor-specific modulations of locomotor subfunctions  (Figs. 3A–H, 5A). To firmly establish the 

ability of each receptor to modulate gait in unique ways, we applied PC analysis on all gait cycles from all conditions 

simultaneously. When plotted in the 3-D space created by PC1–3 (47 ± 3% of the explained variance), each 

experimental condition emerged in clearly distinct spatial locations (p < 0.05) (Fig. 6A), confirming that each of the 5-

HT, DA, and NA neural pathways tested promoted unique stepping behavior when combined with EES in rats 

deprived of supraspinal input. In this representation, the spatial distance between data points is proportional to the 

degree of difference between gait patterns: consequently, the stronger the ability of a given receptor to modulate 

electrically enabled stepping (Fig. 6C), the larger the distance between data points associated with that specific 

condition compared with those related to locomotion with EES alone (Fig. 6A). Moreover, the preferential modulation 

of extension by 5-HT2A/C, 5-HT3, DA1, and DA1 antagonist (DA1an) versus flexion and/or rhythm by 5-HT1A, 5-HT7, and 

DA2 is reflected in their respective spatial locations (Fig. 6A). 

 

 
 

 
 

Figure 6. Interactive monoaminergic strategies mediate 
unique in vivo functional states of the spinal circuitry. A, 
Three-dimensional representation of stepping patterns 
recorded during locomotion facilitated by EES alone (1) and 
in conjunction with the monoaminergic receptors 
investigated (2–10) for a representative spinal rat. 
Conventions are the same as in Figure 1. Each 
experimental condition is color-coded and identified by a 
number that is reported in the nearby legend. B, Three-
dimensional representation of stepping patterns recorded 
during locomotion facilitated by EES alone (1) and various 
combinations of monoaminergic agents (2– 10) for a 
representative spinal rat. Data from a noninjured rat also 
are reported (11). C, Quantification of the relative capacities 
of individual pharmacological interventions and their 
combinations to modulate locomotion enabled by EES. This 
capacity was evaluated for each rat independently (n_7 
rats) as the 3-D distance between the EES condition and 
each monoaminergic intervention in the space created by 
PC1–3 when applying PC analysis on all conditions 
simultaneously. The color-coding used in A and B has been 
implemented to differentiate the experimental conditions. 
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Simultaneous manipulation of multiple monoaminergic receptor systems 

We next investigated the functional tuning of gait patterns when manipulating multiple monoaminergic receptor 

systems simultaneously. Specifically, we sought to define useful functional principles that might predict interactions 

between 5-HT, DA, and NA neural pathways with the aim of tailoring effective monoaminergic mixtures to promote 

successful stepping behaviors in spinal rats. For this purpose, we selected pharmacological agents that showed 

potent modulating effects (Fig. 6C) together with the highest degree of specificity (Fig. 5A). To avoid confounding 

factors related to different drug–drug interactions with changing concentrations, these experiments were performed 

using the optimal dosages identified with stimulation of single pathways. These combinatorial studies were conducted 

with a second group of spinal rats (n = 7) that received no exposure to treadmill locomotion (no step training) until 

experimental testing (i.e., at 5 weeks after spinal cord transection) (Fig. 1A). 

Combo 1 (5-HT1A plus 5-HT7) 

We first established that activation of 5-HT1A and 5-HT7 receptors with 8-OHDPAT improved the stepping patterns 

compared with activation of either receptor alone (p < 0.01) (Figs. 6B, 7A,B). Under combinatorial interventions, 

modulation of the original receptor-specific functional maps (Fig. 5A) could be differentiated along three novel tuning 

schemes. (1) Preservative tuning characterized sets of parameters that were equally modulated when activating 

single versus multiple receptors (Fig. 5C1). For example, reduction of the duration of dragging (Fig. 4A6) and increase 

in EMG activity of distal flexor muscles (Fig. 4B3) mediated by 5-HT1A activation also were observed with additional 

stimulation of 5-HT7 receptors, with the magnitude of these modulations being similar under both conditions. (2) 

Summative tuning defined variables independently modulated by 5-HT1A and 5-HT7, but whose amplitude of tuning 

increased during a combined intervention, as exemplified by interlimb coordination (Fig. 5C1) and gait timing 

variability (Fig. 5C1). (3) Synergistic tuning described variables that showed no or weak changes during activation of 

single receptors but became consistently modulated when multiple receptors were activated concurrently. For 

instance, limb endpoint velocity (Fig. 5C1) and EMG activity of distal extensor muscles (Fig. 5C1) reached significantly 

(p < 0.05) increased levels compared with locomotion enabled by EES (Fig. 4A7,B4) only under combined 5-HT1A and 

5-HT7 activation. 

Combo 2 (5-HT1A plus 5-HT7 plus 5-HT2A/C) 

Based upon the potent facilitation of flexion and rhythmicity but the weak influence on extension with activation of 5-

HT1A and 5-HT7 receptors, we next sought to enhance extension and weight-bearing capabilities by additionally 

activating 5-HT2A/C receptors with quipazine (Fig. 7C). The modulating specificity of each serotonergic pathway was 

well preserved with this combined activation: this preservative tuning (Fig. 5C2) was evident in the improved interlimb 

coordination (Figs. 4A2, 5C2) and reduced duration of dragging (Figs. 4A6, 5C2) mediated by activation of 5-HT1A/7 

receptors as opposed to the acceleration of the limb endpoint at push-off (Fig. 5C2) resulting from stimulation of 5-

HT2A/C receptors. Moreover, summative tuning (Fig. 5C2) of components such as ground reaction forces (Figs. 4C1, 
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5C2) and distal flexor activity (Figs. 4B3, 5C2) allowed spinal rats to locomote continuously on the treadmill with 

substantial weight bearing (Fig. 4C2) and to have highly reproducible limb endpoint trajectories during swing (Fig. 

4C4). Simultaneous activation of 5-HT1A, 5-HT7, and 5-HT2A/C receptors also mediated a significant increase in the 

EMG activity of proximal extensor and flexor muscles compared with stepping enabled by EES alone, a synergistic 

tuning that consistently occurred with this combination (Figs. 5C2, 7C). Moreover, combo 2 mediated marked 

changes in parameters related to the dynamic control of balance. This combinatorial intervention allowed the spinal 

rats to regain the capacity to firmly stabilize their hindlimbs in the mediolateral direction during stance (Fig. 7C), and 

subsequently to perform a swift abduction–adduction limb movement during swing to position the foot within the base 

of support at the time of paw contact (Fig. 7C). This pattern of movement resulted in sizeable ground reaction forces 

in the mediolateral direction (Fig. 7C) that were associated with a significant (p < 0.01) (Fig. 7G) reduction in the 

center of foot pressure (CoP) displacements in the mediolateral direction. Together, these results indicate that combo 

2 mediated improved functional states of the spinal circuitry compared with combo 1 (p < 0.01). 

Combo 3 (5-HT1A plus 5-HT7 plus 5-HT2A/C plus DA1) 

With the next objective being to reach higher levels of weight bearing, we added the DA1 agonist SKF-81297, which 

strongly increased both extensor and flexor motoneuronal drives when administered individually (Fig. 2F). Combined 

with 5-HT1A/7 and 5-HT2A/C agonists, additional activation of DA1 receptors significantly increased vertical (p < 0.05) 

(Fig. 4C1) and mediolateral (p < 0.05) (Fig. 4B3) forces as well as the amount of weight bearing (p < 0.05) (Fig. 4C2). 

This increase in the overall output of the locomotor circuitries, however, occasionally resulted in short sequences of 

steps during which limb trajectories and interlimb coordination became more variable (Fig. 7D). Therefore, whereas 

weight-bearing capabilities were higher with combo 3, locomotor states induced by combo 2 exhibited more stable 

stepping patterns. 

Combo 4 (5-HT1A plus 5-HT7 plus 5-HT2A/2C plus DA1 plus NA2an) 

To improve the performance observed during combo 3-mediated locomotor states, we next selected the NA2 

antagonist yohimbine because it showed the specific ability to reduce joint angle variability, improve limb endpoint 

consistency, and enhance interlimb coordination (Fig. 2K). In combination with 5-HT and DA agonists, the stabilizing 

effects mediated by yohimbine were even more evident than during locomotion enabled by EES alone (Fig. 7E). 

Compared with combo 3, the additional blocking of NA2 receptors significantly reduced the variability of the hindlimb 

kinematics (p < 0.01) (Fig. 4A4,C4) and further improved the stability of stepping patterns including balance-related 

components (Fig. 7G) and fine movements of the distal extremities (p < 0.01) (Fig. 5C4). Compared with the other 

combos, locomotor states mediated by combo 4 promoted stepping patterns that showed the largest degree of 

similarities with characteristics underlying bipedal locomotion of non-disabled rats (Figs. 5C, 7E,F). 
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Controlling distinct stepping behaviors through combined monoaminergic stimulations 

These results demonstrate that our detailed functional mapping of 5-HT, DA, and NA receptor functions can be 

readily exploited to tailor interactive monoaminergic strategies to mediate specific functional states (i.e., stepping 

behaviors), including highly successful locomotion on a treadmill in rats with complete spinal cord injury (see Notes). 

Statistical representations of pharmacologically mediated modulations highlight the progressive convergence of gait 

patterns (Fig. 6B) and functional tuning maps (Fig. 5A) toward those of non-disabled rats with the manipulation of an 

increasing number of specific monoaminergic pathways. Although differences persisted between gait patterns of 

 
 
Figure 7. The concurrent manipulation of multiple monoaminergic pathways powerfully modulates stepping patterns. Representative features 
of gait patterns recorded during locomotion enabled by EES and modulated by increasingly complex combinations of agonists and antagonists 
to 5-HT, DA, and NA receptor subtypes are shown. A–F, From left to right, the successive panels show locomotor features resulting from 
manipulating one additional monoaminergic pathway compared with the previous panel as indicated above each panel. In addition to 
parameters detailed in Figure 1, EMG activity from proximal extensor (VL) and flexor (St) muscles and changes in whole-limb oscillations and 
ground reaction forces in the mediolateral direction are displayed. The entire limb is defined as the virtual segment connecting the crest to the 
MTP marker. At the bottom, plots show the density distribution of CoP displacements in anteroposterior and mediolateral directions for each 
experimental condition. Values are centered (0, 0) on the average position of the pelvis over the duration of the stance phase. The same spinal 
rat is shown in all the panels, except for the rightmost representation that shows data from a noninjured rat for comparison. G, Bar graphs of 
average values (n = 7 rats, 10 steps from the right limb per rat) for the SD of CoP displacements in the mediolateral direction during stance of 

the right limb. Error bars indicate SEM. The asterisk indicates significantly different from all the other conditions at *p < 0.05. 
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spinal versus noninjured rats (Fig. 6B), functional maps associated with locomotion enabled by EES plus the full 

combinatorial monoaminergic approach (combo 4) strongly correlated with those underlying stepping patterns of 

noninjured rats (Fig. 5C). 

 

Discussion 

We demonstrate that serotonergic, dopaminergic, and noradrenergic receptors can be modulated pharmacologically 

to tune specific features of gait in adult spinal rats. Using this catalog of monoaminergic tuning functions, we could 

predict optimal pharmacological combinations that enabled a range of locomotor states including coordinated 

locomotion with normal levels of weight bearing and partial equilibrium maintenance in paralyzed rats. 

 

Each monoaminergic receptor modulates unique aspects of gait patterns in vivo 

To mediate specific functional influences through monoaminergic pathways, the targeted neuronal circuits must be 

equipped with a distinct recognition apparatus (Agnati et al., 2010). While this conceptual view predicts distinct 

relationships between monoaminergic receptors and gait modulations, previous studies provided limited information 

regarding the specific level of tuning that can be mediated with monoaminergic stimulations (Chau et al., 1998b, Liu 

and Jordan, 2005, Landry et al., 2006, Lapointe and Guertin, 2008). 

In this investigation, we obtained detailed functional recordings and implemented sophisticated statistical 

procedures to quantify the neurobiomechanical events underlying well controlled stepping behaviors in vivo in 

response to the activation or inhibition of a range of serotonergic, dopaminergic, and noradrenergic receptors. This 

systematic and comprehensive approach allowed us to establish robust relationships between monoaminergic 

pathways and the modulation of specific locomotor subfunctions. The schematic representation in Figure 8A 

illustrates the relative ability of each serotonergic, dopaminergic, and noradrenergic receptors to modulate gait 

features toward those underlying locomotion of healthy rats. 

Our large-spectrum mapping confirms the prominent role of 5-HT1A receptors in facilitating locomotion (Antri et 

al., 2003, Courtine et al., 2009). We further demonstrate that 5-HT1A receptors markedly improved intralimb and 

interlimb coordination, the reproducibility of stepping, as well as flexion components. The activation of 5-HT7 

receptors resulted in a similar gait tuning (Fig. 8A), but the extent of this modulation was lesser than expected (Liu et 

al., 2009). This general facilitation of rhythmicity, coordination, and flexion is consistent with in vitro 

electrophysiological studies (Liu and Jordan, 2005) and immunohistochemistry analyses (Noga et al., 2009) that 

demonstrated the preferential localization of locomotor-related 5-HT1A and 5-HT7 receptors in upper lumbar segments 

where it has been suggested that the primary circuitry to drive locomotor outputs is located (Kiehn, 2006), and which 

essentially contain flexor motoneurons. 
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In turn, we found that the activation of 5-HT2A/C receptors strongly enhanced extension and weight-bearing capacities 

but had a modest influence on rhythmic components (Fig. 8A). This functional action of 5-HT2A/C receptors on gait 

patterns fits with their preferential influence on the properties of extensor motoneurons and on the layer of 

interneurons that shape motor output in lower lumbosacral segments (Okado et al., 1988, Liu and Jordan, 2005). 

However, Jordan et al. (2008) suggested that 5-HT2A-possessing cells exert limited direct influences on rhythm-

generating components of the spinal locomotor system. 

Activation of 5-HT3 receptors resulted in a similar modulation of extension, with an additional specific influence 

on extensor burst duration (Fig. 8A). Although dorsally located 5-HT3 receptors essentially contribute to pain 

information processing, these receptors have also been found in high density in the ventral and intermediate gray 

matter of lumbar segments (Morales et al., 1998). This innervation pattern of spinal cord regions associated with 

motor processes explains their potent ability to modulate locomotion (Guertin and Steuer, 2005). 

Likewise, we found a powerful but rather unspecific facilitation of locomotor output with the activation of DA1 

receptors (Fig. 8A). This tuning pattern reflects the widespread action of this dopaminergic pathway on the level of 

motoneuron excitability and the synaptic efficacy of ventral horn neurons (Han et al., 2007). However, our data 

suggest that the facilitation of stepping with the activation of DA1 receptors is not associated with a direct stimulation 

of the spinal interneuronal networks that form the core circuitry for locomotion (Lapointe et al., 2009). 

In contrast to in vivo studies in spinal mice (Lapointe et al., 2009) but in agreement with in vitro investigations 

on neonatal mouse preparation (Madriaga et al., 2004), we could detect reproducible modulation patterns associated 

with DA2-like receptors. This tuning was orthogonal to that associated with DA1-like receptors (Fig. 8A), suggesting 

that, as in many brain areas, DA1-like and DA2-like receptors play complementary functions in the modulation of 

spinal motor circuitries. 

Finally, in striking contrast with findings obtained in cats (Chau et al., 1998a, Delivet-Mongrain et al., 2008), 

we reveal that activation of α2 adrenergic receptors suppressed electrically enabled locomotion in spinal rats (Fig. 

8A), whereas blocking this pathway systematically improved stepping consistency and extension (Fig. 8A). 

Descending noradrenergic fibers essentially modulate the transmission in spinal reflex pathways (Riddell et al., 

1993). In particular, activation of α2 adrenergic receptors markedly depresses the excitability of polysynaptic reflex 

circuitries (Chau et al., 1998b), which play a determinant role in enabling locomotion with electrical stimulation 

(Lavrov et al., 2006, Lavrov et al., 2008b). The modulation of these reflex pathways may thus account for the 

observed tuning of spinal locomotion with the activation and blocking of α2 adrenergic receptors. However, further 

studies are necessary to identify the underlying mechanisms and clarify the reasons for the differences between cats 

and rats on the function of noradrenergic receptors. 

Collectively, these results not only confirm previous findings with quantitative evaluations but also significantly 

expand current conceptual views by uncovering specific functions of monoaminergic receptors in the control of gait in 

vivo. To the best of our knowledge, our mapping establishes for the first time a comprehensive catalog of functional 
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links between monoaminergic receptor systems and the modulation of defined features of a sophisticated behavior in 

mammals. 

 

Multidimensional monoaminergic tuning of gait pattern in spinal rats 

We next sought to exploit our mapping to tailor pharmacological mixtures that could capitalize on receptor-specific 

functions to restore near-optimal locomotion in spinal rats (Fig. 8A). Specifically, we aimed to devise combinatorial 

interventions in a progressive and complementary manner based on the identified functions of monoaminergic 

receptors. For example, the activation of 5-HT1A and 5-HT7 promoted consistent locomotor movements with well-

defined flexion components but limited extension and weight-bearing capacities, as predicted based upon their 

individual tuning functions (Fig. 8A). We complemented their action with 5-HT2A/C receptor agonists that substantially 

increased forces and extension when administrated individually. 5-HT2A/C and 5-HT1A/7 influences summed near-

algebraically when activating these receptors concurrently. Following this logic further, we could manipulate up to five 

serotonergic, dopaminergic, and noradrenergic pathways to restore full weight-bearing locomotion with partial 

equilibrium maintenance in spinal rats. In all these experimental conditions, the summation of receptor-specific tuning 

functions was striking and visually observable in the resulting gait patterns (Fig. 8A). Thus, contrary to combinatorial 

pharmacotherapies that aimed to activate putative central pattern-generating networks indistinctively (Barbeau and 

Rossignol, 1991, Antri et al., 2003, Lapointe and Guertin, 2008, Guertin et al., 2011), our system-level understanding 

of monoaminergic tuning functions provided the means of predicting optimal mixtures to achieve the complementary 

modulation of specific sensorimotor circuits in a way that progressively normalized locomotion of paralyzed rats 

toward that of healthy subjects. 

 

Interaction between monoaminergic receptor systems in the control of spinal locomotion 

Using our detailed statistical analyses, we found that the concurrent manipulation of multiple monoaminergic 

receptors modulated the locomotor states following predictive tuning schemes, which we termed preservative, 

summative, and synergistic tuning. (1) Preservative tuning characterized the modulation of features specifically 

associated with a given monoaminergic receptor, which were preserved during combinatorial stimulations. (2) When 

there was a partial overlap between receptor-specific modulation patterns, their concurrent activation generally 

mediated a summative tuning of those features that were modulated by recruiting each receptor independently. (3) 

Finally, we found that manipulating multiple receptor systems simultaneously could promote synergistic tunings of 

locomotion. With combinatorial paradigms, certain parameters became consistently tuned, whereas the same 

features were not, or weakly, affected when stimulating each pathway independently (Fig. 8B). 
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Together, these results are consistent with recent findings that showed the localization of 5-HT1A, 5-HT2A, and 5-HT7 

receptors onto specific and common locomotor-activated neurons with distinct densities along the rostrocaudal extent 

of the lumbosacral spinal cord (Noga et al., 2009). Thus, these findings reinforce the viewpoint (Hochman et al., 

2001, Grillner, 2006, Jordan et al., 2008, Courtine et al., 2009, Hägglund et al., 2010) that descending 

monoaminergic systems orchestrate the parallel modulation of a widely distributed and heterogeneous, but highly 

integrated and synergistic, system of circuits that can generate a range of specific gait patterns when recruited in 

different combinations (Fig. 8A). 

 

Clinical perspectives 

Serotonergic and dopaminergic pharmacotherapies have not been evaluated systematically in humans with spinal 

cord injury to date, although useful precursors and agonists are commercially available and approved for use in 

humans (Guertin et al., 2011). Based upon the strong synergy between monoamine pathways and the efficacy of 

 
 

Figure 8. Schematic summary of specific monoaminergic tuning functions and interactions between monoaminergic receptor systems in 
modulating locomotion of spinal rats. A, Representation of receptor-specific tuning function and their interactions. The size of each circle is 
proportional to the respective ability of each serotonergic, dopaminergic, and noradrenergic receptor subtype to modulate gait features toward 
those underlying locomotion of healthy rats (rightmost circle). Since many of the computed kinematic, kinetic, and EMG parameters were 
associated with similar aspects of locomotion, we regrouped interrelated gait features under a common label or subfunction. We thus 
distinguished six locomotor subfunctions: reproducibility, extension, flexion, coordination, forces, and stability, as shown for the cluster analysis 
(Fig. 3). The presence and size of the color-coded arrows around each studied receptor, respectively, indicate the modulation of the related 
subfunction and the amplitude of this tuning. Combinations 1– 4 correspond to the combinatorial monoaminergic interventions (combos 1– 4) 
described in Figure 7. This schematic representation highlights that each of the investigated monoaminergic pathways show the ability to tune 
unique locomotor subfunctions with distinct modulatory amplitude and that these tuning functions can sum when manipulating multiple 
pathways simultaneously. B, Theoretical motor functions X–Z are represented within receptors R1 and R2. For each function, the background 
has been colored if the receptor has the ability to tune this specific function. The intensity of the color represents the amplitude of the 
modulation. The modulation of functions X–Z with combinatorial interventions of receptors R1 and R2 obey to predictive tuning schemes 

(preservative, summative, and synergistic) that are shown in the frame R1 + R2. 
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spinal cord electrical stimulation to facilitate movement in humans (Carhart et al., 2004, Harkema et al., 2010), 

neurorehabilitative strategies combining combinatorial pharmacotherapies and neuroprosthetic electrode arrays 

constitute timely and innovative solutions to ameliorate sensorimotor functions in individuals with neuromotor 

disorders (Fong et al., 2009, Musienko et al., 2009). 
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Supplementary Information 

Supplemental material for this article (supplemental table reporting the computed parameters, supplemental movie) is 

available at http://courtine-lab.epfl.ch/cms/site/courtine-lab/lang/en/JofNeuroscience2011.  

 

 

http://courtine-lab.epfl.ch/cms/site/courtine-lab/lang/en/JofNeuroscience2011
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For the supplemental movie please refer to: http://courtine-lab.epfl.ch/cms/site/courtine-

lab/lang/en/JofNeuroscience2011. The supplemental movie shows the capacity to control distinct stepping behaviors 

through single as well as combined monoaminergic stimulations in rats with complete spinal cord transection. The 

video includes audio commentaries. This material has not been peer reviewed. 
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Abstract 

Central nervous system (CNS) disorders distinctly impair locomotor pattern generation and balance, but technical 

limitations prevent independent assessment and rehabilitation of these subfunctions. Here we introduce a versatile 

robotic interface to evaluate, enable and train pattern generation and balance independently during natural walking 

behaviors in rats. In evaluation mode, the robotic interface affords detailed assessments of pattern generation and 

dynamic equilibrium after spinal cord injury (SCI) and stroke. In enabling mode, the robot acts as a propulsive or 

postural neuroprosthesis that instantly promotes unexpected locomotor capacities including overground walking after 

complete SCI, stair climbing following partial SCI and precise paw placement shortly after stroke. In training mode, 

robot-enabled rehabilitation, epidural electrical stimulation and monoamine agonists reestablish weightsupported 

locomotion, coordinated steering and balance in rats with a paralyzing SCI. This new robotic technology and 

associated concepts have broad implications for both assessing and restoring motor functions after CNS disorders, 

both in animals and in humans. 

 

Introduction 

Neuromotor disorders such as SCI and stroke lead to distinct impairments of motor pattern generation and balance 

(Harkema et al., 1997, Courtine et al., 2009). Consequently, dissociating these subfunctions is essential for 

assessment and neurorehabilitation of gait. Conceptually, neurorehabilitation systems should act as a propulsive or 

postural neuroprosthesis that assists or perturbs propulsion, balance or the combination of both to varying degrees 

according to experimental purposes or patient-specific needs.  

Existing systems designed to compensate for impaired propulsion and balance rely on passive spring support, 

counterweight mechanisms or force-controlled systems that generate vertical forces at the trunk level during 

treadmill-restricted stepping (Nessler et al., 2005, Frey et al., 2006). However, these approaches present several 

drawbacks. These current systems provide support only in the vertical direction, whereas well-balanced locomotion 

requires finely tuned trunk movements in virtually every direction (Winter et al., 1993). Furthermore, the optic flow, 

which substantially modulates locomotion (Warren et al., 2001), is suppressed during treadmill-restricted stepping. 

Last, rehabilitation is restricted to stepping on a treadmill (Musselman et al., 2011), a condition that markedly differs 

from the rich repertoire of natural locomotor tasks. 

Robotic systems have been designed to overcome these limitations. The ZeroG (Hidler et al., 2011) provides 

vertical support during overground walking using a lifting unit mounted on a rail-guided trolley. However, the rails 

constrain subjects along a fixed direction, and trunk support is restricted to the vertical direction. The NaviGaitor 

(Shetty et al., 2008) allows translations in all directions by means of an overhead linear multiaxis system, but its 

massive structure leads to high inertia that prevents normal-paced movements. 
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Here we introduce a multidirectional trunk support system that solves these various issues. The robotic interface 

continuously and independently assists or perturbs propulsion and balance along four degrees of freedom while rats 

are progressing overground within a large workspace. Using various models of SCI and stroke, we document 

advanced capacities to evaluate, enable and train pattern generation and balance during walking under natural 

conditions encompassing a broad spectrum of locomotor behaviors. 

 

Results 

Design and properties of the robotic interface 

We developed a multidirectional support system that exploits three advanced robotic principles (Supplementary Fig. 

1). (i) We designed a large serial robotic module consisting of three translational axes defining a Cartesian frame (x, 

y, z), as well as one rotational axis (φ, Fig. 1a). (ii) A parallel Delta linkage prevents tilting and allows measurement of 

the rat’s position. (iii) To decouple the inertia of the massive robotic structure from the end effector, we fabricated a 

suspension system with a spring assembly that generates forces directed in each of the four degrees of freedom of 

the serial structure (Fig. 1a). This suspension system capitalizes on the high performance of series elastic actuators 

for the realization of transparently behaving haptic devices (Pratt et al., 1995, Vallery et al., 2008). Together, this 

 
 

Figure 1 Design and transparency of the robotic interface 
in healthy rats. (a) Large and detailed view of the robotic 
interface. The actuated degrees of freedom are 
represented with distinct colored arrows. The rat is 
placed in a skin-like jacket attached to a back plate at the 
trunk level. EMG, electromyograph; MTP, 
metatarsophalange. (b) Stick diagram decomposition of 
hindlimb motion during stance (black) and swing (gray) 
together with limb endpoint trajectory, hindlimb joint 
angles and EMG activity of medial gastrocnemius (MG) 
and tibialis anterior (TA) muscles during locomotion along 
a straight runway without and with robotic support. (c) 
Principal component (PC) analysis was applied on all the 
measured variables (n = 144) from all the rats. Gait 
cycles are represented in the new three-dimensional (3D) 
space created by the three first PCs (explained variance, 
39%). Least-squares spheres are traced to emphasize 
the overlap between gaits performed without and with 
robot. The bar graphs report the average 
(n = 7 rats) 3D distance between conditions (distance for 
each rat from mean of all gait cycles without robot) as 
well as 3D dispersion (gait variability). AU, arbitrary units. 
(d) The same representation is shown during locomotion 
along irregularly spaced rungs (red dots) with and without 
robotic support. Sol, soleus. (e) The pie charts show the 
percentage of steps that were accurately placed versus 
when the paw missed or slipped off the rung. (f) PC 
analysis of gait during locomotion along a ladder. Error 
bars, s.e.m. 
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unique robotic arrangement allows real-time control of horizontal body translations (propulsion, lateral balance) and 

body-weight support (BWS) (balance) along four independent degrees of freedom that can be zero-force control 

(Supplementary Video 1). 

To demonstrate the transparency of the robot, we compared the kinematics and muscle activity underlying 

locomotion of healthy rats (n = 7) walking along a straight runway with and without the robot (Fig. 1b and 

Supplementary Fig. 2). Despite detailed analyses (Supplementary Fig. 3), we did not detect significant differences 

between these conditions (P > 0.3, Fig. 1c), indicating that the massive robot did not interfere with gait. We confirmed 

these results during walking on a horizontal ladder (n = 5) (Fig. 1d). Even in such challenging conditions, precise paw 

placement (P > 0.4, Fig. 1e) and gait features were virtually unaffected by the robotic interface (P > 0.3, Fig. 1f). 

 

 

 

 
 

Figure 2: The robotic interface affords detailed 
assessment of pattern generation and balance. 
(a,b) Rats received a complete SCI. Hindlimb 
locomotion is shown without (paralysis) (a) and 
with (b) electrical and pharmacological 
stimulations. Stick diagram decomposition of 
hindlimb motion with spring-like versus 
constant-force BWS is shown together with 
successive limb endpoint trajectories (n = 10 
steps), activity of TA and MG muscles and 
vertical ground reaction forces. The vectors 
indicate the direction and intensity of foot 
velocity at swing onset. (c) The bar graphs 
report the average distance from intact rats as 
well as gait variability computed through PC 
analysis. (d) Scheme showing lateral 
(rightward) postural perturbation (1 s) applied 
during runway locomotion in rats with a left-
sided cortical stroke. (e) Averaged (n = 5 rats) 
lateral trunk displacements 1 s before, during 
and 2 s after perturbation. (f) Stick diagram 
decomposition of hindlimb motion and trunk 
positioning. Arrows indicate the intensity 
(velocity) and direction of trunk motion. Blue, 
during perturbation. (g) EMG activity of Sol and 
TA muscles during a representative trial at 6 d 
and 30 d post-lesion. (h) Plots illustrating 
coordination (density distribution) between Sol 
and TA muscles without perturbation and during 
perturbation at 6 d and 30 d after lesion (all 
trials and rats, scale is the same for all the 
plots). Error bars, s.e.m. **P < 0.01 compared 
to all other non-marked conditions. 
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Evaluation of motor pattern generation and balance 

We first aimed to document advanced robot-assisted capabilities to assess motor pattern generation and balance. 

We embodied these control schemes under the term ‘evaluation mode’. Most BWS systems rely on passive spring 

mechanisms, which provide a support against gravity that is proportional to the subject’s vertical position. Although 

special kinematic configurations can achieve position-independent, constant force support (Nessler et al., 2005), 

these passive systems do not compensate for rapid movements. Our robotic system can apply well-controlled, 

arbitrary vertical force profiles capable of emulating spring-like conditions or a reduced gravitational environment. We 

exploited this advanced functionality to compare the effect of spring-like versus constant-force BWS conditions on 

locomotor pattern generation in rats with complete SCI (n = 5, Fig. 2). To enable stepping, we applied a combination 

of epidural electrical stimulation and monoamine agonists1 (Fig. 2a,b). We tuned the spring constant to an optimal 

value for facilitating stepping (Courtine et al., 2009) and maintained the exact same amount of support during 

constant-force conditions. Compared to spring-like BWS, the constant-force BWS markedly improved the quality and 

consistency (P < 0.01, Fig. 2b,c) of gait features (Supplementary Fig. 4) and promoted locomotor patterns that 

converged toward those of healthy rats (P < 0.01, Fig. 2c and Supplementary Video 2). 

The human (Harkema et al., 2011) and rat (Timoszyk et al., 2005, Courtine et al., 2009) lumbosacral spinal 

cord can interpret weightbearing information during stepping. We evaluated whether weightbearing input also 

determines gait quality in rats with complete SCI (n = 4). Decreasing the level of constant-force BWS resulted in 

graded adjustments in hindlimb kinematics, forces and muscle activity (P < 0.01; Supplementary Fig. 5b–e), which 

confirmed the ability of lumbosacral circuitries to transform weight-bearing information into specific locomotor 

patterns (Supplementary Video 2). However, we found an inverted U-shaped relationship (R2 = 0.87, Supplementary 

Fig. 5c) between gait quality and the level of BWS. These findings emphasize the importance of optimal constant-

force support conditions to enable and train locomotion in subjects with gait disorders. 

A unilateral cortical stroke has limited impact on basic locomotion in rats, but behavioral observations have 

suggested deficits in balance control (Zorner et al., 2010). To demonstrate impairment of equilibrium after stroke, we 

exploited the capacity of the robot to superimpose any force at any time and in any actuated degree of freedom onto 

the zero-force control mode. Specifically, we applied a sudden triangular force profile (2.5 N, Fig. 2d,e) in the 

mediolateral direction (y axis, pushing rightward) for 1 s while rats were progressing freely along a straight runway. 

Shortly after a left-sided stroke (6 d), the rats failed to compensate for the perturbation. They showed ample 

rightward deviations (P < 0.002, Fig. 2e,f) and frequently fell off the runway (56% ± 39%, mean ± s.d.). After 1 month 

of recovery, the rats responded to the perturbation with a controlled co-activation of extensor and flexor muscles (Fig. 

2g,h), followed by a prolonged activity of contralesional extensor muscles (360% ± 80%, P < 0.001, Fig. 2g,h). This 

muscle synergy stabilized the trunk and hindlimb (Fig. 2e,f) and produced substantial mediolateral forces (P < 0.001, 

0.60 ± 0.07 N at 6 d versus 1.54 ± 0.18 N at 30 d post-lesion) that restored the locomotor trajectory (Supplementary 
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Video 3). Collectively, these results demonstrate that the evaluation mode of the robotic interface provides heuristic 

conditions to assess motor pattern generation and balance in neuromotor disorders. 

 

Robot-enabled motor control after neuromotor disorders 

We next sought to use the robotic interface as a propulsive or postural neuroprosthesis that provides adjustable 

assistance to propel the body forward and to restore postural orientation and stability. We hypothesized that this so-

called ‘enabling mode’ would uncover unexpected locomotor capacities that are dissimulated by impairments in 

propulsion, balance or both. 

Electrical and pharmacological stimulations enable locomotion in rats with complete SCI (Supplementary Fig. 

6a,b), but the rats fail to produce the necessary forces to propel their bodies forward overground. Instead, they show 

tonic activity in extensor muscles, behaviorally apparent as standing (Supplementary Fig. 6c). To compensate for the 

lack of propulsion, we configured the robot to act as a propulsive neuroprosthesis that moved the rats forward (x axis, 

13 cm s–1) while providing constant-force vertical support (60% ± 10% of BWS). After we initiated the robotic 

guidance, the rats smoothly transitioned from quiet standing to continuous locomotion (Supplementary Fig. 6d). 

Rhythmic movements arrested instantly when the propulsive neuroprosthesis stopped translating the rat forward 

(Supplementary Video 4). 

 

 
 

Figure 3: The robotic postural neuroprosthesis enables skilled motor control after cortical stroke. (a) Schemes depicting the stroke lesion and 
testing paradigm. Rats were evaluated during walking along a ladder with irregularly-spaced rungs. (b) The relative positioning of the contra-
lesional hindpaw with respect to two successive rung positions (red dots) was evaluated over all the trials from all the rats without and with 
constant-force robot support. The number of occurrences per 5% bin is reported together with the percentage of accurate, slipped and missed 
placements, which are color coded as in a. (c) Stick diagram decomposition of hindlimb motion during a trial along the ladder with and without 
robot. Hindlimb oscillations and EMG activity of TA and Sol muscles are shown at the bottom. (d) PC analysis (explained variance, 28%). 
Accurate steps are dissociated from missed steps to emphasize that the robot increased the percentage of accurate steps but had no 
influences on locomotor strategy per se. The bar graph reports the average (n = 5 rats) 3D distance from pre-lesion trials. **P < 0.01 compared 
to all pre-lesion conditions. Error bars, s.e.m. 
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Rats with unilateral cortical stroke show significant impairments in contralesional paw placement when crossing a 

horizontal ladder (Zorner et al., 2010) (Fig. 3). These deficits have been attributed to the loss of visuomotor control, 

which heavily relies on the damaged motor cortex (Drew et al., 2008). We tested the hypothesis that impaired 

equilibrium maintenance (Fig. 2d–h) may also contribute to the alteration of skilled locomotion after a cortical stroke. 

We configured the robotic interface to act as a postural neuroprosthesis. In this enabling mode, the robot provided a 

constant-force support in the vertical direction (z axis, 27% ± 4% of BWS) and stiff support in the lateral directions (y 

and rotational axes). The robotic postural neuroprosthesis instantly improved the rats’ ability to position their 

contralesional hindpaws accurately onto the irregularly spaced rungs of the ladder (P < 0.002, Fig. 3b,c and 

Supplementary Video 5). Statistical analyses showed that the robot significantly decreased the number of misses and 

slips (P < 0.01, Fig. 3d), which correlated with improved postural stability (P < 0.01, Supplementary Fig. 7c). 

We next assessed the capacity of the robotic postural neuroprosthesis to enable motor control in rats with a 

lateral C7 hemisection (n = 5). Ten days after lesion, the rats dragged the ipsilesional hindlimb during locomotion 

(Supplementary Fig. 8a), especially during climbing on a staircase (Fig. 4). Without robotic support, they stumbled 

against and rarely stepped onto the staircase (Fig. 4b,d). The robotic postural neuroprosthesis instantly enabled 

coordinated plantar stepping, both during horizontal walking (32% ± 4% of BWS; Supplementary Fig. 8a,b) and 

climbing on a staircase (28% ± 3% of BWS; Fig. 4b,c). The robotic support restored trunk orientation and stability (P 

< 0.001, Supplementary Fig. 9b,c), which correlated with near-normal hindlimb kinematics (Supplementary Figs. 8 

and 9) and accurate positioning of the ipsilesional paw onto the staircase (P < 0.001, Fig. 4d and Supplementary 

Video 6). 
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We then investigated whether the robotic postural neuroprosthesis could enable motor control shortly after a more 

severe SCI consisting of two lateral hemisections placed on opposite sides and at different spinal levels (T7 and T10, 

Fig. 4e). This SCI completely interrupted direct supraspinal input, thus leading to permanent hindlimb paralysis 

(Courtine et al., 2008) (Fig. 4e). To enable locomotion as early as 12 d after SCI, we applied electrical and 

pharmacological stimulations. Without robotic support, the rats showed rhythmic hindlimb movements, but they failed 

to perform plantar steps (91% ± 7% of dragging, Supplementary Fig. 8e) and often fell laterally during walking (Fig. 

4e). With the robotic postural neuroprosthesis, all the tested rats (n = 5) showed bilateral weight-bearing plantar 

steps (Fig. 4e and Supplementary Video 7). Despite the interruption of direct supraspinal pathways, the rats 

immediately regained the ability to accurately position both hindpaws onto the staircase (P < 0.001, Fig. 4). The 

otherwise paralyzed rats showed gait patterns that were nearly indistinguishable from those of healthy rats, both 

during horizontal locomotion (Supplementary Fig. 8e–h) and stair climbing (Fig. 4e–g). For both tasks, improvement 

of hindlimb locomotion correlated with robot-enabled recovery of trunk position and stability (Supplementary Fig. 

10b,c). Together, these findings demonstrate that the enabling mode of the robotic interface instantly restored 

advanced locomotor capacities across a wide range of natural walking behaviors in moderate to severe neuromotor 

disorders. 

 
 

Figure 4: The robotic postural neuroprosthesis enables coordinated locomotion on a staircase after moderate and severe SCI. (a) 
Representative stick diagram decomposition of hindlimb motion during climbing on a staircase before lesion. The plots show hindlimb 
oscillations and EMG activity of MG and TA muscles. (b) Climbing on a staircase without and with constant-force robotic support 10 d after a 
C7 lateral hemisection. (c) PC analysis was applied on all gaits and rats. (d) Percentage of steps accurately positioned onto the staircase. (e) 
Locomotion on a staircase without and with constant-force robotic support 12 d after staggered hemisections. Locomotion is shown without 
(spontaneous) and with electrical and pharmacological stimulations. (f) PC analysis. (g) Percentage of steps accurately positioned onto the 
staircase. Error bars, s.e.m. **P < 0.01 compared to the pre-lesion condition. 
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Robot-enabled training after a paralyzing SCI 

Finally, we exploited the enabling mode of the robotic interface to enhance functional capacities with repeated 

practice, a control scheme that we termed ‘training mode’. We subjected rats (n = 5) with staggered hemisection 

SCIs to 30-min locomotor training sessions every other day for 8 weeks (see Online Methods). The robotic postural 

neuroprosthesis provided support against gravity (z axis), but did not deliver forces in the other directions (x, y and φ 

axes, Supplementary Fig. 2). Locomotion was enabled by electrical and pharmacological stimulations (Fig. 5). At 9 

weeks after lesion, nontrained rats showed weightbearing steps but failed to control body inertia and balance during 

robot-assisted locomotion along a curved runway (P < 0.001, Fig. 5c–e). In contrast, trained rats were capable of 

steering curves (Fig. 5c–f) while maintaining equilibrated trunk movements (P < 0.001, Fig. 5c,f and Supplementary 

Video 8). These results reveal that the training mode of the robotic interface markedly improved locomotor capacities 

in rats with paralyzing SCI. 

 

 
 

Figure 5: Training enabled by the robotic postural Pre-lesion neuroprosthesis restores equilibrated steering in rats with a severe SCI. (a) 
Schemes depicting experimental testing paradigm and conventions to compute body angles. Rats were positioned quadrupedally in the robotic 
interface, which provided constant-force vertical support while delivering zero force in all the other directions. The rats walked along a 90°-
curved runway. Trunk orientation was measured as the angle between the pelvis and the orientation of the upper body velocity vector, termed 
heading, which also defined the locomotor trajectory. (b) Schemes depicting the SCI, as well as the electrical and pharmacological stimulations 
for enabling locomotor states. (c) Successive positions of the trunk at swing onset, locomotor trajectory and velocity (arrow’s length) of trunk 
motion as well as direction of upper body motion (arrow) during a representative trial performed before the lesion and at 60 d after lesion for a 
nontrained and a trained rat. The bottom plots show the superimposed locomotor trajectories extracted from all the trials of all the rats. The 
density distribution of locomotor trajectories (all trials and rats) is shown in the top left corner of each plot. (d) Averaged (all rats, ± s.d.) 
distance between locomotor trajectories and the optimal trajectory computed from all the pre-lesion trials (n = 9 rats). The shaded area 
indicates the progression along the curved section of the runway. (e) Averaged distance between each locomotor trajectory and the optimal 
trajectory. (f) Maximum deviation of the pelvis segment with respect to the heading vector. Error bars, s.e.m. **P < 0.01 from all the other non-
marked conditions. 
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Discussion 

We have introduced an advanced robotic interface to evaluate, enable and train motor pattern generation and 

balance across a variety of natural walking behaviors in rats with neuromotor impairments. To hide the inertia of the 

massive robotic structure, we developed a multidirectional elastic decoupling system that allowed high-fidelity force 

control. This robotic interface effectively solves the main issues associated with existing rodent and human support 

systems, such as unidirectional trunk support, high inertia and treadmill-restricted stepping. We validated our 

methods and concepts in rats with various SCIs and stroke. We expect that similar multidirectional trunk support 

systems will substantially improve gait rehabilitation in humans with neuromotor disorders. 

Evaluation of locomotor function in animals often relies on visual scoring systems (Basso et al., 1996) or 

single-variable analyses (Zorner et al., 2010) that not only lack objectivity but also fail to capture the multidimensional 

correlative structures of locomotor control strategies (Musienko et al., 2011). Here we combined robotically assisted 

evaluation tools with sophisticated neurobiomechanical and statistical analyses. Together, these paradigms provide 

the means for assessing the control of, and the interactions between, gait and balance with refinement and 

objectivity. Future animal and human studies can exploit these analytical tools to evaluate whether and, to a certain 

extent, how a given therapeutic intervention can enhance specific features of functional recovery in neuromotor 

disorders. 

When acting as a postural or propulsive neuroprosthesis, the robotic interface instantly enabled advanced 

locomotor capacities in rats with SCI or stroke. We systematically found correlations between robotically restored 

multidirectional trunk balance and improved hindlimb motor control. These immediate functional improvements 

emphasize the importance of expanding currently available trunk support systems, which are exclusively 

unidirectional, to multiple dimensions. Likewise, robotic exoskeletons that provide multidirectional support against 

gravity enable enhanced upper limb recovery in stroke survivors (Kwakkel et al., 2008) and improved locomotion in 

humans with partial SCI (Duschau-Wicke et al., 2010). These results demonstrate that the concept of robotically 

enabled motor control has broad implications to enhance functional recovery after CNS disorders. 

Our robotic postural neuroprosthesis not only provided multidirectional trunk support but also restored limb 

and trunk orientation. Consequently, the flow of stretch- and load-related afferent input from hip and ankle joints, 

which has an essential role in coordinating locomotion (Pearson, 2004), came closer to a normal range. We surmise 

that the recovery of crucial sensory feedback and its task-specific modulation substantially contributed to 

reestablishing gait control. For example, the robotic postural neuroprosthesis enabled enhanced hip extension during 

stair climbing compared to horizontal locomotion. This afferent information appeared sufficient to mediate increased 

step height and accurate paw placement onto the staircase. Similarly, side-dependent modulation of load- and 

stretch-sensitive receptors from ankle and trunk muscles during curve walking resulted in the production of 

asymmetric force patterns that maintained equilibrated steering. These sensorimotor processes were improved with 
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training. Together, these findings confirm and expand current views on the ability of sensory information to act as a 

source of control for locomotion after the loss of supraspinal influences (Courtine et al., 2009, Harkema et al., 2011). 

In this respect, our interface could be equipped with robotic legs attached to the hindlimbs (Nessler et al., 2005) to 

ensure appropriate task-specific sensory feedback during rehabilitation (Edgerton and Roy, 2009). 

There is evidence suggesting that gait rehabilitation should be conducted overground (Wessels et al., 2010) 

across multiple walking paradigms (Musselman et al., 2011), with adequate support conditions (Reinkensmeyer et 

al., 2006, Ada et al., 2010, Wessels et al., 2010), enabling systems (Reinkensmeyer et al., 2006, Kwakkel et al., 

2008, Courtine et al., 2009, Edgerton and Roy, 2009, Harkema et al., 2011), task-specific sensory cues (Courtine et 

al., 2009, Harkema et al., 2011) and active patient cooperation (Edgerton and Roy, 2009, Duschau-Wicke et al., 

2010), but these concepts remain fragmented. Our versatile propulsive and postural neuroprosthetic interface 

crystallizes these views into a unified therapeutic tool to evaluate and restore locomotor function after CNS disorders, 

both in animals and in humans. 
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Online Methods 

Design of the robotic interface. 

We built a robotic system to provide rats with adjustable trunk support along four independent degrees of freedom. 

Three actuated linear modules (CKK 20-145, CKK 15-110 and CKK 12-90, Bosch Rexroth AG, distributor: Amsler 

AG, Feuerthalen, Switzerland) define a large Cartesian workspace capable of translating the rat in x, y and z 

directions. The first two axes (Fig. 1a, x and y), which are used for movements in the horizontal plane, cover an area 

of 1.2 m2. The third axis (Fig. 1a, z) provides the rat with support against gravity and allows vertical movements over 

a range of 35 cm. At the extremity of this Cartesian structure, a fourth motor (RE25, Maxon motor AG, Sachseln, 

Switzerland) actuates rotation (300°) about the vertical axis (Fig. 1a, φ). This serial configuration provides a large 

workspace in which forces can be applied to the rat while preventing inclinations about the horizontal directions. 

We aimed to design a highly versatile robotic system capable of guiding the rats along any desired trajectory 

that can also behave transparently, that is, allowing the rats to walk freely in the entire workspace without ‘feeling’ the 

robot. To obtain this transparency, the interaction forces between the subject and the robot had to be reduced to a 

minimum. The inertia of the robot (106 kg in x direction, 32 kg in y direction, 29 kg in z direction) is considerably 

larger than the mass of the rat (<0.25 kg). Using conventional stiff force sensors and force control, the inertia of the 

robot could not be hidden from the rat due to theoretical stability limitations to force control (Colgate and Hogan, 

1989). Consequently, a direct coupling between the robot and the subject would yield substantial interaction forces 

that would interfere with the natural movements of the rat. To hide the inertia of a robotic structure from a 

substantially lighter interacting subject, Pratt et al. (Pratt et al., 1995) proposed to couple an actuator to a subject via 

a compliant element; this configuration is called a series elastic actuator (SEA). Interaction forces and torques can 

directly be obtained by measuring the deformation of the compliant element that composes the SEA. 

However, the concept of SEA has so far only been used for individual actuators, that is, a single degree of 

freedom. To optimally exploit the SEA concept for our robotic interface, we needed to simultaneously decouple all 

four actuated modules, requiring that all deformable elements are as close as possible to the rat. To this end, we 

extended the SEA concept in multiple directions. We conceived a lightweight, low-friction (<10 g), compliant module 

consisting of a base platform with three protruding legs forming a cage, a spring-suspended platform within this cage 

and a Delta linkage that constrains the unactuated degrees of freedom (that is, tilting of the rat) (Supplementary Fig. 

1 and Supplementary Video 1). The suspended platform is connected to the cage via six linear springs (angle in the 

horizontal plane, 120°; stiffness, 112 N/m for upper springs, 57 N/m for lower springs, Supplementary Fig. 1). An 

additional spring pair is attached to the rotating shaft in the center of the suspended platform, providing the elastic 

decoupling about the vertical axis. This configuration decouples the inertia of the serial module from the suspension 

platform in the four actuated degrees of freedom. 
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Four contact-free magnetic encoders (12-bit, austriamicrosystems, Austria) are located in the joints of the Delta 

linkage. These sensors allow measurement of the displacements of the suspended platform, and thereby the 

deflection of the springs along each degree of freedom, providing an inexpensive way of measuring interaction forces 

or torques. Four contact-free magnetic encoders (12-bit, austriamicrosystems, Austria) are located in the joints of the 

Delta structure. The position of the end effector with respect to the serial robot is calculated by combining information 

from these angular sensors and a forward kinematic model of the Delta linkage (Supplementary Fig. 1). The relative 

position of the platform encodes the spring lengths and thereby the interaction forces and torques that are derived 

from the linear spring characteristics. 

These forces and torques are used in the force control loop of the robot (Supplementary Fig. 1). The control 

strategy is implemented in MATLAB/Simulink and executed in real time on a desktop computer running xPC target 

(Sampling rate, 1 kHz). This computer communicates with the motor drives and acquires information coming from the 

sensors. It also exchanges information with a second computer that runs a user interface for online changes of the 

control parameters for the robot. 

The SEA-based elastic decoupling allows one to set extremely high control gains without affecting stability. 

The resulting reflected mass of the stiff robot is 787 g in x direction, 104 g in y direction, 22 g in z direction, and 998 g 

cm2 in rotation direction. Owing to the use of the multidimensional SEA, this inertia only dominates the perceived 

dynamics for low-frequency excitations (Vallery et al., 2008), for which inertial forces are low. For high-frequency 

excitations, which are generally associated with reduced amplitudes of motion, the physical properties of the springs 

dominate the response, also leading to low forces. Consequently, the rat mainly feels the inertia of the suspended 

platform, which is 109.1 g. The bandwidth of the SEA system is ~2.5 Hz in x direction, ~2.8 Hz in y direction, ~13 Hz 

in z direction and ~2.2 Hz in rotation. 

 

Rats and rat care.  

All procedures and surgeries were approved by the Veterinarian Office Zurich, Switzerland. The experiments were 

conducted on adult female Lewis rats (~200 g body weight, Centre d’Elevage R. Janvier, France). Rats were housed 

individually on a 12-h light-dark cycle, with access to food and water ad libitum. 

 

Surgical procedures and post-surgical care.  

All procedures have been described in detail previously (Courtine et al., 2008, Courtine et al., 2009, Musienko et al., 

2011). The surgical interventions were performed under general anesthesia and aseptic conditions. The rats 

underwent two surgical interventions. First, they were implanted with bipolar intramuscular EMG electrodes (AS632; 

Cooner Wire, Chatsworth, CA) into selected hindlimb muscles (Courtine et al., 2009). For some experiments, 

electrodes also were secured at the midline of the spinal cord at spinal level L2 and S1 by suturing wires (same as 

EMG wire) over the dura mater above and below the electrode (Courtine et al., 2009). The rats were allowed to 
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recover for 2 weeks after implantation. After completion of prelesion behavioral recordings, the rats underwent a 

second surgical intervention during which they received a SCI or a stroke. SCIs included complete transection of the 

thoracic (T7) spinal cord1, right cervical (C7) lateral hemisection (Courtine et al., 2008) or two lateral hemisections 

placed on opposite sides and at different spinal levels (T7 and T10) (Courtine et al., 2008). Ischemic lesion to the 

cortex (stroke) was induced by injecting the vasoconstrictor endothelin-1 (0.3 μg μl–1; Sigma-Aldrich) at 14 locations 

into the left motor cortex (fore- and hindlimb areas). We injected a volume of 500 nl at a depth of 1.2 mm with a rate 

of 6 nl s-1. After each injection, the needle was left in place for 3 min before it was carefully removed (Zorner et al., 

2010). The extent and location of the lesions was verified postmortem. Complete transection SCIs were inspected 

visually. The extent of the thoracic and cervical hemisections was measured on 40-μm–thick transverse sections 

incubated in serum containing anti-GFAP (1:1,000, Z033429, Dako, USA) antibodies. We measured the extent of the 

lateral lesions over five locations equally spaced over the dorsoventral aspect of the spinal cord. These values were 

expressed as a percentage of the total mediolateral length and averaged to obtain a unified measure of the lesion 

extent. Hemisection SCIs ranged from 49.8% to 54% (50.8% ± 0.48%). In addition, qualitative inspections were 

carried out to ensure that the lesions conformed to the following specific criteria: (i) minimal sparing of the ipsilesional 

spinal cord, defined as the absence of white matter sparing, and (ii) minimal damage to the contralesional spinal 

cord, defined as the near-complete integrity of dorsal and ventral white matter tracts. 

 

Locomotor tasks. 

A total of seven locomotor tasks were used in the present experiments: bipedal locomotion on a moving treadmill belt 

(13 cm s–1), bipedal walking along a straight runway, quadrupedal walking along a straight runway, lateral 

perturbation during quadrupedal walking along a straight runway, quadrupedal walking along irregularly spaced 

round rungs, quadrupedal climbing on a staircase and quadrupedal steering along a 90°-curved runway. The 

characteristics of the tasks and the dimensions and features of the custom-designed runways can be found in 

Supplementary Figure 2. The attachment of the rat onto the back plate differed across the tasks and between the 

various types of injuries. For bipedal locomotion, the rats wore an upper-body jacket that extended from the back of 

the neck to the iliac crest. The back plate was attached over the entire extent of the jacket via a Velcro strip. For 

quadrupedal locomotion, the rats wore a whole-body jacket that presented two points of attachment, that is, at the 

pelvis or at the midthoracic level. The location of the back plate attachment was selected on the basis of the specific 

gait impairment shown by the rat. Typically, the robot was attached to the pelvis when the rats presented alteration of 

hindlimb locomotor control, whereas the midthoracic attachment was selected when the rats showed impairment of 

balance. The dimension of the jackets and location of the attachment pads are reported in Supplementary Figure 2. 
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Behavioral training of the rats. 

When the rats first wore the whole-body jacket, they showed changes in their gait pattern. Consequently, the rats 

were acclimatized to wearing the custom-made jacket for 1–2 weeks while navigating freely along the runways. 

When no significant difference could be observed between locomotion with and without jacket (P > 0.1), we trained 

the animals daily in one or two sessions until they crossed the runways with a constant speed. Positive reinforcement 

(food reward) was used to encourage the rats to perform the requested tasks. Rats were trained on the ladder with a 

regular arrangement of rungs. For testing, rung sequences were irregular and varied to avoid habituation to a 

particular rung pattern (Zorner et al., 2010). 

 

Motor control enabling factors. 

To facilitate locomotion in paralyzed rats, we applied epidural electrical stimulation and a cocktail of monoamine 

agonists (Musienko et al., 2011). Rectangular pulses (0.2 ms duration) were delivered at 40 Hz using two 

constantcurrent stimulators (AM-Systems, WA, USA) connected to the L2 and S1 electrodes. The intensity of 

stimulation was adjusted (50–200 μA) to obtain optimal facilitation of stepping visually. The rats also received a 

systemic administration of agonists to 5HT1A/7 (8-OH-DPAT, 0.05–0.1 mg per kg body weight), 5HT2A/C (quipazine, 

0.2–0.3 mg per kg body weight) and SKF-81297 (0.15–0.2 mg per kg body weight) (Musienko et al., 2011). 

 

Testing protocols. 

Ten step cycles (treadmill) or ten trials (runways) were typically recorded for each rat in a given experimental 

condition. The conditions with and without robot were randomized across rats. The rats wore the body jacket during 

walking with and without the robot to maintain the same testing conditions for both types of recordings. When using 

electrical and pharmacological stimulations to facilitate locomotion, stepping was recorded about 10 min after drug 

injection. 

 

Neurorehabilitative training. 

Rats were subjected to 30-min training sessions 6 d per week; starting 12 d after injury. They were trained for 7 

weeks. Locomotion was enabled by electrical and pharmacological stimulations. During each training session, the 

rats practiced quadrupedal locomotion along the horizontal straight runway, on the staircase and along the 90°-

curved runway. We adjusted the respective duration of each task according to the current capacities of the rats. For 

example, rats only performed a few runs along the curve during each training session until week 4–5, when they 

started showing recovery of balance control. 
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Kinematics and kinetic and EMG recordings. 

For kinematics, 3D video recordings (200 Hz) were made using a motion capture system (Vicon, Oxford, UK). Twelve 

infrared T10 cameras were used to track the motion of reflective markers attached bilaterally at the scapula, iliac 

crest, greater trochanter (hip), lateral condyle (knee), lateral malleolus (ankle), the distal end of the fifth metatarsal 

(MTP) and the tip of the toe (Fig. 1a). Nexus (Vicon, Oxford, UK) was used to obtain 3D coordinates of the markers. 

The body was modeled as an interconnected chain of rigid segments, and joint angles were generated accordingly. 

The main limb axis termed ‘hindlimb’ in the figures was defined as the virtual line connecting the greater trochanter to 

the lateral malleolus. 

EMG signals (2 kHz) were amplified, filtered (10–1000 Hz bandpass), stored and analyzed off-line to compute 

the amplitude, duration and timing of individual bursts (Courtine et al., 2009). To evaluate temporal coordination 

between muscles, we generated probability density distributions of normalized EMG amplitudes of agonist and 

antagonist muscles, as described previously (Courtine et al., 2009). 

 

Kinetics. 

Ground reaction torques and ground reaction forces in the vertical, anteroposterior and mediolateral directions were 

monitored using a force plate (2 kHz, HE6X6, AMTI, USA) located below the treadmill belt or in the middle of the 

runway (Supplementary Fig. 2). 

 

Data analyses. 

A minimum of ten step cycles was extracted for both the left and right hindlimbs for each experimental condition and 

rat. A total of 148 parameters quantifying gait, kinematics, kinetics and EMG features were computed for each limb 

and gait cycle according to methods described in detail previously (Courtine et al., 2008, Courtine et al., 2009, 

Musienko et al., 2011). These parameters provide a comprehensive quantification of locomotor patterns ranging from 

general features of gait and performance to fine details of limb motions. The entire list of 148 computed parameters 

can be found in Supplementary Table 1. 

 

Statistical analyses. 

The various experimental conditions were associated with substantial modulation of gait patterns, which were evident 

in the modifications of a large proportion of the computed parameters. To evaluate the more important and 

reproducible modulation patterns mediated by the different conditions as well as the correlations between the 

modulated parameters, we implemented a multistep statistical procedure based on PC analysis (Courtine et al., 

2009). The various steps, methods, typical results and interpretation of the analysis are detailed in Supplementary 

Figure 3. PC analyses were applied on data from all individual gait cycles for all the rats together. Data were 

analyzed using the correlation method, which adjusts the mean of the data to 0 and the s.d. to 1. This is a 
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conservative procedure that is appropriate for variables that differ in their variance (for example, kinematic versus 

EMG data). 

All data are reported as mean values ± s.e.m, unless otherwise specified. Repeated-measures analysis of 

variance and Student’s paired t tests were used to test differences between normally distributed data (Kolmogorov-

Smirnov test) from the various experimental conditions. Nonparametric tests (Wilcoxon and Kruskall-Wallis) were 

used instead when the distribution was not normal. 
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Supplementary Information 
 

 

 
 

ates rotation (φ). This serial configuration provides a large workspace in which forces can be applied to the animal in 4 DoFs. 
 

Force module: To hide the inertia of the massive positioning robot and to measure the extremely small interaction forces between the robot and 
the rat, we developed a novel force module based on a "Series Elastic Actuator" (SEA). A SEA is composed of an actuator that is 
complemented with a passive compliant element in series. This compliance improves force control performance and effectively decouples 
actuator inertia to achieve a transparent interface. In the force module, we extended this SEA concept to 4 DoFs by providing multidimensional 
compliance at the end-effector of the positioning system. 
 

Kinematic constraints for unactuated DoF: A mechanical “Delta” linkage prevents the rat from tilting in the 2 unactuated DoF, leading to 
constraining forces Fc. The Delta structure also provides the means of measuring the end-effector position (rat position qrat) and subsequently 
the interaction forces Fel between the robot and the rat. Elastic decoupling of actuated DoF: The compliance for the residual DoFs is achieved 
by multiple linear springs attached to the suspended platform and by an additional spring pair attached to the rotating shaft within the platform. 
 

REAL WORLD 
The rat is positioned in a custom-made, skin-like jacket made of light fabrics. A Velcro strip allows attachment of the rat onto a back plate with a 
rigid bar coming from the robot end-effector. The rat’s position and the interaction forces with the robot are fed back to the impedance 

controller. 

Supplementary Figure 1: Technical description of the robotic 
interface and control schemes 
 

USER INTERFACE 
A user-friendly GUI (Graphical user interface) is implemented in 
MATLAB/Simulink (The MathWorks, CA). The interface allows 
the user to create a virtual environment in which the applied 
forces or the end-effector position can be adjusted for each single 
actuated DoF of the robot. For example, the user can 
independently set any of the 4 actuated axes to behave 
transparently. Concomitantly, the other axes can provide a 
constant force that is proportional to the rat’s body weight, as for 
supporting the rat against gravity. The axes can also be 
configured to be stiff in order to prevent lateral fall or to guide the 
rat along a user-defined trajectory. Alternatively, the user can 
control the displacement of the end-effector (position control), as 
for pushing the rat in a given direction, or along a user-defined 
trajectory. Finally, the user can introduce sudden changes in the 
virtual environment. For example, a user-defined perturbation can 
be superimposed onto any control scheme based on external 
triggers or the position of the rat in the real world. The different 
control strategiesfor the various locomotor paradigms can be 
found in Supplementary Figure 2. 
 

VERSATILE IMPEDANCE CONTROL IMPLEMENTATION 
We implemented an impedance control scheme that can adjust 
the force exerted by each actuated DoF of the robotic interface 
independently in real-time (1kHz). The controller is cascaded: an 
outer loop processes the position of the rat with respect to the 
virtual environment; for example a world with guiding walls or 
gravity-reduced conditions. This algorithm translates the virtual 
environment defined by the user into a vector Fdes of desired 
forces. A force controller adjusts the desired motor speeds 
𝒒𝒒mot,des sent to the drives based upon the error between the 

desired forces and the forces measured through spring 
deflection. An inner speed controller ensures that the actual 
motor speed 𝒒𝒒 mot tracks the desired motor speed by 

commanding appropriate actuator torques τmot. The outer loops 
run on a Matlab xpc real-time operating system. The speed 
control runs on the actuator drives.  
 

ROBOT 
Cartesian positioning system: The robot consists of an actuated 
Cartesian positioning system that allows translations of the rat in 
the horizontal plane (x,y) while providing vertical support (z). An 
additional motor at the end-effector of this serial structure actu- 
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Supplementary Figure 2: Technical description of the locomotor testing paradigms 
Locomotor capacities of intact and motor impaired rats were evaluated in a total of 7 tasks. a. Quadrupedal locomotion along a straight 
horizontal runway. b. Quadrupedal locomotion along a 90deg-curved horizontal runway. c. Quadrupedal locomotion along a straight horizontal 
ladder with irregularly spaced rungs. d. Bipedal locomotion along a straight horizontal runway. In this task, the robot propelled the rat forward at 
a constant velocity. e. Lateral perturbation (1s, 2.5N) introduced during continuous quadrupedal locomotion along a straight horizontal runway 
(task a). f. Continuous bipedal locomotion on a motorized treadmill belt. g. Quadrupedal locomotion along regularly spaced steps on a 
staircase. The various runways, stairs and ladders were made of wood but the walking surface was covered with turf to ensure a solid paw 
contact. The light grey box indicates the position of the force plate that measured ground reaction forces and ground reaction torques in X, Y, Z 
directions. h. For each task, the degree of compliance was adjusted for each translational and rotational axis independently. Control strategies 
included: stiff control (black), zero-force control (light grey, constant-force set to 0%), adjustable constant-force (red, constant-force set to a 
percentage of body weight), and constant-velocity (green, position control). The behavior of each axis in each task is reported in the upper 
corner of each panel. i. Features and dimensions of the various jackets. The Velcro pads are represented in dark. The position and size of the 
back attachment is shown in blue. All the dimensions are reported in mm. 
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Supplementary Figure 3: Multi-step statistical analysis of gait parameters 
We used a set of experimental data from our database to exemplify the multi-step statistical analysis that was applied for all the experiments 
described in this study. Step1: For all the experimental conditions, we collected kinematic, kinetic and EMG data during continuous locomotion 
using an advanced recording system. Step 2: We computed a large number of parameters that provides a comprehensive quantification of gait 
features. The complete list of computed parameters can be found in Supplementary Table 1. The analytic procedures and computations are 
detailed in (Courtine et al., 2009, Musienko et al., 2011). Step 3: We applied a principal component (PC) analysis on all the variables computed 
from all the gait cycles from all the rats and experimental conditions. This analysis constructs new variables, i.e. PC, that linearly combines the 
original variables and maximizes the amount of explained variance for each successive PC. Due to the high degree of correlation between gait 
parameters during locomotion, a few PCs are sufficient to explain a large proportion of the variance. Step 4: The gait cycles can be represented 
in the new “denoised” space created by PC1-3. In the proposed example, data points associated with each experimental condition cluster in a 
well-defined location, indicating that the rats exhibited intervention-specific gait patterns. Typically, PC1 differentiated gait cycles from intact 
rats (or pre-lesion), altered gaits from rats with SCI or stroke, and the improvement of locomotion with the robotic interface. In some instances, 
PC2 captured an additional feature. In the proposed example, PC2 is related to specific features of the intervention compared to intact and no 
intervention. In order to provide a straightforward representation of differences between conditions, we applied a least square elliptic fitting to 
the 3D data points. Step 5: To quantify the quality of gait performance, we measured the 3D geometric distance between the averaged location 
of gait cycles from each rat in a given condition and the average location of all gait cycles from all intact (or pre-lesion) rats. For each rat and 
condition, we also measured the 3D dispersion of gait cycles to provide a measure of gait variability. au, arbitrary unit. Step 6: The scores 
(position of gait cycles in the PC space) reveal which conditions are differentiated along each PC. Step 7: We then extracted the factor 
loadings, i.e. correlation between each variable and each PC. We selected the PC of interest based upon step 6, and regrouped the variables 
with the highest factor loading (|value|> 0.5, p < 0.05) into functional clusters, which we named for clarity. Variables that load on the same PC 
correlate with each other. For instance, in the proposed example, improvement of hindlimb locomotion directly correlates with improved 
postural control. Step 8: To provide a more classic representation of differences between conditions, we generated histogram plots for one 
variable per extracted functional cluster. 



 173 

 
 

 
Supplementary Figure 4: Constant-force support leads to improved locomotor performance compared to spring-like support in rats 
with complete SCI 
a. PC analysis (explained variance, 48%) applied on all gait cycles and rats (n = 10 per rat and per condition). Least square fitting was 
performed and indexed for each rat independently. The histogram plot reports mean values (n = 5 rats) of scores on PC1 for gait cycles 
recorded in intact rats and in spinal rats stepping with the same level of spring-like vs. constant force vertical support. au, arbitrary unit. b. 
Variables (numbers refer to Supplementary Table 1) with the highest factor loadings on PC1 (|value|> 0.5, p < 0.05) were regrouped in 
functional clusters. c. Histogram plots report mean values (n = 5 rats) for one variable per functional cluster for intact rats and spinal rats 
stepping with spring-like vs. constant force vertical support. **, significantly different from intact at p < 0.05.Error bars, S.E.M. 
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Supplementary Figure 5: Evaluation of the impact of weight bearing conditions on motor pattern generation in rats with complete SCI 
a. Rats (n = 4 rats) received a complete SCI. After 5 weeks of recovery, the rats received enabling factors to encourage bipedal locomotion on 
a treadmill (13 cm.s-1). 10 gait cycles were recorded for each level of constant-force BWS (40-90%). Locomotion was recorded in healthy rats 
(n = 5) at 60% of BWS, which is the weight normally carried by the hindlimbs during quadrupedal gait. b. Representative stick diagram 
decomposition of hindlimb motion during stance (black), dragging (red), and swing (light grey) for each level of BWS, as well as for an intact rat. 
Successive color-coded trajectories of the hindlimb endpoint (n = 10 steps) are shown together with the orientation and intensity of the foot 
velocity vector (arrow) at swing onset. 
The average (n = 10 steps, +/- S.D.) vertical ground reaction forces (left and right hindlimbs combined) and relative duration of the stance (filled 
box), swing (open box), and drag (red) phases of gait are displayed at the bottom. c. Relationship between the level of BWS and the degree of 
gait pattern similarity compared to healthy rats (grey hemi-sphere), measured as the 3D distance from gait cycles in the PC analysis. The size 
of the spheres is proportional to gait variability, measured as the dispersion of each cluster in the PC analysis (See Supplementary Figure 3). A 
second-order polynomial fitting was applied to the data points to highlight the U-shaped relationship between stepping quality and BWS levels. 
au, arbitrary unit. d. Variables (numbers refer to Supplementary Table 1) with the highest factor loadings on PC1 (|value| > 0.5, p < 0.05) were 
regrouped in functional clusters. e. Histogram plots report mean values (n = 4 rats; error bar, S.E.M.) for one variable per functional cluster 

under the different levels of BWS. **, significantly different from intact at p < 0.05. Error bars, S.E.M. 
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Supplementary Figure 6: The robotic propulsive neuroprosthesis enables coordinated overground locomotion in spinal rats 
a. Spinal rats were positioned bipedally in the robotic interface. The robot was configured to move the body forward at a constant velocity (13 
cm.s–1) while providing constant-force vertical support. Below the stick diagram decomposition of hindlimb motion and limb endpoint 
trajectories, the traces show angular oscillations of both hindlimbs, EMG activity of left and right MG and TA muscles, and vertical forces during 
a representative trial performed without stimulations. b. To enable hindlimb locomotion, rats received tonic epidural electrical stimulation at 
spinal segments S1 and L2, as well as a combination of agonists to 5HT1A, 5HT2A/C, 5HT7, and DA1-like receptors. c. With these 
stimulations, the spinal rats displayed tonic activity in left and right extensor muscles, and could stand for extensive periods of time. d. The 
animals immediately exhibited coordinated plantar stepping with alternation between both hindlimbs when the robot translated the trunk in the 
forward direction to replace the lost propulsive capacities. 
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Supplementary Figure 7: Improved balance control with the postural neuroprosthesis correlates with improved hindlimb locomotion 
and performance during locomotion along a ladder with irregularly spaced rungs in rats with a cortical stroke 
a. PC analysis was applied on all gait cycles recorded along the ladder in all the rats (n = 5) before and 2 days after lesion with and without 
vertical constant-force robotic support. Accurate and missed steps were both included in this analysis, but undifferentiated in the plot to 
emphasize the contrast between the conditions with and without robot. au, arbitrary unit. b. The histogram plot reports the mean values (n = 5 
rats) of scores on PC1. c. Variables (numbers refer to Supplementary Table 1) with the highest factor loadings on PC1 (|value|> 0.5, p < 0.05) 
were regrouped in functional clusters. d. Histogram plots report mean values (n = 5 rats) for one variable per functional cluster, except for the 
improved measures of success that are reported in Figure 3b. **, significantly different from intact at p < 0.05. Error bar, S.E.M. 
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Supplementary Figure 8: Improved balance control with the postural neuroprosthesis correlates with improved hindlimb locomotion 
during straight horizontal runway locomotion in rats with moderate and severe SCI 
a. Stick diagram decomposition of hindlimb motion, hindlimb oscillations, and EMG activity of Sol and TA muscles recorded pre-lesion as well 
as 10 days after a lateral cervical (C7) hemisection with and without constant-force robotic support. b. PC analysis was applied on all gait 
cycles recorded in all the rats (n = 5) before and 10 days after lesion with and without robotic support. c. The histogram plot reports mean 
values (n = 5 rats) of the 3D distance from the mean location of pre-lesion gaits in the PC space. d. PC1 scores. e. Hindlimb kinematics and 
EMG activity of MG and TA muscles recorded pre-lesion as well as 12 days after staggered lateral hemisections without enabling factors (no 
stimulations) as well as with stimulations without and with constant-force robotic support. f. PC analysis was applied on all gait cycles recorded 
in all the rats (n = 5) before and 10 days after lesion without stimulations as well as with and without robotic support. g. The histogram plot 
reports mean values (n = 5 rats) of the 3D distance between the different experimental conditions and the mean location of pre-lesion gaits in 
the PC space. h. PC1 differentiates actual stepping vs. paralysis, while PC2 highlights the improvement of locomotion with the postural 
neuroprosthesis. **, significantly different from intact at p < 0.05. au, arbitrary unit. Error bar, S.E.M. 
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Supplementary Figure 9: Improved balance control with the postural neuroprosthesis correlates with improved hindlimb locomotion 
during locomotion on a staircase in rats with moderate SCI 
a. Histogram plots report mean values (n = 5 rats) of scores on PC1 for gait cycles recorded before as well as 10 days after a lateral cervical 
(C7) hemisection without and with constant-force robotic support.au arbitrary unit. b. Variables (numbers refer to Supplementary Table 1) with 
the highest factor loadings on PC1 (|value|> 0.5, p < 0.05) were regrouped in functional clusters. c. Histogram plots report mean values (n = 5 
rats) for one variable per functional cluster. **, significantly different from intact at p < 0.05.Error bar, S.E.M. 
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Supplementary Figure 9: Improved balance control with the postural neuroprosthesis correlates with improved hindlimb locomotion 
during locomotion on a staircase in rats with moderate SCI 
a. Histogram plots report mean values (n = 5 rats) of scores on PC1 for gait cycles recorded before as well as 10 days after a lateral cervical 
(C7) hemisection without and with constant-force robotic support.au arbitrary unit. b. Variables (numbers refer to Supplementary Table 1) with 
the highest factor loadings on PC1 (|value|> 0.5, p < 0.05) were regrouped in functional clusters. c. Histogram plots report mean values (n = 5 
rats) for one variable per functional cluster. **, significantly different from intact at p < 0.05.Error bar, S.E.M. 
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Supplementary Figure 10: Improved balance control with the postural neuroprosthesis correlates with improved hindlimb locomotion 
during locomotion on a staircase in rats with severe SCI.  
Histogram plots report mean values (n = 5 rats) of scores on PC1 and PC2 for gait cycles recorded before the lesion and 12 days after 
staggered lateral hemisections under the various experimental conditions. PC1 captures the effect of motor control enabling factors, which 
promoted hindlimb motion in otherwise paralyzed rats. PC2 captures the improvements of hindlimb locomotion and balance control with the 
robotic interface. au, arbitrary unit. b. Variables (numbers refer to Supplementary Table 1) with the highest factor loadings on PC2 (|value|> 
0.5, p < 0.05) were regrouped in functional clusters. c. Histogram plots report mean values (n = 5 rats; error bar, S.E.M.) for one variable per 

functional cluster under the different experimental conditions. **, significantly different from intact at p < 0.05. error bar, S.E.M. 
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For Supplementary Videos 1-8, please refer to: http://www.nature.com/nm/journal/v18/n7/full/nm.2845.html 
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CONCLUSION AND OUTLOOK 

Control of motor function following SCI 

The results in this thesis contribute to the understanding of spinal control of locomotion in rodents and how these 

mechanisms can be utilized for neuroprosthetic technologies and neurorehabilitation after severe SCI. The absence 

of supraspinal input, i.e., the modulatory and excitatory drive to spinal locomotor circuitries (Grillner, 2003, Jordan et 

al., 2008, Goulding, 2009, Hägglund et al., 2010), to relevant spinal circuitries results in hindlimb paralysis. Previous 

research in spinal cats showed that isolated lumbosacral locomotor networks remain capable to sense information 

and to generate and adapt coordinated motor output while weight-bearing (de Leon et al., 1998b). This level of 

recovery can be augmented by repetitive activity-based training leading to functional improvement of a practiced task 

(Lovely et al., 1986, Barbeau and Rossignol, 1987, Lovely et al., 1990, Barbeau et al., 1993, de Leon et al., 1998b, 

Tillakaratne et al., 2002) that can result in deterioration of non-practiced movements (de Leon et al., 1999b, 

Tillakaratne et al., 2002). These task specific changes coincide with use-dependent plasticity in the isolated 

lumbosacral circuitries (de Leon et al., 1999b, Tillakaratne et al., 2002). Unlike in cats, paralysis after a severe SCI in 

mice, rats and humans is permanent, presenting a dormant state of spinal locomotor circuitries. Even though a 

rhythmogenic capacity is present in all these mammals, additional stimuli are necessary to transform these non-

functional spinal circuitries into a functional state. Results in this thesis show that such highly functional and adaptive 

networks seen in cats are also apparent in rats as early as one week post injury, and can be revealed if appropriate 

neuroprosthetic technologies are applied (Edgerton et al., 2008, Courtine et al., 2009, Dominici et al., 2012, Roy et 

al., 2012, van den Brand et al., 2012).  

 

Neuroprosthetic technologies  

The neuroprosthetic technologies that I contributed to developing collectively aimed to replace the missing source of 

supraspinal tonic drive and neuromodulation of spinal locomotor circuitries after severe SCI in rats. In an intact 

situation, spinal neuronal networks are under the influence of excitatory glutamatergic and inhibitory glycinergic 

drives (Grillner, 2006), and their activity is modulated by the coordinated release and uptake of serotonin (5HT), 

noradrenaline (NA), and dopamine (DA) (Jordan et al., 2008, Musienko et al., 2011). In the absence of brain input, 

the excitatory tonic supraspinal drive can be mimicked with EES, the supraspinal neuromodulation of spinal circuitries 

can specifically be targeted by pharmacological agents, and the supraspinal control of balance and posture can be 

replaced by robotic interfaces. Applied separately, or more efficiently in combination, these neuroprosthetic 

technologies can restore the regulation of nonfunctional neural circuits that can be applied during repetitive activity-

based rehabilitation to establish functional and adaptive motor control capabilities. In this conclusion, I will discuss 

their potential for future approaches and translation into clinical applications. 
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Electrochemical neuroprosthesis 

An electrochemical neuroprosthesis consisting of EES at spinal levels L2 and S1 combined with pharmacological 

stimulation through 5-HT1A,2A/C,7 receptor agonists transformed lumbosacral circuits from dormant to highly functional 

states, which enabled paralyzed rats to perform weight bearing stepping with plantar placement on a treadmill, for 

extended periods of time already at one week post complete SCI (Courtine et al., 2009). Either intervention alone 

could not induce functional states for stepping to occur at this stage. Multidimensional statistical procedures showed 

that each combination had its specific influence on the pattern of hindlimb locomotion, indicating the possibility that 

electrical stimulation and serotonergic agonists target different neurons, interneurons and receptors of the spinal 

locomotor networks. After 8-weeks of locomotor training enabled by this electrochemical neuroprosthesis, rats 

exhibited significantly improved gait performance, which was associated with activity-dependent plasticity in 

lumbosacral circuits. The location and type of these engaged network elements during stepping on a treadmill will 

have to be identified with future studies.  

 

Epidural Electrical Stimulation 

An electrical neuroprosthesis can replace the missing excitatory supraspinal drive to augment the central state of 

excitability that increases spinal susceptibility to afferent input in the absence of brain input (Courtine et al., 2009, 

Harkema et al., 2011). This technology can be applied to regulate nonfunctional neural circuits below a SCI that in 

combination with appropriate sensory cues provided during activity-based rehabilitation allows for repetitive practice 

of standing and stepping in otherwise paralyzed rats as well as humans. 

Computer simulations combined with in vivo experiments in rats have shown that myelinated afferent dorsal 

root fibers are the most likely structures to be stimulated with EES, through which the spinal circuitry is engaged 

trans-synaptically (Holsheimer, 1998, Rattay et al., 2000, Capogrosso et al., 2013). Previous results showed that 

tonic EES in healthy (Gerasimenko et al., 2006) and spinal rats generates motor evoked responses, through 

monosynaptic and polysynaptic reflex circuits, creating extensor and flexor EMG bursts (Lavrov et al., 2006, Lavrov 

et al., 2008b, Musienko et al., 2012) . These activation patterns modulate with the phase of the step cycle (Lavrov et 

al., 2008b), depend on rostrocaudal (Gerasimenko et al., 2006, Courtine et al., 2009) and mediolateral location of 

stimulation as well as stimulation intensity and frequency (Gerasimenko et al., 2008, Capogrosso et al., 2013). Tonic 

EES results in rhythmic muscle activation during assisted stepping on a moving treadmill belt in rats (Courtine et al., 

2012, Musienko et al., 2012) as well as in humans (Minassian et al., 2007, Harkema et al., 2011). Strikingly similar 

responses, modulations and functional effects can be seen with similar locations of stimulation on the human spinal 

cord (Courtine et al., 2007b, Minassian et al., 2007, Gerasimenko et al., 2008).  

Future investigation will have to determine if EES can result in a more robust stepping pattern and present a 

higher level of motor control than currently possible in mammals by 1) application of multiple sites of stimulation at 



 186 

specific locations along the rostrocaudal and mediolateral extent of the lumbosacral spinal cord (Musienko et al., 

2009, Capogrosso et al., 2013), and 2)  application of phasic stimulation patterns, timed to the step cycle. To 

incorporate the most optimal stimulation location, timing and feature, closed-loop control systems might be more 

adequate to efficiently engage spinal locomotor circuitries and take better advantage of intrinsic circuit properties of 

the mammalian spinal cord (Musienko et al., 2012, Borton et al., 2013a). For translation of this application to clinical 

approaches first, fine-tuning will have to take place in a laboratory setting, with specific evaluations on mapping of the 

human spinal cord with systematic analysis of changes in stimulation parameters and its effect on performing 

different motor tasks. At a later stage this type of technology might be translated to the everyday environment for use 

in a subset of patients with incomplete SCI.  

 

Pharmacological Stimulation 

Isolated, spinal systems can be fine-tuned with systemically administered monoaminergic agents to mimic 

supraspinal neuromodulation of spinal circuits that can enable a range of receptor specific gait patterns enabled by 

EES (Musienko et al., 2011). The most optimal combination of agents (5-HT1A, 5-HT7, 5-HT2A/C, DA1 agonists and 

NA2 antagonist) resulted in robust, weight bearing bipedal stepping on a treadmill in electrically-enabled rats with 

severe SCI. These findings reinforce the viewpoint (Hochman et al., 2001, Grillner, 2006, Jordan et al., 2008, 

Hägglund et al., 2010) that supraspinal neuromodulation by distributed monoaminergic systems is present throughout 

spinal neural circuits. This technology can be applied to regulate nonfunctional neural circuits below a SCI that in 

combination with appropriate sensory cues provided during activity-based rehabilitation allows for repetitive practice 

of standing and stepping in otherwise paralyzed rats. 

Previous studies discussed the presence of a rostral-to-caudal gradient of monoamine receptors on 

locomotor-activated neurons in the lumbar region of the rat spinal cord (Liu and Jordan, 2005, Kiehn, 2006, Noga et 

al., 2009) that associated these specific receptor locations with the presence of extensor or flexor motoneuron pools 

(Capogrosso et al., 2013) and rhythm-generating circuitries for locomotor output (Kiehn, 2006). Additionally, also a 

dorso-ventral distribution of receptors was found, related to either an influence on motoneurons (ventral horn) 

(Guertin and Steuer, 2005, Han et al., 2007) or sensory processing (dorsal horn) in the lumbar spinal cord (Morales 

et al., 1998, Farber et al., 2004, Lapointe et al., 2009). 

Future studies will have to investigate efficacious techniques to apply finetuned chemical substances locally to 

the lumbosacral locomotor regions for extended periods of time, e.g. optimized intrathecal delivery, to prevent side-

effects in different areas of the body and allow the use of lower dosages of chemical agents to augment gait 

performance to an efficient functional state.. To effectively and safely translate this technique to human applications, 

multiple cautious steps will have to be applied. Buspirone and clonidine are specific agonists to 5HT1A and α2 

receptor subtypes, respectively, which are approved for use in humans. While the effect of 5HT1A receptor agonist on 

locomotor activity in patients with SCI is unknown, clonidine has been one of the first pharmacological agents tested 
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in humans, however, interspecies differences exist. Clonidine enhances stepping early after lesion in spinal cats 

(Chau et al., 1998b), contrary it significantly reduces or abolishes stepping enabled by EES in spinal rats (Musienko 

et al., 2011) and reduces or abolished locomotor EMG in severely injured humans (Dietz et al., 1995). Preliminary 

results in rats show that when specifically targeting α2C receptor subtype, while blocking α2A, clonidine promotes 

powerful locomotion in spinal rats when enabled with EES. Future research will have to address the possible 

mechanisms that cause the interspecies difference in noradrenergic receptor function and decipher the circuitry 

involved. Additionally for human use, the safety and efficacy of a chemical neuroprosthesis will have to be 

addressed, most likely first in non-human primates, after which pilot evaluations could be anticipated to investigate a 

plausible design for pharmacotherapies in human individuals. Together with the electrical neuroprosthesis, a 

combinatorial approach during neurorehabilitation will most likely augment functional recovery after neuromotor 

disorders (Borton et al., 2013b). 

 

Postural neuroprosthesis 

To date, robot aided gait training in humans presents multiple drawbacks such as unidirectional trunk support, high 

inertia (Shetty et al., 2008) and restricted location of stepping (Hidler et al., 2011) and has not yet resulted in the 

expected functional improvements. Multiple advantageous features that until now remained fragmented among 

different systems (Reinkensmeyer et al., 2006, Kwakkel et al., 2008, Courtine et al., 2009, Edgerton and Roy, 2009, 

Ada et al., 2010, Duschau-Wicke et al., 2010, Wessels et al., 2010, Harkema et al., 2011, Musselman et al., 2011) 

have been combined to establish a multidirectional robotic postural neuroprosthesis (Dominici et al., 2012) that 

allows support or challenge during the performance of a range of overground motor tasks after neuromotor disorders 

(Cai et al., 2006b, Reinkensmeyer et al., 2006, Edgerton and Roy, 2009, Ada et al., 2010). Analysis showed the 

importance of trunk balance for the improvement of hindlimb motor control, that was related to the multidirectional 

robotic trunk control that is currently not applicable in existing support systems for humans (Winter et al., 1993). 

Additionally, by also restoring limb and trunk orientation, multidirectional robotic support resulted in more normal 

load- and stretch-related afferent input, known to play an important role in motor control and functional recovery after 

neuromotor disorders (Pearson, 2004). The robotically-generated, adequate, task-specific sensory ensembles can 

then control locomotion either in the absence of brain input or in concert with residual motor function (Edgerton et al., 

2004, Courtine et al., 2009). Many of these aspects have been integrated in a recently developed overhead support 

system for human overground locomotion, named FLOAT (Vallery et al., 2013). However, the advantageous 

multidirectional trunk support has not been addressed but would be expected to substantially improve gait 

rehabilitation in humans. 

Further, results in this thesis showed that the application of multi-step statistical analyses (Musienko et al., 

2011) allowed to objectively evaluate locomotor performance in a multidimensional fashion to assess interactions 

between subfunctions of gait (Dominici et al., 2012). In a clinical setting, single assessments are often used (Jackson 
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et al., 2008, Ditunno et al., 2013). Multidimensional analysis will give insights into specific impaired gait features and 

their interaction after injury that should consequently be targeted during rehabilitation to achieve functional recovery. 

Additionally, the analysis allows to evaluate improvements after neuromotor disorders, possibly following the course 

of neurorehabilitative interventions. 

 

Sensory control of spinal locomotion 

In an intact nervous system supraspinal centers drive spinal neuronal networks that are under the influence of 

afferent feedback loops. Notably, in cats after the loss of brain input, recovery of function is present when sensory 

information is available and appropriately presented to the lumbosacral circuits that in turn adapt standing and 

stepping (Chau et al., 1998a, De Leon et al., 1999a, de Leon et al., 1999b, Tillakaratne et al., 2002, Pearson, 2004, 

Rossignol et al., 2006). Also in humans with severe SCI similar sensory feedback mechanisms play a role in the 

modulation of locomotion (Harkema et al., 1997, Beres-Jones and Harkema, 2004) that in turn are important for the 

efficacy of rehabilitative training in patients with incomplete injury (Hubli and Dietz, 2013). In rats with severe SCI, 

absence of proprioceptive information results in a lack of recovery (Lavrov et al., 2008a), suggesting that also 

sensory feedforward mechanisms play a crucial role during recovery of stepping without brain input. Results in this 

thesis showed that, trained spinal rats were able to instantaneously adapt hindlimb locomotor patterns to changes in 

speed, load and direction of stepping in the complete absence of brain input, under the presence of the  

electrochemical neuroprosthesis (Courtine et al., 2009). However, stepping remained involuntary and was elicited by 

the moving treadmill belt. Additionally, clear relationships were found between gait quality and sensory information, 

indicating the importance of the most optimal support during the performance of motor tasks (Dominici et al., 2012). 

In the absence of brain input, but with the optimal neuroprosthetic technologies, complex task-specific sensory input 

can be recognized and instantly utilized by smart spinal neural networks so that the ensemble can then appropriately 

adapt the motor output to meet internal and external requirements for maintaining successful locomotor states 

despite dramatic changes in environmental conditions (Edgerton et al., 2004, Pearson, 2004). This suggests that 

recovery after SCI in rats cannot merely be attributed to the presence of central pattern generating networks but 

depends heavily on sensory feedback and feedforward mechanisms (Courtine et al., 2009). In conclusion, the 

developed electrochemical and postural neuroprosthesis can replace the missing source of supraspinal input 

sufficiently after a severe SCI and transforms lumbosacral spinal circuits, located below the lesion, into functional and 

adaptive networks (Courtine et al., 2009). By this means we can exploit the capacity of sensory input and smart 

spinal networks to coordinate complex locomotor behaviors without input from the brain that allows to repetitively 

train motor tasks during neurorehabilitative interventions with the aim to augment use-dependent plasticity leading to 

locomotor recovery. 
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Neuronal dysfunction in the chronic stage of a severe SCI 

Non-ambulatory individuals with severe SCI typically exhibit progressive neuronal dysfunction in the chronic stage of 

injury. To investigate the underlying mechanisms, we developed a new model of severe SCI that consists of two 

opposite side, staggered lateral hemisections, completely interrupting direct supraspinal input to spinal locomotor 

circuits. The SCI spared a bridge of intact neural tissue through which intraspinal remodeling could occur. The injury 

resulted in chronic paralysis and exhibited alterations that led to neuronal dysfunction in the chronic stage of the SCI, 

similar to the human situation (Dietz and Muller, 2004, Grasso et al., 2004, Lunenburger et al., 2006, Dietz et al., 

2009, McKay et al., 2011, Hubli et al., 2012, Beauparlant et al., 2013). Signature characteristics were evaluated with 

functional and electrophysiological experiments: 1) under electrochemically-enabled conditions deterioration of 

stepping occurred in the chronic stage, apparent as erratic limb movements, confirming results of previous studies 

(Courtine et al., 2009), 2) premature exhaustion of locomotor muscle activity was present in the chronic stage, as well 

as 3) abnormal long-latency reflex responses that correlated with deterioration of stepping function. Anatomical 

analyses showed intraspinal remodeling of denervated circuits led to aberrant connections and chaotic recruitment or 

sensorimotor circuits that contributed to detrimental changes and dysfunctional locomotor circuitries (Beauparlant et 

al., 2013).  Undirected compensatory plasticity in spinal circuits below the lesion was in part responsible for the 

development of neuronal dysfunction in the chronic stage with the absence of locomotor movements (Beauparlant et 

al., 2013). Aside from the mechanisms studied here, it is plausible that other mechanisms also contribute to neuronal 

dysfunction. Activity-based rehabilitation has been proven to lead to functional use-dependent remodeling of spinal 

circuitries in paralysed rats (Ichiyama et al., 2008, Courtine et al., 2009, van den Brand et al., 2012) and humans with 

incomplete SCI (Hubli et al., 2012) that can lead to improvement of function after incomplete lesions (Raineteau and 

Schwab, 2001, Edgerton et al., 2004). However future studies will have to explore the feasibility of activity-based 

interventions to adequately target intraspinal mechanisms underlying neuronal dysfunction to prevent or reverse 

these detrimental changes in experimental animals. It is important to further investigate the exact mechanisms 

underlying neuronal dysfunction in humans to design adequate interventions for individuals with severe SCI that can 

maintain the appropriate intraspinal connectivity and reverse neuronal dysfunction (Dietz, 2010, Roy et al., 2012). 

 

The electrochemical and postural neuroprosthesis can be applied during activity-based 

rehabilitation and leads to supraspinal control of locomotion after severe SCI 

We next investigated whether neurorehabilitation augmented with neuroprosthetic technologies was able to prevent 

the development of neuronal dysfunction, and instead improved functional recovery, in rats with two opposite side, 

staggered lateral hemisections. Rats participated in a newly developed multisystem neuroprosthetic training 

combining i) automated treadmill-based training to induce beneficial use-dependent plasticity of sub-lesional spinal 

circuits, and ii) overground active training encouraging the rat to engage its paralyzed hindlimbs, in order to promote 
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remodelling of descending neural pathways. After eight weeks of active training, chronically paralyzed rats recovered 

the impressive capacity to initiate and sustain full weight-bearing bipedal locomotion overground, and even regained 

the capacity to climb staircases and pass obstacles. Rats performed gait patterns for extended periods of time, 

similar to non-injured animals, but only when the electrochemical neuroprosthesis was applied. Training promoted 

multi-level plasticity of spared neuronal pathways above and across the lesion, which restored supraspinal control of 

lumbosacral locomotor circuits. Rats that had exclusively received electrochemically enabled, automated treadmill-

based training showed improved stepping capacity on the treadmill and use-dependent remodeling in locomotor 

activated spinal networks. However, they failed to initiate or sustain locomotion overground, as well as non-trained 

animals. 

 Combinations of anatomical and complementary experiments demonstrated that the motor cortex regained 

access to spinal locomotor circuits through intraspinal relays and brainstem regions that are known to initiate and 

sustain locomotor activity (Liu and Jordan, 2005, Hägglund et al., 2010) that might thus reorganize with multisystem 

training. This is in line with the restoration of 5-HT innervation to the area between the staggered hemisections, in 

multisystem trained rats. Additionally, enhanced transmission of the supraspinal command was present in 

multisystem trained rats, apparent by the reappearance of abolished responses in the tibialis anterior muscle evoked 

by motor cortex stimulation in the chronic stage. These responses presented with a lower amplitude (10% of 

prelesion) and a longer latency, suggesting an increased number of synaptic relays to convey the volley to hindlimb 

motor pools. These results suggest that the augmented training conditions forced the brain to reorganize spared 

neuronal systems through use-dependent mechanisms to establish new brainstem- and intraspinal-relays to restore 

supraspinally-mediated access to electrochemically enabled lumbosacral circuits after severe SCI in rats (van den 

Brand et al., 2012). Multisystems neurorehabilitation steered compensatory plasticity to accomplish beneficial, 

functional connections. 

Activity-based neurorehabilitation can lead to use-dependent plasticity and improved functional capacities in 

humans with incomplete SCI, i.e. AIS C and D (Wernig and Muller, 1992, Wernig et al., 1995, Dietz and Colombo, 

2004, Behrman and Harkema, 2007, Harkema et al., 2012a). Instead, following severe SCI (AIS A and B) these 

interventions show limited efficacy (Dietz et al., 1995, Maegele et al., 2002, Dietz and Harkema, 2004), possibly due 

to the non-functional state of lumbosacral circuitries during training (Harkema, 2008). A recent case study combined 

active rehabilitation of standing with epidural electrical spinal cord stimulation to enable functional states of spinal 

circuits in a chronic severely injured individual. After several months of rehabilitation this led to regained supraspinal 

control over specific leg joint movements in a supine position (Harkema et al., 2011). However, this capacity was only 

present when stimulation was applied. Further research is needed to determine the exact mechanisms associated 

with this recovery, but these results suggest that the therapeutic paradigms that we developed and demonstrated in 

rats may also apply to human patients.  
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Final statement 

The present work emphasizes the importance of fostering bridges between neuroscience, technology and medicine, 

to develop neurotechnologies and rehabilitation paradigms that have the potential to translate into clinical practices. 

The neuroprosthetic technologies addressed in this thesis have proven to be efficacious interventions in rats, if 

applied appropriately. Similar strategies might be translatable to humans and lead to the development of improved 

treatment strategies for individuals with SCI. However, this will be challenging and has to be done with caution 

(Fawcett et al., 2007, Lammertse et al., 2007, Harkema et al., 2012b). To be able to translate these findings to 

human patients with SCI, initial steps have been taken. Collaborations with specialists in non-human primate 

research have been established and initial testings are performed. Results will give insights into differences and 

similarities between rats and monkeys, in terms of basic neuroscience as well as the application of similar 

neuroprosthetic technologies. Additionally, an ethical proposal has been approved to conduct a study in humans with 

incomplete SCI in which the focus will lie on gaining basic neuroscientific knowledge through the application of EES. 

Specifically, the study will aim at improving the concept of EES over appropriate locations on the human spinal cord 

with optimal stimulation parameters (location, timing, feature) and test if this can lead to immediate functional 

improvements. Multidimensional analysis will be performed on a range of clinical assessments in order to obtain 

mechanistic insights demonstrating improvements in standing and walking capacities as well as enhanced 

transmission and reorganization of supraspinal and spinal pathways. Subsequently, a first attempt will be made to 

train patients with the most optimal electrical stimulation currently available in combination with the use of a newly 

developed robotic support system, named FLOAT (Free Levitation for Overground Active Training). By targeting 

these specific questions appropriately, a step-by-step approach will lead to better understanding and further 

knowledge about the human mechanisms as well as the future design of neurorehabilitation programs incorporating 

advanced neuroprosthetic technologies for locomotor recovery in humans with SCI. While challenges lie ahead, 

neurorehabilitation augmented with neuroprosthetic technologies may progressively become a new treatment option 

to improve functional recovery of spinal-cord-injured human patients.  
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ABBREVIATIONS 

 

5-HT   5-Hydroxytryptamine, Serotonin 

6MWT   6-Min Walk Test 

3MWT   3-Min Walk Test 

8-OHDPAT   5-HT1A receptor agonist 

AIS   ASIA Impairment Scale 

ANOVA   Analysis of Variance 

AIS   ASIA Impairment Scale 

ASIA   American Spinal Injury Association 

AU  Arbitrary unit 

BDA   Biotinylated dextran amine 

BDNF   Brain derived neurotrophic factor 

BWS   Body Weight Support 

C7  Cervical level 7 

c-fos  Early response transcription factor c-fos 

CNS   Central Nervous System 

COP   Center of Pressure 

CPG   Central Pattern Generator 

CSPGs   chondroitin sulfate proteoglycans 

CST   Corticospinal tract 

DA  Dopamine 

EES   Epidural Electrical Stimulation 

EMG   Electromyography 

FB  Fastblue 

FLOAT   Free Levitation for Overground Active Training 

GABA  Gamma-aminobutyric acid 

GFAP  Glial fibrillary acidic protein 
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IP  Intraperitoneal 

L2   Spinal Level 2 

MG   Medial Gastrocnemius 

MTP   Metatarsophalangeal 

NA   Noradrenaline 

NMDA  N-methyl D-aspartate 

PBS  Phosphate buffered saline 

PCA   Principal Component Analysis 

PFA  Paraformaldehyde 

PNS  Peripheral nervous system 

PTEN  Phosphatase and tensin homolog 

ROI  Region of interest 

S1   Spinal level 1 

SCI   Spinal Cord Injury 

SEA  Series Elastic Actuator 

SEM  Standard error of the mean 

SKF  DA 1-like receptor agonist 

ST   Semitendinosus muscle 

SOL   Soleus muscle 

T7  Thoracic level 7 

TA   Tibialis anterior muscle 

TMR  Tetramethylrhodamine 

vGlut  Vesicular glutamate transporter 

vGRF  Vertical ground reaction force 

VL   Vastus lateralis muscle 
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