
Department of Medicine 

University of Fribourg 

Switzerland 

Quantification of the corticobulbar and corticotectal 
projections before and after lesions or pathology affecting 

the central nervous system in non-human primates 

THESIS 

Presented to the Faculty of Science of the University of Fribourg (Switzerland) in 

consideration for the award of the academic grade of Doctor rerum naturalium 

by 

Michela Fregosi 

from 

Switzerland 

Thesis No: 2030 

UNIPRINT

2017





“The brain is a world consisting 

of a number of unexplored continents 

and great stretches of unknown 

territory” 

Santiago Ramon y Cajal 



 
 

Acknowledgments 
 

First of all I would like to thank Prof. Eric Rouiller for having welcomed me in his 

research lab and having offered me the opportunity to conduct my PhD thesis in his 

group. Thank you for your help in the analysis, the enthusiasm in the project, for the 

patience and the support during all the phases of this thesis. 

A thank to Alessandro Contestabile for his help in the analyses, the advices, the 

support and the humour. 

I sincerely thank Camille Roux and Pauline Chatagny for all the nice moments spent 

together in and out of the laboratory. In these years they became good friends. 

Thank you for having always been there to support me when I needed the most, for 

the advices and your friendship. Thank you very much. 

I big thank you to Florian Lanz for his support and advices. 

Thanks to Christine Rouilin and Christiane Marti for having prepared all the 

histological materials essential for this thesis. 

Thanks to Véronique Moret for the histological preparation and for the help in the 

analysis of the data. 

I thank all the lab members for the nice moments we all spent together during these 

years. Thank you for your advices and your support.  

I would like to thank all my friends for their friendship and their support. Thanks for all 

the nice moments we spent together in these years. Thanks to all of you. 

A very special thanks to my best friends Daniela Scheggia and Chiara Bottaro for 

having always been there to celebrate the nice moments as well as to support me in 

the most difficult ones along the way.  

Very special thanks to Carmen Contini. You have always supported me all the way 

long of my studies. Your support, overall in the last period of this thesis, and your 

presence every time I needed the most have been essential to me. Thanks very 

much for your priceless help and support. 



 
 

A big thank to my grandparents who have always believed in me and sustained me 

during all my studies. 

Thanks to my entire family for the support they gave me. 

But the most special thank goes to my family. Big thanks to my brother Luca who has 

always believed in me and supported me all the way long. Very special thanks to my 

parents Cristina and Fabrizio who have always been my greatest supporters, who 

have always supported me, helped me and have always believed in me and in my 

capabilities even when I was discouraged. There are no words to express all my 

gratitude. Thank you. 

  



 
 

Contents 

ABSTRACT ...................................................................................................................................................... 1 

RÉSUMÉ .......................................................................................................................................................... 3 

1. INTRODUCTION ....................................................................................................................................... 5 

1.1. GENERAL ORGANIZATION OF THE MOTOR SYSTEM ............................................................................................ 6 

1.1.1. The strategical level of motor control ............................................................................................. 7 

1.1.1.1. The cerebral cortex................................................................................................................................ 7 

1.1.1.2. The Basal ganglia ................................................................................................................................... 8 

1.1.2. The tactical level of motor hierarchy ............................................................................................. 11 

1.1.2.1. Cerebellum .......................................................................................................................................... 11 

1.1.3. The execution level in motor control ............................................................................................. 14 

1.1.3.1. The brainstem ..................................................................................................................................... 14 

1.1.3.1.1. The organization of the Reticular Formation ................................................................................. 14 

1.1.3.1.2. The Superior colliculus ................................................................................................................... 15 

1.1.3.2. Spinal cord ........................................................................................................................................... 16 

1.1.4. Thalamus ....................................................................................................................................... 17 

1.2. CORTICAL MOTOR AREAS .......................................................................................................................... 18 

1.2.1. The primary motor cortex (M1) ..................................................................................................... 21 

1.2.3. The premotor areas on the lateral hemisphere ............................................................................. 22 

1.2.3.1. The dorsal premotor cortex (PMd) ...................................................................................................... 22 

1.2.3.2. The ventral premotor cortex (PMv) ..................................................................................................... 24 

1.2.4. The premotor areas in the medial wall of the hemisphere ........................................................... 26 

1.2.4.1. The supplementary motor cortex area (SMA) ..................................................................................... 27 

1.2.4.2. The cingulate motor cortex area (CMA) .............................................................................................. 28 

1.2.5. Callosal connectivity of motor cortical areas ................................................................................ 29 

1.3. THE SPINAL CORD RECEIVES DIRECT PROJECTIONS FROM THE MOTOR AREAS ........................................................ 31 

1.3.1. Corticospinal projections ............................................................................................................... 31 

1.3.2. The corticomotoneuronal (CM) system ......................................................................................... 34 

1.4. CORTICOBULBAR PROJECTIONS AND CORTICOTECTAL PROJECTIONS ................................................................... 35 

1.4.1. Corticobulbar projections .............................................................................................................. 36 

1.4.2. Corticotectal projections ............................................................................................................... 37 

1.5. THE SPINAL CORD RECEIVES PROJECTIONS FROM THE BRAINSTEM AND THE MESENCEPHALON ................................. 41 

1.5.1. Reticulospinal tract ........................................................................................................................ 41 

1.5.2. Tectospinal tract ............................................................................................................................ 44 

1.5.3. Vestibulospinal tract ...................................................................................................................... 44 

1.5.4. Rubrospinal tract ........................................................................................................................... 46 

1.5.5. Raphespinal tract .......................................................................................................................... 47 

1.5.6. The propriospinal system .............................................................................................................. 48 



 
 

1.6. PATHOLOGIES OF THE CNS ....................................................................................................................... 49 

1.6.1. Cortical lesion of the primary motor cortex................................................................................... 50 

1.6.2. Spinal cord injury of the cervical segments ................................................................................... 52 

1.6.3. Parkinson’s disease ....................................................................................................................... 53 

1.6.4. The spontaneous functional recovery in the adult CNS is limited.................................................. 54 

1.6.5. Treatments enhancing the functional recovery of the CNS ........................................................... 55 

1.6.5.1. Anti-NogoA antibody treatment .......................................................................................................... 56 

1.6.5.2. Autologous Neural Cell Ecosystem (ANCE) .......................................................................................... 57 

1.7. AIMS OF THE RESEARCH ............................................................................................................................ 58 

1.8. REFERENCES ........................................................................................................................................... 61 

2. GENERAL MATERIALS AND METHODS ........................................................................................................ 85 

2.1. SUBJECTS............................................................................................................................................... 86 

2.1.1. Animal’s keeping ........................................................................................................................... 87 

2.1.2. Behavioural tasks .......................................................................................................................... 90 

2.2. DATA COLLECTION ................................................................................................................................... 90 

2.2.1. Anatomy of the corticobulbar and corticotectal projections from motor cortex .......................... 91 

2.2.1.1. Histology .............................................................................................................................................. 91 

2.2.1.2. Cresyl violet (Nissl staining) ................................................................................................................. 92 

2.2.1.3. Biotinylated dextran amine (BDA) staining ......................................................................................... 95 

2.2.1.4. Cholera toxin subunit B (CB) ................................................................................................................ 96 

2.2.1.5. Thyrosine Hydroxilase (TH-HRP) .......................................................................................................... 97 

2.2.2. Neurolucida analysis ..................................................................................................................... 98 

2.2.2.1. Brainstem and midbrain BDA sections ................................................................................................ 98 

2.2.2.2. Nissl sections ....................................................................................................................................... 98 

2.2.2.3. Graphical superposition ...................................................................................................................... 99 

2.2.2.4. Identification of the reticulospinal neurons ...................................................................................... 100 

2.3. PARKINSONIAN MONKEYS ....................................................................................................................... 100 

2.3.1. VigiPrimate .................................................................................................................................. 101 

2.3.2. Positron Emission Tomography ................................................................................................... 101 

2.3.3. Magnetic Resonance Imagining .................................................................................................. 102 

2.4. SURGERY PROCEDURES FOR CHAMBER IMPLANTS ......................................................................................... 103 

2.5. PERMANENT LESION .............................................................................................................................. 103 

2.5.1. Unilateral lesion using ibotenic acid ............................................................................................ 103 

2.5.2. Bilateral lesion using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) ............................. 104 

2.5.3. Unilateral cervical cord lesion using surgical blade ..................................................................... 105 

2.6. POST-LESIONAL TREATMENTS .................................................................................................................. 105 

2.6.1. Anti-Nogo A antibody treatment ................................................................................................. 105 

2.6.1.1. Cortical lesion .................................................................................................................................... 105 

2.6.1.2. Spinal cord injury ............................................................................................................................... 106 



 
 

2.6.2. Autologous neural cell ecosystem (ANCE) treatment .................................................................. 106 

2.6.2.1. Cortical biopsies ................................................................................................................................ 106 

2.6.2.2. Cell culture preparation and labelling ............................................................................................... 108 

2.6.2.3. Transplant .......................................................................................................................................... 109 

2.7. SACRIFICE ............................................................................................................................................ 109 

2.8. REFERENCES ......................................................................................................................................... 111 

3. RESULTS ................................................................................................................................................... 116 

CHAPTER 3.1. ............................................................................................................................................... 117 

CORTICOBULBAR PROJECTIONS FROM DISTINCT MOTOR CORTICAL AREAS TO THE RETICULAR 

FORMATION IN MACAQUE MONKEYS ..................................................................................................... 117 

CHAPTER 3.2. ............................................................................................................................................... 135 

MOTOR CORTICOBULBAR PROJECTIONS CHANGE DEPENDING ON DIFFERENT LESION TYPES 

AFFECTING THE CENTRAL NERVOUS SYSTEM IN ADULT MACAQUE MONKEYS ................................ 135 

CHAPTER 3.3. ............................................................................................................................................... 187 

IPSILATERAL CORTICOTECTAL PROJECTIONS FROM THE PRIMARY, PREMOTOR AND 

SUPPLEMENTARY MOTOR CORTICAL AREAS IN ADULT MACAQUE MONKEYS: A QUANTITATIVE 

ANTEROGRADE TRACING STUDY. ........................................................................................................... 187 

CHAPTER 3.4. ............................................................................................................................................... 215 

CORTICOTECTAL PROJECTIONS FROM PM AND M1 ARE DIFFERENTLY AFFECTED DEPENDING ON 

THE LESION OR PATHOLOGY AFFECTING THE CNS ............................................................................... 215 

4. GENERAL DISCUSSION .............................................................................................................................. 240 

4.1. PM AND SMA SEND DENSER CORTICOFUGAL (CORTICOBULBAR AND CORTICOTECTAL) PROJECTIONS THAN M1 IN INTACT 

MONKEYS 241 

4.2. THE ANTI-NOGOA ANTIBODY TREATMENT ACTS DIFFERENTLY DEPENDING ON THE LESION TYPE ............................. 244 

4.3. PD LEADS TO MAJOR CHANGES IN PM PROJECTIONS AS COMPARED TO M1 ...................................................... 249 

4.4. NOMENCLATURE OF CORTICOBULBAR PROJECTIONS ..................................................................................... 250 

4.5. FUTURE PERSPECTIVES AND CONCLUSION .................................................................................................. 250 

4.6. REFERENCES ......................................................................................................................................... 252 

5. ANNEXES-1 ............................................................................................................................................... 259 

5.1. AXONAL BOUTONS IN THE BRAINSTEM (CORTICOBULBAR PROJECTIONS) ........................................................... 260 

5.1.1. Intact ........................................................................................................................................... 261 

5.1.2. M1 lesion ..................................................................................................................................... 269 

5.1.3. PD ................................................................................................................................................ 273 

5.1.4. SCI ................................................................................................................................................ 277 



 
 

5.2. AXONAL BOUTONS IN THE SUPERIOR COLLICULUS (CORTICOTECTAL PROJECTIONS) .............................................. 282 

5.2.1. Intact ........................................................................................................................................... 283 

5.2.2. M1 lesion ..................................................................................................................................... 288 

5.2.3. PD ................................................................................................................................................ 292 

6. ANNEXES-2 .......................................................................................................................................... 296 

7. CURRICULUM VITAE ............................................................................................................................ 365 

 

 

 

 

 



1 
 

Abstract 

 

The motor system is highly complex with a hierarchic and parallel organization 

involving several structures and descending pathways working in a coordinated manner to 

generate voluntary movements. The corticospinal, corticobulbar and corticotectal 

descending pathways act in parallel with brainstem systems, such as the reticulospinal 

tract and the tectospinal tract, to ensure the control of voluntary movements via direct or 

indirect influences onto spinal motoneurons. Nowadays what we know on monkeys about 

the corticobulbar projections is limited and relies primarily on early studies derived from 

tracing degeneration methods. The corticotectal projections have been studied with more 

recent methods providing evidence of the existence of projections from the premotor 

cortex (PM) and, to a lesser extent, from the primary motor cortex (M1) but not from the 

supplementary motor cortical area (SMA). 

In this thesis we analysed twenty-three non-human primates (macaque monkeys) 

injected with the anterograde tracer biotinylated dextran amine (BDA) in either PM, SMA or 

M1 in order to anterogradelly trace the corticobulbar terminals bilaterally in the brainstem, 

with focus on the Ponto-Medullary Reticular Formation (PMRF), and corticotectal terminals 

ipsilaterally in the superior colliculus (SC) in the midbrain. Furthermore, one monkey was 

analysed with the retrograde tracer cholera toxin subunit b (CB) to locate the reticulospinal 

neurons in the brainstem. Our aim was first to fill existing gaps on both corticobulbar and 

corticotectal projections in intact monkeys and secondly to assess how these projections 

rearrange, if they do, after either M1 lesion of the hand area, spinal cord injury (SCI) or 

Parkinson’s disease (PD) as well as in presence/absence of a treatment (anti-NogoA 

antibody or autologous neural cell ecosystem; ANCE). 

Our data show that in intact monkeys PM and SMA have dense corticobulbar and 

corticotectal projections as compared to M1. In addition, PM and SMA send inputs to the 

entire PMRF mainly medially whereas M1 projects to the medullary reticular formation 

mainly laterally. Furthermore PM and SMA exhibit an ipsilateral predominance in 

corticobulbar projections contrasting with the contralateral predominance for M1. As an 

original finding we observed dense corticotectal projections from the SMA to SC.  

Monkeys subjected to cortical lesion of the hand area in M1 were injected with BDA 

in the ipsilesional PM. In presence of the anti-NogoA antibody treatment we found a 

decrease of both the bilateral corticobulbar projections (preserving though their ipsilateral 

predominance) and of the corticotectal projections (ipsilateral). In absence of treatment we 
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found also a decrease of corticobulbar projections with preservation of the ipsilateral 

dominance but unchanged corticotectal projections.  

In animals subjected to hemi-section of the cervical (C7) cord the BDA tracer was 

injected in M1. We found that in monkeys subjected to SCI and treated with a control 

antibody the corticobulbar projections did not change. In contrast, in monkeys treated with 

the anti-NogoA antibody the corticobulbar projections from M1 showed a strong increase 

of density and preserved their contralateral predominance.  

The last group that we analysed were monkeys with PD (MPTP-induced) all treated 

with ANCE and injected with BDA in either PM or M1. We found that after PD the 

corticobulbar projections from both PM and M1 decreased especially from PM. Moreover, 

the ipsilateral predominance from PM was preserved. In contrast, the corticotectal 

projections were unaffected from both PM and M1. 

To sum up this thesis gives for the first time indications of how corticobulbar and 

corticotectal projections rearrange in response to lesions or pathology affecting the CNS in 

non-human primates.  
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Résumé 

 

Le système moteur est un système hautement complexe avec une organisation 

hiérarchique et parallèle qui comprend plusieurs structures and voies descendantes, 

toutes travaillant de manière coordonnée pour générer un mouvement volontaire. Le 

système corticospinal, et les projections descendantes corticobulbaire et corticotectale 

agissent en parallèle avec les voies descendantes du tronc cérébral, comme par exemple 

le système reticulospinal et le système tectospinal, pour assurer le control des 

mouvements volontaires en agissant directement ou indirectement sur les motoneurones 

de la moelle épinière.  

De nos jours, nos connaissances chez le singe des projections corticobulbaires sont 

limitées et basées sur des anciennes études conduites par des méthodes de traçage de 

dégénérescence nerveuse. Les projections corticotectales ont été étudiées dans un peu 

plus de détails montrant l’existence de projections corticotectales depuis l’aire prémotrice 

(PM) et, de manière moins dense, depuis l’aire motrice primaire (M1), tandis qu’aucune 

projection n’a été rapportée depuis l’aire motrice supplémentaire (SMA). 

Dans cette thèse nous avons analysé vingt-trois primates non-humains (singes 

macaques), injectés avec le traceur antérograde biotinylated dextran amine (BDA) soit 

dans PM ou dans SMA ou dans M1 de façon à tracer les terminaisons cortiocobulbaires 

bilatérales dans le tronc cérébral, avec une attention particulière à la formation réticulaire 

ponto-médullaire (PMRF), et les terminaisons corticotectales ipsilaterales dans le 

colliculus supérieur dans le mésencéphale. De plus un singe a été analysé avec le traceur 

rétrograde cholera toxin subunit b (CB) pour localiser les neurones reticulospinaux dans le 

tronc cérébral.  

Le but était de compléter les lacunes de la littérature existante concernant les 

projections corticobulbaires et corticotectales chez les singes intacts et ensuite de 

déterminer comment ces projections vont se réarranger, si elles le font, en cas de lésion 

corticale de l’aire de la main de M1, d’une lésion spinale (SCI) ou suite à la maladie de 

Parkinson (PD); l’effet de traitements (anticorps anti-nogoA ou de cellules autologues, 

ANCE) a aussi été évalué. 

Nos données montrent que chez les animaux intacts les projections corticobulbaires 

et corticotectales depuis PM et SMA sont plus denses que celles de M1. De plus, PM et 

SMA envoient des projections corticobulbaires le long de toute la formation réticulaire 

ponto-médullaire surtout dans la partie médiale, tandis que M1 projette dans la formation 
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réticulaire médullaire surtout dans la partie latérale. PM et SMA envoient une majorité de 

leurs projections corticobulbaires ipsilatérallement, tandis que M1 se projette 

principalement du côté contralateral. De façon originale, nous avons trouvé une projection 

corticotectale dense vers le colliculus supérieur depuis SMA. 

Les singes qui ont été soumis à une lésion corticale de l’aire de la main de M1 ont 

été injectés avec BDA dans le PM ipsilésionel. En présence du traitement avec l’ anticorps 

anti-nogoA, on a trouvé une diminution bilatérale des projections corticobulbaires (avec 

maintien toutefois de la prédominance ipsilatérale), ainsi qu’une diminution des projections 

corticotectales (ipsilaterales). En absence de traitement, les projections corticobulbaires 

diminuent et maintiennent aussi une prédominance ipsilaterale; par contre les projections 

corticotectales restent inchangées. 

Chez les animaux atteints d’une hémisection de la moelle épinière cervicale (C7), le 

BDA a été injecté dans M1. Nos données ont montré que chez les singes soumis à une 

lésion de M1 et traités avec un anticorps contrôle il n’y a aucun changement des 

projections corticobulbaires. Au contraire, chez les singes traités avec les anticorps anti-

NogoA on a trouvé une forte augmentation des projections corticobulbaires depuis M1 

avec un maintien de la prédominance contralatérale. 

Le dernier groupe qu’on a analysé comprend les singes parkinsoniens (Parkinson 

induit par MPTP) tous traités avec les cellules autologues et injectés avec le BDA soit 

dans PM ou dans M1. On a démontré qu’après PD les projections corticobulbaires depuis 

PM et M1 sont diminuées, surtout celles depuis PM. De plus, la latéralité de PM a été 

maintenue (ipsilaterale). Au contraire, les projections corticotectales restent inchangées 

depuis PM et M1 après PD. 

En conclusion, cette thèse donne des premières indications sur la manière dont les 

projections corticobulbaires et corticotectales se réarrangement en réponse à des lésions 

ou pathologies touchant le système nerveux central (CNS) chez le primate non-humain. 
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1.1. General organization of the motor system 

 

The motor system is the main neural system responsible for movement control and 

execution. The voluntary control of movements involves a great deal of structures (Fig. 1) 

organised in a hierarchic and parallel way. These structures are located along the entire 

nervous system with the brain as top hierarchical structure controlling all the others and 

the spinal cord at the bottom of the hierarchy for execution (Kandel et al., 2013; Squire et 

al., 2013; Bear et al., 2007). A further important role in motor control and execution is 

played by sensory information from the outside world; frequently the sensory system and 

the motor system are referred together as the sensorimotor system (Bear et al., 2007). 

According to Bear and colleagues (2007) the hierarchical control of movements 

involves three levels: a strategical level, involving associative areas of the brain and the 

basal ganglia; a tactical level, involving the motor cortex and the cerebellum, and finally 

the execution level which involves the brainstem and the spinal cord.  

 

 
 

Figure 1: Schematic representation of the motor system showing its hierarchical and parallel control on 
movements. Arrows represent the direction of motor information (E.M. Rouiller’s lecture). 

 

In this subchapter we will briefly survey the different elements involved in motor 

control (Fig. 1); they will be presented according to their role in motor control. 
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1.1.1. The strategical level of motor control 

 

According to Bear and colleagues (2007) the strategical level of motor control is the 

highest level of hierarchy in motor control and involves the cerebral cortex (mainly the 

motor areas) and the basal ganglia. 

 

1.1.1.1. The cerebral cortex 

 

The main players of the cerebral cortex in motor control are the motor cortical areas 

(Fig. 2). These areas are located in the frontal lobe in front of the central sulcus and are: 

the primary motor cortex (M1), the premotor cortex (PM), the supplementary motor cortex 

area (SMA) and finally the cingulate motor cortex area (CMA) (Bear et al., 2007; Kandel et 

al., 2013; Squire et al., 2013). Premotor areas (PM, SMA and CMA) are involved more in 

motor planning than execution, whereas M1 is the main area responsible for motor 

execution (Kandel et al., 2013). Together with the motor cortex other players are involved 

in the control of movements: the somatosensory cortex, the posterior parietal cortex and 

the prefrontal cortex (Bear et al., 2007; Kandel et al., 2013).  

 

 
 

Figure 2: Lateral view of the cortical areas on a human brain involved in the control of voluntary movements 
(modified from Bear et al., 2007). 
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All these areas, overall the motor cortex areas, are part of a greater motor control 

system (Fig. 1) orchestrating the collaboration with other downstream structures (Kandel 

et al., 2013; Squire et al., 2013).  

More detailed information about the motor cortical areas organization and functions 

will be presented in subchapter 1.2. Information about the descending projections from 

these areas to the spinal cord will be provided in subchapters 1.3 for the corticospinal 

tract and in subchapter 1.4 for corticobulbar and corticotectal projections.  

 

1.1.1.2. The Basal ganglia 

 

The motor cortex sends not only direct information to the spinal cord but also to other 

players of the motor system; one of these are the basal ganglia (Fig. 1). The basal ganglia 

are a group of interconnected nuclei involved in several functions of the nervous system; 

one of them is motor control (Squire et al., 2013; Kandel et al., 2013; Obeso et al., 2008, 

Bear et al., 2007, Herrero et al., 2002); they are located at the basal forebrain (Shipp, 

2017). According to Shipp (2017) the main role of basal ganglia in motor control appears 

to be action selection and more precisely “[…] is to evaluate its reward earning potential 

with respect to alterative actions contingent upon all relevant factors […]”. 

Figure 3 shows the location of the basal ganglia in the brain. This nuclear aggregate 

is formed by the Striatum, comprising the Caudate nucleus and the Putamen, and the 

Pallidum including the Globus pallidus internal segment (GPi) and an external segment 

(GPe); the Subthalamic nucleus (STN) and the Substantia Nigra (pars compacta and pars 

reticulata, SNpc and SNpr respectively) are additional nuclei being part of the basal 

ganglia (Kandel et al., 2013, Obeso et al., 2008, Shipp, 2017). The striatum is the major 

input centre; it receives information from the cerebral cortex, the brainstem as well as from 

the thalamus. GPi is the main output centre, whereas GPe is involved in intrinsic circuitry 

of the basal ganglia. The SNpc contains DA neurons and project to the striatum and other 

nuclei of the basal ganglia; SNpr together with GPi is the other major output nucleus. 

Finally the STN is part of the internal circuits: it receives inputs from GPe, cortex, 

brainstem and thalamus and sends output projections to the SNpr (Squire et al., 2013, 

Obeso et al., 2008). Output nuclei connect to thalamic nuclei as well as to brainstem 

structures (Kandel et al., 2013). 
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Figure 3: Basal ganglia localization in the brain on a frontal section (modified from Kandel et al., 2013). 

 

Motor control in the basal ganglia is exerted by a “direct motor pathway” and an 

“indirect motor pathway” (Fig. 4). Both pathways start with an excitatory projection 

(Glutamate; Glu) from the cerebral cortex to the Striatum. In the “direct motor pathway” the 

Striatum directly sends inhibitory projections (γ-aminobutyric acid; GABA) to GPi and 

SNpr, which then in turn send inhibitory projections (GABA) to a group of thalamic nuclei 

(the ventrolateral nucleus of thalamus oral part (VLo), and medial part (VLm) as well as in 

the ventral anterior nucleus of thalamus, parvocellular part (VApc)) (Obeso et al., 2008; 

Kandel et al., 2013; Squire et al, 2013, Shipp, 2017). These thalamic nuclei then send 

excitatory projections (Glu) back to the cerebral cortex (Kandel et al., 2013, Squire et al., 

2013; Obeso et al., 2010; Schroll and Hamker, 2013, Shipp, 2017). Overall the direct 

pathway exerts a facilitatory influence on motor control. In the “indirect motor pathway” the 

Striatum targets GPe via GABAergic projections; this nucleus in turn connects to the major 

output nuclei (directly or indirectly via STN) of the basal ganglia via GABAergic projections 

(GPi and SNpr); these last two then contact via inhibitory projections (GABA) first the 

thalamic nuclei (VLo, VLm and VApc) and then the cerebral cortex (Glutamergic 

projection) (Kandel et al., 2013, Squire et al., 2013; Obeso et al., 2010; Schroll and 

Hamker, 2013, Shipp, 2017). Overall the indirect pathway exerts an inhibitory influence on 

motor control. The thalamus projects back to the motor areas that first provided the input 

information to the Striatum (Kandel et al., 2013). In the cortico-striato-pallido-thalamic 

loops, the flow of information is unidirectional, despite the existence of retroaction on the 
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Striatum from other structures involved in the pathways, such as the projections from GPe 

for instance (Shipp, 2017).  
 

 
 

Figure 4: Schematic representation of the indirect, direct and hyperdirect pathways in the basal ganglia 
(modified from Schroll and Hamker, 2013). 

 

Furthermore, there is a hyperdirect pathway (Fig. 4) connecting the motor cortical 

areas to STN (Squire et al., 2013; Obseo et al. 2008); however most of these projections 

arise in the frontal lobe. Cortical projections to STN are glutaminergic as well as those 

from STN to GPi and SNpr nuclei. It is called “hyperdirect pathway” since it is faster than 

those involving the striatum (Squire et al., 2013, Schroll and Hamker, 2013).  

The SNpc contains large dopaminergic (DA) neurons (Squire et al., 2013; Kandel et 

al., 2013; Obeso et al., 2008). The striatum sends inhibitory projections to this nucleus 

which in turn sends dopaminergic projections back to it. In the striatum there are two 

receptors for dopamine: D1 receptors and D2 receptors. The former appears to facilitate 

the “direct motor circuit” whereas the latter inhibits the “indirect motor circuit” (Kandel et al., 

2013; Squire et al., 2013; Obeso et al., 2008; Shipp, 2017). Moreover, in 2008 Shen and 

colleagues have demonstrated in transgenic mice that DA induces striatal synaptic 

changes in the form of long term potentiation (LTP) in cells expressing D1 receptors) or 

long term depression (LTD) in striatal neurons expressing D2 receptors. Thus, DA neurons 

appear to be a good modulatory system across the different motor circuits in the basal 

ganglia. 
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Evidences point out to a somatotopic correspondence between the cortical 

representation and the basal ganglia pathways (Shipp, 2017; Nambu, 2002, 2011). 

Furthermore, tracing studies conducted by Kelly and Strick (2004) on Cebus monkeys 

have demonstrated the existence of subcircuit organization in the motor loop. Together 

with the idea of subcircuits organization and somatotopic organization of the information, 

there are as well evidences proving the existence of information convergence from cortical 

areas to Striatum that reflect the cortical network (Shipp, 2017). Nambu (2002) showed 

that projections from SMA and M1 in monkeys have a segregated input (Nambu, 2002; 

Takada et al., 1998), but according to Nambu (2002) there was a zone of convergence 

between the two. The premotor cortex forelimb areas project medially and overlap with 

SMA forelimb projections; PMd and PMv projections are spatially segregated (Takada et 

al. 1998).  

 

1.1.2. The tactical level of motor hierarchy 

 

According to Bear and colleagues (2007) this level of motor controls involves the 

motor cortex (see subchapter 1.2 for a detailed explication) and the cerebellum (see 

subchapter 1.1.2.1).  

 

1.1.2.1. Cerebellum 

 

The cerebellum is a structure located at the basis of the brain in the posterior cranial 

fossa; it is involved principally in motor control (Kandel et al., 2013; Squire et al., 2013; 

Bostan et al., 2013) but plays as well non-motor functions (Bostan et al, 2013). This 

structure contains half of all neurons in the entire brain (Kandel et al., 2013) and receives 

motor information from several components of the motor system, namely the cortex, the 

basal ganglia, the brainstem and the spinal cord (Kandel et al., 2013; Bostan and Strick, 

2010, Bostan et al., 2013; Fig. 1). Its role appears to be to predict the control of movement 

and adapt it according to the information received from both the spinal cord (sensory 

information) and the motor cortex (motor plan). It can then influence and modulate motor 

output by direct connection with the brainstem (site of origin of several motor descending 

pathways) and the thalamus (Kandel et al., 2013). 
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Anatomically the cerebellum has a three layered cortex and is composed by several 

lobes. The cerebellar cortex receives the information from several structures of the brain 

and then influences back the brain via its vestibular and cerebellar output nuclei (Squire et 

al., 2013). The cerebellar cortex can be subdivided into two hemispheres and the vermis; 

the former being generally subdivided into a lateral part and an intermediate part. 

Furthermore the cerebellum is usually subdivided into three functionally distinct regions 

each with different inputs and outputs (Kandel et al., 2013, Squire et al., 2013, Fig. 5): 

- The vestibulocerebellum: it is the most ancient part of the cerebellum. It receives both 

vestibular and visual inputs and sends outputs to the vestibular nuclei in the brainstem 

(Kandel et al., 2013, Squire et al., 2013). 

- The spinocerebellum: it is composed by the vermis and the intermediate parts of the 

cerebellum. Inputs arise in spinal cord and reach the cerebellum via the ventral and dorsal 

spinocerebellar tracts directly or indirectly via the brainstem reticular formation. Information 

carried by these ascending pathways provides the cerebellum with the somatosensory and 

proprioceptive information. The vermis receives a wide range of sensory information and 

sends output via the fastigial nucleus to the brainstem reticular formation and vestibular 

nuclei as well as to the cerebral cortex and the superior colliculus; it has therefore a role in 

posture, locomotion and eye movements. In contrast, the intermediate parts of the 

cerebellar hemisphere receive proprioceptive and sensory information from the limbs as 

well projections from the motor cortex via the pontine nuclei in the brainstem. It then sends 

outputs from the interposed nucleus (formed by the emboliform nucleus and the globose 

nucleus). Information reaches the contralateral red nucleus and the contralateral VL 

thalamus, which in turn reaches the limb control of M1 and consequently the corticospinal 

tract (CST). Moreover, information reaches the reticular formation in the brainstem. The 

intermediate parts of cerebellar hemispheres thus are more involved in motor control of 

somatic reflexes as well as in the control of proximal muscles of the limbs (Kandel et al., 

2013, Squire et al., 2013). 

- The cerebrocerebellum inputs to the cerebellum arise in the cerebral cortex and reach 

the dentate nucleus in the lateral part of the cerebellar hemispheres via the pontine nuclei 

in the brainstem. Outputs arise from the dentate nucleus and reach the motor cortical 

areas (M1 and PM), the prefrontal cortex and the parietal cortex via the VL thalamic 

nucleus as well as the reticular formation. The cerebrocerebellum appears to be involved 

in planning and execution of movements and in the control of distal muscles of the limbs 

(Kandel et al., 2013, Squire et al., 2013). 
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Figure 5: Schematic representation of the cerebellar inputs and outputs (modified from Kandel et al., 2013). 

 

Besides all these cerebellar outputs, each cerebellar nucleus connects to the inferior 

olive located in the medulla oblongata of the brainstem; these cerebelloolivary projections 

are inhibitory (Squire et al., 2013). Furthermore, increasing evidences provide information 

that the cerebellum not only connects to the cerebral cortex (via the VL thalamus) and the 

brainstem but also to the basal ganglia involved in somatomotor function (Bostan and 

Strick, 2010; Bostan et al., 2013, Caligiore et al., 2017). 
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1.1.3. The execution level in motor control 

 

1.1.3.1. The brainstem 

 

The brainstem is the part of the brain immediately rostral to the spinal cord; it is 

composed by the midbrain, the pons and the medulla oblongata (Kandel et al., 2013; 

Squire et al., 2013; Angeles Fernández Gil et al., 2010). Each of these structures is 

composed by 3 laminae: the tectum, the tegmentum and the basis (Angeles Fernández Gil 

et al., 2010). The brainstem is organized in columns and is composed by a large number 

of nuclei (Paxinos et al., 2012); in addition, the brainstem is the arising point of all the 

twelve cranial nerves (Angeles Fernández Gil et al., 2010; Kandel et al., 2013; Squire et 

al., 2013). 

The main functions of the brainstem are several and comprise: 1) the sensorimotor 

function of head, neck and face, 2) relay for several sensory modalities such as visual, 

auditory, vestibular and taste, 3) parasympathetic reflexes involved in life-sustaining 

functions, 4) several ascending and descending pathways of the central nervous system, 

5) it contains the reticular formation (Kandel et al., 2013), whose name refers to its 

structure similar to a network (Angeles Fernández Gil et al., 2010; see subchapter below 

1.1.3.1.1 The organization of the Reticular Formation).  

Information about the descending projections originating in the brainstem will be 

presented in subchapter 1.5. 

 

1.1.3.1.1. The organization of the Reticular Formation 

 

The reticular formation is located in the tegmentum of the entire brainstem and is 

composed by several nuclei whose limits are not well defined (Paxinos et al., 2012). The 

reticular formation is usually subdivided into Midbrain Reticular Formation (MRF) involved 

in locomotion (Kandel et al., 2013) and the Ponto-Medullary Reticular Formation (PMRF) 

involved in motor control, sensory information, alertness and arousal (Kandel et al., 2013, 

Squire et al., 2013). Moreover, the reticular formation is important for a wide range of 

autonomous and motor behaviours and controls a great deal of reflexes and simple 

behaviours as breathing, feeding, vomiting and so on (Kandel et al., 2013) 
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The reticular formation can be subdivided into four distinct parts: the raphe nuclei, the 

medial reticular formation, the lateral reticular formation and the intermediate zone 

(Angeles Fernández-Gil et al., 2010).  

The raphe nuclei extend along the entire rostro-caudal axis of the brainstem; they lie 

along the midline and are rich of serotoninergic neurons (Paxinos et al., 2000; Hornung, 

2003, Myers et al., 2017; Angeles Fernández Gil et al., 2010). 

The medial zone comprises the medial reticular formation, formed by the Pontine 

reticular nuclei (PnO and PnC, pars oralis and caudalis respectively), which are located in 

the pons, and the Gigantocellular nucleus (Gi), located in the medulla oblongata (Paxinos 

et al., 2000, 2012). These nuclei are involved in motor functions. Furthermore, these nuclei 

are at the origin of the reticulospinal tract (RST; Angeles Fernández Gil et al., 2010; Sakai 

et al., 2009; Lemon, 2008; Kuypers, 1981; Matsuyama et al., 1997, 1999a, b; Matsuyama 

and Drew, 1997, Kandel et al., 2013).  

The lateral zone comprises sensory nuclei as well as the Lateral reticular nucleus 

(LRt), the latter being known to be a relay zone of information coming from different areas 

of the central nervous system such as the spinal cord and the cerebellum (Alstermark & 

Ekerot, 2013, 2015; Alstermark et al., 1981). The lateral zone appears to be an associative 

area projecting to the medial reticular formation (Angeles Fernández Gil et al., 2010). 

The intermediate reticular nucleus (IRt) is a nucleus in the reticular formation located 

in the medulla oblongata; it lies besides the Gigantocellular reticular nucleus and above 

the Lateral reticular nucleus in the caudal medulla (Paxinos et al., 2000; 2012). According 

to Angeles Fernández Gil and colleagues (2010) it is located in between the medial and 

lateral reticular formation.  

In subchapter 1.4.1 we will give an overview of the cortical projections acting on the 

brainstem, whereas in subchapter 1.5 we will review the motor descending pathways 

originating from the brainstem. 

 

1.1.3.1.2. The Superior colliculus 

 

The superior colliculus is a layered structure located in the tectum of the midbrain; it 

is the major integration centre for visuomotor information (Squire et al., 2013; Kandel et al., 

2013; Duane, 2002). It is composed by seven layers (reviewed in Sparks and Hartwich-

Young, 1989; Gandhi and Katnani, 2011): the zonal layer, the superficial grey layer 

(SCsup), the superficial white layer (Op), the intermediate grey layer (SCint), the 
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intermediate white layer (InWh), the deep grey layer (SCdeep) and finally the deep white 

layer (DpWh; nomenclature based on the monkey brain atlas of Paxinos et al., 2000). The 

superficial layers receive direct inputs from the retina as well as from the visual cortex 

(Squire et al., 2013; Gandhi and Katnani, 2011); they are responsive to stimuli delivered in 

the contralateral hemifield (Gandhi and Katnani, 2011). The intermediate layer as well as 

the deep layer respond to visual stimuli, auditory stimuli and are involved in saccadic 

movements (Squire et al., 2013, Gandhi and Katnani, 2011); in addition both the 

intermediate and deep layers are in position to play a role in sensorimotor integration 

thanks to their neurons showing activation before movement (Sparks and Hartwich-Young, 

1989; Gandhi and Karnani, 2011). The presence of neurons that are reach-related 

(Werner et al., 1993; 1997a,b) or responding to hand-object intereaction (Nagy et al., 

2006) as well as generation of arm movements after microstimulation of lateral SC (Philipp 

and Hoffmann, 2014) place the SC in a good position to be involved in motor control of 

forelimb (Philipp and Hoffmann, 2014). 

In subchapter 1.4.2 we will give an overview of the cortical projections reaching the 

superior colliculus, whereas in subchapter 1.5.2 we will survey the motor descending 

pathways originating from the superior colliculus, namely the tectospinal tract. 

 

1.1.3.2. Spinal cord 

 

The last player of the motor control is the spinal cord (Fig. 1), a structure located 

caudal to the brainstem. It receives motor information via the descending pathways 

originating in the cerebral cortex (see subchapter 1.3. for corticospinal projections and 

subchapter 1.4. about corticobulbar and corticotectal projections) and in the brainstem 

(see subchapter 1.5. for bulbospinal and tectospinal projections). The spinal cord 

receives sensory information from the periphery, then transferred to higher centres located 

in the brain. Furthermore, it is the ultimate location for motoneurons (MN) contacting the 

skeletal muscles of the limbs and axis (Kandel et al., 2013). These motoneurons are 

located in the ventral horn of the spinal cord; all MN innervating the same muscle are 

organised in columns spanning across two or three spinal cord segments (Squire et al, 

2013; Jenny ad Inukai, 1983). The neurotransmitter used at the motoneuronal junction is 

acetylcholine (ACh, Squire et al., 2013; Kandel et al., 2013; Bear et al., 2007). 
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1.1.4. Thalamus 

 

Another player in motor control is the thalamus (Fig. 1). This structure is located in 

the diencephalon and has an egg-shaped structure; it is formed by several specific and 

non-specific nuclei (Fig. 6; Kandel et al., 2013; Herrero et al., 2002). The thalamus is an 

important relay station, it acts as gatekeeper for all the information, sensory and motor, 

aiming to reach different areas of the cerebral cortex (Kandel et al., 2013).  

The thalamus can be subdivided in four parts: the hypothalamus, the epithalamus, 

the ventral thalamus and the dorsal thalamus; the latter is the main part of the thalamus 

(Fig. 6; Herrero et al., 2002). The group of specific nuclei have a selective relationship with 

particular portions of the cerebral cortex, whereas the non-specific nuclei do not. Usually 

the specific nuclei are divided into anterior group, posterior group, medial group and finally 

a ventral group. Motor information is mainly present in this latter group of nuclei; their 

information originates from the basal ganglia (as exposed in the previous pages) and the 

cerebellum (Kandel et al., 2013).  

 

 
 

Figure 6: Drawing representing the nuclear subdivisions of the dorsal thalamus. The figure represents a 
posterior view of right and left sectioned thalamus. Note the regio centralis of the allothalamus and their 
organization. The internal medullary lamina separates the anterior part, the lateral part and medial part. Nucleus 
perithalamicus covers the thalamus (A region superior, Cme nucleus centralis medius, CPf nucleus centralis 
parafascicularis, GL nucleus geniculatus lateralis, GM nucleus geniculatus medialis, dotted areas internal 
medullary lamina, LCL nucleus ventralis caudalis lateralis, LCM nucleus ventralis caudalis medialis, L regio 
lateralis, M regio medialis, mi massa intermedia, P regio posterior, PTh nucleus perithalamicus) (modified from 
Herrero et al., 2002). 
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Another source of information arises in the spinal cord and reaches the thalamus via 

the spinothalamic tract; the latter is responsible for noxious, thermal and visceral 

somatosensory information (Kandel et al., 2013; Craig, 2003). In 2009, Dum and 

colleagues have demonstrated by a tracing study conducted in Cebus monkeys that 

spinothalamic tract also sends projections to CMA which in turn projects to M1 and spinal 

cord (Dum and Strick 1991, 1996, 2005; He et al., 1995). This observation indicates that 

this tract is not only involved in sensory perception but plays as well a role in motor 

information processing, possibly sending a “copy” of spinal motor activity to CMA (Dum et 

al., 2009).  

 

1.2. Cortical motor areas  

 

In both non-human primates and humans the frontal lobe contains four motor cortical 

areas involved in voluntary motor control (Rizzolatti and Luppino, 2001): the primary motor 

cortex area (M1), the premotor cortex area (PM), the supplementary motor cortex area 

(SMA) and finally the cingulate motor cortex area (CMA). Of these four SMA and CMA are 

located in the medial wall of the hemisphere (Kandel et al., 2013; Dum and Strick, 2005; 

Picard and Strick, 1996).  

Brodmann first subdivided the brain into areas according to their cytoarchitectural 

structure (Kandel et al., 2013) where M1 corresponds to the area 4 of Brodmann, PM and 

SMA form the area 6 of Brodmann (Fig. 7A) and finally CMA corresponds to areas 23 and 

24 (Dum and Strick, 2002; Brodmann, 1909). The motor cortex (areas 4 and 6 of 

Brodmann) is also referred to as agranular cortex (Rizzolatti and Luppino, 2001). These 

two distinct areas have different functions as well as different efferent and afferent 

projections; furthermore the area 6 can be further subdivided into different anatomical 

areas (Luppino and Rizzolatti, 2000). Figure 7B shows the somatotopic representations in 

M1 and SMA according to Woolsey and colleagues (1952). 
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Figure 7: Comparative view of different subdivisions of the monkey’s motor cortex located in the frontal lobe. A: 
map proposed by Brodmann (1909) on the basis of cytoarchitecture; B: functional map proposed by Woolsey 
and colleagues (1952); C: modern, functional subdivision; D: map developed by Matelli and coworkers (1985, 
1991) on the basis of cytochrome oxidase. AI, inferior arcuate sulcus; AS, superior arcuate sulcus; C, central 
sulcus; Cg, cingulate sulcus; F1–F7, agranular frontal areas; IP, intraparietal sulcus; L, lateral fissure; M1, 
primary motor cortex; P, principal sulcus; PMdc, dorsal premotor cortex, caudal; PMdr, dorsal premotor cortex, 
rostral; PMv, ventral premotor cortex; SMA, supplementary motor area; ST, superior temporal sulcus (modified 
from Luppino and Rizzolatti, 2000). 

 

Matelli and co-workers (1985, 1991) investigated the agranular motor cortex with 

cytochrome oxidase staining and developed a new nomenclature for monkey brain. 

According to their nomenclature, the area 4 (Brodmann nomenclature, Fig. 7A) or M1 

(functional subdivision, Fig. 7C) corresponds to area F1 (Fig. 7D). Area 6 (Brodmann 

nomenclature, Fig. 7A) or PM and SMA (functional subdivision, Fig. 7C) corresponds to 

areas F2-F7 (Fig. 7D). In this new nomenclature, F2 and F7 areas correspond to PMd 

(PMdc and PMdr, respectively in Fig. 7C) whereas F4 and F5 areas correspond to PMv 

(caudal and rostral, respectively in Fig. 7C); these areas are located on the lateral surface 
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of the hemisphere. The remaining F3 and F6 areas, forming SMA (proper SMA and pre-

SMA, respectively in Fig. 7C), are located in the mesial part of the hemisphere (for review 

see Rizzolatti and Luppino, 2001; Luppino and Rizzolatti, 2000). Figure 8 shows the 

location of motor areas on both the lateral wall of the hemisphere and on the medial wall of 

the hemisphere, showing the location of all motor areas, including CMA. All motor areas 

show some somatotopic representation and contain areas responsible for forelimb 

movement; apparently in each area for forelimb both proximal and distal muscles are 

represented (Dum and Strick, 2002). 

 

 
 

Figure 8: Representation of the motor cortical areas in the frontal lobe of the macaque monkey. A: localization of 
the motor areas on the medial region of the hemisphere. B: shows motor areas located on the lateral 
hemisphere. The shadow in grey represents the regions of origin of the corticospinal projections descending to 
the cervical spinal cordd. Fine dotted lines show the borders between each areas. CgS, cingulate sulcus, CC, 
corpus callosum, IPS, intraparietal sulcus, ArS, Arcuate sulcus, PS, prefrontal sulcus, M1, primary motor cortex, 
PMd, dorsal premotor cortex, PMv, ventral premotor cortex, SMA, supplementary motor cortex area, CMAr, 
rostral cingulate motor cortex area, CMAv, ventral cingulate motor cortex area, CMAd, dorsal cingulate motor 
cortex area (modified from Dum and Strick, 2002). 

 

The motor cortical areas receive somatosensory information from the parietal lobe, 

mainly from the primary somatosensory area (S1) and the posterior parietal cortex 

(Luppino and Rizzolatti, 2000; Borra et al, 2017; Sakata et al., 1995; Murata et al., 2000, 

Rizzolatti and Luppino, 2001; Jeannerod et al., 1995). The parietal lobe projects to the 

areas M1, SMA-proper and part of PMd-c, whereas visual information is sent to areas 
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such as PMv-r, PMv-c and part of PMd-c. These areas are involved in sensorimotor 

transformations. The remaining pre-SMA and PMd-r areas receive instead projections 

from the prefrontal areas and cingulate cortex and are more involved in cognitive 

information of the motor control as temporal planning and motivation (Luppino and 

Rizzolatti, 2000; Rizzolatti and Luppino, 2001; Jeannerod et al., 1995). Pre-SMA and PMd-

r receive limited information from the parietal cortex (about 10% of their input) whereas for 

areas PMd-c and SMA-proper parietal inputs correspond to about 20-30% (Luppino and 

Rizzolatti, 2000). Areas PMd-c, SMA-proper as well as rostral and caudal PMv send 

projections to M1 as well as to the spinal cord; in this way these areas are involved both 

directly and indirectly in the movement execution (Luppino and Rizzolatti, 2000). pre-SMA 

and PMd-r do not sendy any projection to neither the spinal cord or M1 but projects to the 

brainstem (Luppino and Rizzolatti, 2000; Rizzolatti and Luppino, 2001). The primary motor 

cortex area (M1) is the main brain output for movement’s production whereas the premotor 

areas form a dense network, as well with parietal areas and prefrontal areas, for the 

control of reaching and grasping movements (Kandel et al., 2013). In the following 

subchapters we will see in more detail the role of each motor cortical area and how it is 

involved in movement generation. 

 

1.2.1. The primary motor cortex (M1) 

 

The primary motor cortex (Fig. 8) is the area in which the lowest intracortical 

electrical stimulation can elicit a movement; it is located in the pre-central gyrus (Kandel et 

al., 2013; Lemon, 2008). This area is arranged according to a somatotopic map 

representing all body parts (Kandel et al., 2013). However, some body territories are 

disproportionate suggesting that a greater amount of neurons is needed for their control; 

these over-represented territories are the face, the mouth, the hand and the fingers 

(Kandel et al., 2013). This somatotopic map is not a simple and continuous map but rather 

a mosaic in which muscles and joints are represented more than once (Kandel et al., 

2013; Nudo et al., 2001). The forelimb area shows a distinct localization for proximal and 

distal muscles (Park et al., 2001), with the former at the periphery around the latter 

(Kandel et al., 2013). Neurons in M1 code for preferred direction giving rise to neuronal 

populations whose global activity represents the direction for each movement (Kandel et 

al., 2013). M1 receives projections from PMd-c (F2), SMA-proper (F3) and PMv (F4 and 

F5) (Luppino and Rizzolatti, 2000). 
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In 2009, Rathelot and Strick demonstrated that M1 can be subdivided into an “old” M1 and 

a “new”M1, with the former connecting to motoneurons indirectly whereas the latter shows 

mainly direct connection with motoneurons in the ventral horn. Thus M1 acts on MNs both 

directly and indirectly (Dum and Strick, 1991, 2005; He et al., 1993; Lemon, 2008; Kandel 

et al., 2013, see subchapter 1.3).  

M1 reversible inactivation causes muscular flaccidity on the contralateral hand with 

consequent force reduction and impairments in hand dexterity (Fogassi et al., 2001). This 

data are in accordance with those obtained after permanent lesion of the hand area in M1 

(Kaeser et al., 2010, 2011; Liu and Rouiller, 1999; Rouiller et al., 1998; Hamadjida et al., 

2012; Hoogewoud et al., 2013). For further detail about the changes in M1 and other motor 

areas after motor cortical lesion see subchapter 1.6. 

 

1.2.3. The premotor areas on the lateral hemisphere 

 

The premotor cortex located on the lateral side of the hemisphere (Fig. 8) includes 4 

areas belonging to the dorsal (PMd) and ventral (PMv) premotor cortex. In the following 

subchapters (1.2.3.1 for dorsal PM and 1.2.3.2 for ventral PM) we will present their role 

in movement control, especially that of forelimb and hand movement. 

 

1.2.3.1.  The dorsal premotor cortex (PMd) 

 

The caudo-dorsal part of the premotor cortex on the lateral hemisphere corresponds 

to the dorsal premotor cortex (PMd-c or F2) in between the pre-central sulcus and caudally 

the pre-dorsal premotor cortex (pre-PMd, PMd-r or F7) rostrally (Kandel et al., 2013; 

Luppino and Rizzolatti, 2000; Rizzolatti and Luppino, 2001). 

PMd (PMd-c or F2 in other nomenclatures) possesses a rough somatotopic 

organization of arm and legs; its most lateral part is involved in distal movements and 

connect to F5, whereas the most medial part of forelimb representation connect to F4 

(PMv; Raos et al., 2003; Luppino and Rizzolatti, 2000). The excitability of F2 decreases in 

a caudorostral gradient with the forelimb area (lateral PMd) being the most excitable 

region (Raos et al., 2003). Exitability data are in accordance with the existence of CS 

projections from PMd following a decreasing gradient caudorostrally (He et al., 1993; Dum 

and Strick, 1991, 1996; Galea and Darian-Smith, 1994; Kuypers,, 1981). The majority of 
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movements elicited in forelimb PMd are single joint movements proximal or distal; 

furthermore, proximal versus distal movements are segregated along the mediolateral axis 

of PMd (Raos et al., 2003). Among distal movements, wrist movements are the most 

frequently elicited (Raos et al., 2003).  

In PMd a great deal of neurons are populations of motor neurons that show 

movement-related activity, set-related activity or signal-related activity (Luppino and 

Rizzolatti, 2000). A few neurons in PMd are responsive to sensory stimulation such as 

proprioception or vision of three-dimensional objects (Luppino and Rizzolatti, 2000). PMd 

projects to M1 (Luppino and Rizzolatti, 2000). 

PMd inputs originate from the superior parietal cortex, principally from the medial 

interparietal area (MIP), V6A and PE whereas weaker projections arise from other parietal 

areas (Kandel et al., 2013; for review see Wise et al., 1997; Luppino and Rizzolatti, 2000; 

Rizzolatti and Luppino, 2001). Parietal projections carry information about visual, sensory 

or visuo-sensory information (Luppino and Rizzolatti, 2000); thus neurons in parietal cortex 

are responsible for predication of how the arm will adapt to a specific target (Kandel et al., 

2013).  

PMd and the superior parietal cortex play a role in reaching movement (Kandel et al., 

2013; Kermadi et al., 2000). Furthermore, part of PMv (F4) is also involved in the 

construction of the peripersonal space in which reaching movements take place (Kandel et 

al., 2013). PMd appears to be involved in the movement preparation as well as in 

movement execution (Kandel et al., 2013). Kermadi and colleagues (2000) demonstrated 

that PMd neurons are more responsible to proximal muscles than to distal ones. 

Furthermore, neurons in PMd appear to be active in relation to reaching movements 

independently of the arm used (Kandel et al., 2013), in contrast to M1 reach related 

neurons, linked mainly to movements of the contralateral arm (Kandel et al., 2013). PMd 

neurons are active during the reaching phase of the movement as well as during hand pre-

shaping and grasping (Kermadi et al., 1998). PMd neurons also code bimanual actions 

(Kermadi et al., 2000). 

Pre-PMd (PMd-r or F7) shows a lower motor excitability than the other motor areas. 

PMd-r (F7) has a lower excitability than PMd-c (F2) and its somatotopic organization is 

less clear, without obvious arrangement of the different body parts. Proximal forelimb 

representation is well represented. PMd-r connects to several motor cortical areas with the 

exception of M1 (Tachibana et al., 2004). F7 includes the Supplementary eye field (SEF), 

richly connected to the frontal eye field (FEF; Luppino and Rizzolatti, 2000). CS projections 



24 
 

and connections with M1 appear be low or even absent in F7 (Tachibana et al., 2004; 

Luppino and RIzzolatti, 2000), which projects only to F2 and F6 (Luppino and Rizzolatti, 

2000). F7 receives strong input projections from the prefrontal cortex and a weak input 

from the rostral cingulate motor cortex (Luppino and Rizzolatti, 2000). Due to these inputs 

from prefrontal cortex and the connections with only F2 and F6, F7 is possibly involved in 

object location in space and the subsequent orientation of arm (Luppino and RIzzolatti, 

2000).  

 

1.2.3.2.  The ventral premotor cortex (PMv) 

 

The PMv can be further subdivided into a rostral and a caudal part, referred to as F5 

and F4, respectively (Gentilucci et al., 1988; Rizzolatti et al., 1988).  

Several studies have been performed on F5 neurons aimed to understand their 

nature and role in sensoriomotor transformation. PMv-r (F5) can be further subdivided into 

three different sectors: F5a, F5p and F5c (Belmalih et al., 2009). Gerbella and colleagues 

(2011) have performed tracing studies aimed to establish the connectivity of these three 

F5 subregions. They found that although all the three share common pathways (all receive 

parietal inputs) they also receive different inputs from other brain regions and thus have 

possibly different roles in motor actions. They found that F5a is strongly connected with 

F5p and F5c, moreover it receives connections from PMv-c (F4) and pre-SMA (F6) as well 

as from prefrontal inputs; this latter sustains the cognitive role of F5a. Consequently, they 

proposed that F5a might correspond to a pre-PMv area and that its connections make it a 

site of integration for hand actions and cognitive motor functions. F5p is considered to be 

mainly hand related due to the fact that it evokes almost only hand related movements 

(Gentilucci et al., 1988). Furthermore, F5p is strongly connected with other premotor 

forelimb regions, comprising forelimb region in M1, and is at the origin of CS projections 

(Gerbella et al., 2011; Borra et al., 2010; Dum and Strick, 1991; He et al., 1993). F5p role 

in hand function and the connection with M1 make it a key area in the lateral grasping 

network aimed to integrate sensorimotor information for hand movements (Borra et al., 

2017). F5c in contrast is more mouth-face related and connect to PMv-c (F4), which 

contains face/mouth representations (Gentilucci et al., 1988) and is involved in 

peripersonal representation (Kandel et al., 2013); further inputs to F5c originate from in 

SMA-proper (F3) face/mouth region (Gerbella et al., 2011).  
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PMv-r (F5) is electrically excitable and possesses a somatotopic organization for 

hand and mouth (Luppino and Rizzolatti, 2000). It receives modest projection from 

prefrontal cortex, whereas its main input projections arise in the anterior parietal area (AIP) 

as well as in the rostral inferior parietal cortex (PFG; Kandel et al., 2013). PMv-r (F5) and 

AIP are involved in the grasping network (Sakata et al., 1995; Murata et al., 2000; for 

review see Rizzolatti and Luppino, 2001; Borra et al., 2017). The role of PMv-r (F5) 

neurons in this network has been proven by Fogassi and colleagues (2001) by reversible 

inactivation; they showed that if these neurons are inactive an impairment in hand shaping 

appears. 

PMv-r (F5) receives parietal projections from AIP, the latter contains three 

populations of neurons: motor-dominant neurons, visual dominant neurons and visuomotor 

neurons (Murata et al., 2000; Sakata et al., 1995; Rizzolatti and Luppino, 2001; Kandel et 

al., 2013). AIP visual dominant neurons respond only when an object is observed in light 

and code for size, 3D shape and object orientation in space; visuomotor dominant neurons 

are active both during motor act and fixation, they respond specifically to hand grip type 

and orientation matching object’s shape and size (independently if there is light or not); 

finally motor-dominant neurons likely respond during grasping and code for hand 

orientation, grip force and type of grip to fit the object grasping in both light and dark 

conditions (Murata et al., 2000; Kandel et al., 2013). AIP-F5 pathway is thus involved in 

sensorimotor transformation of visual stimuli of the object affordances for grasping motor 

actions (Jeannerod et al. 1995; Rizzolatti and Luppino, 2001; Kandel et al., 2013).  

In 1988, Rizzolatti and colleagues proposed that a sub-population of PMv-r (F5) 

neurons codes for what type of motor action is selected, whereas another sub-population 

codes for how the motor action must be executed (Rizzolatti et al., 1988). PMv-r (F5) 

possesses neurons that are motor and visuomotor, these are goal-related and fire during 

specific motor acts (Rizzolatti et al. 1988; Murata et al., 1997); the majority of its neurons 

respond to distal motor acts, such as the type of grasp movement used (e.g. grasping, 

holding), whereas fewer respond to proximal motor acts, involved in reaching movement 

(Rizzolatti et al., 1988, Luppino and Rizzolatti 2000). Visuomotor neurons appear to have a 

role in translation of an object according to its characteristics (e.g. shape, size) into 

potential motor terms (Murata et al., 1997; Raos et al., 2006). Furthermore, in PMv-r (F5) 

the visuomotor neurons can be either “canonical” neurons (Murata et al., 1997; Raos et al., 

2006; Luppino and Rizzolatti, 2000, Rizzolatti and Luppino, 2001) or “mirror” neurons 

(Gallese et al., 1996; Rizzolatti et al., 1996; Luppino and Rizzolatti, 2000, Rizzolatti and 
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Luppino, 2001). Canonical neurons are located in F5p whereas mirror neurons in F5c and 

respond to a motor act independently of the presence of light (Gallese et al., 1996; Murata 

et al., 1997). Mirror neurons have the characteristics to be active both during observation 

of motor action executed by someone else and during performance of motor action by the 

subject himself (Gallese et al., 1996). PMv-r (F5) is thus mostly responsive to the goal of 

the motor act than the individual movements that are needed to perform it (Kandel et al., 

2013). 

PMv-c (F4) contains neurons responsible for proximal movements; it appears to be 

involved in reaching movements and thus in the localization of the arm in the space 

(Gentilucci et al., 1988; Luppino and Rizzolatti, 2000). This region is highly excitable and 

contains somatotopic map of arm, face and neck. It possesses populations of neurons 

firing either for a simple movements or for specific actions; moreover neuronal populations 

respond to visual and tactile stimulation either by unimodal presentation or bimodal 

presentation (Luppino and Rizzolatti, 2000). PMv sends CS projections to the spinal cord 

(He et al., 1993; Dum and Strick, 1991, 1996). Furthermore, it shows strong connections 

with M1 (Luppino and Rizzoaltti, 2000). Its principal inputs arise in the parietal areas (VIP) 

whose neurons respond as PMv-c (F4) neurons to visual stimulation, tactile stimulation as 

well as bimodal stimulation (Luppino and Rizzolatti, 2000).  

PMv (both rostral and caudal; F5 and F4 respectively) act for visual guidance of arm 

movements and hand movements, thus to movements aimed to prepare the hand for 

hand-object interaction (Majdandzic et al., 2009; Luppino and Rizzolatti, 2000; Rizzolatti et 

al., 1988; Gentilucci et al., 1988; Gerbella et al., 2011).  

Hand grasping is produced by the lateral gasping network (for review see Borra et 

al., 2017). Grasping motor actions are generally represented in AIP whereas once the 

information is sent to F5 they become more fractionated (Jeannerod et al., 1995). 

Considering the further subdivisions of F5, F5a is a hand-related field involved in sensory-

motor integration whereas F5p plays a role in movement generation and in the control of 

object-oriented hand actions, finally F5a is implicated in the cognitive aspect of 

movements (Gerbella et al., 2011).  

 

1.2.4. The premotor areas in the medial wall of the hemisphere 

 

Premotor areas located in the medial wall of the hemisphere (Fig. 8) are the 

supplementary motor cortex area (SMA, see subchapter 1.2.4.1) and the cingulate motor 



27 
 

cortex area (CMA, see subchapter 1.2.4.2). In the following subchapters we will review 

their roles in motor control, especially for forelimbs and arm movements.  

 

1.2.4.1.  The supplementary motor cortex area (SMA) 

 

SMA-proper (F3) is electrically excitable and elicits multi-joint axial and proximal 

movements; distal movements (when evoked) are often associated with proximal 

movements (Luppino and Rizzolatti, 2000). However, the electrical stimulation needed to 

evoke motor movements is usually a strong electrical stimulus (Kandel et al., 2013). It has 

a general somatotopic organization: the mouth representation is rostral whereas the 

hindlimb is represented caudally (Woolsey et al., 1952; Boudrias et al., 2010). The forelimb 

representation did not show clear segregation between proximal and distal muscles 

(Boudrias et al., 2010). Macpherson et al. (1982a) found that electrical microstimulation of 

SMA-proper pre-evoked dominantly proximal movements as compared to distal ones. In 

2000 in a review on the frontal motor cortex, Luppino and Rizzolatti (2000) reported that 

distal movements when evoked were usually associated with proximal ones. More 

recently, Boudrias and colleagues (2010) have demonstrated that distal muscles appear to 

be more represented than proximal ones; these data were obtained by electrical 

stimulation in SMA-proper and EMG recording of facilitation and suppression in the 

forelimb (Boudrias et al., 2010). Studies in monkeys revealed that neurons in SMA 

respond to ipsilateral, contralateral or bimanual hand movements (Tanjii et al., 1988), with 

preferences for bilateral and contralateral movements. Recently, Nakayama and 

colleagues (2015) showed that SMA-proper forelimb neurons responding to ipsilateral, 

contralateral or bimanual hand movements are organized in clusters.  

SMA-proper plays a role in bimanual hand coordination (Brinkmann, 1984; Kermadi 

et al., 1998; Tanjii et al., 1988; Rouiller et al., 1994) and in the motor control of 

contralateral body parts (somatotopic contralateral representation; Kandel et al., 2013); in 

fact there are more neurons active in relation to contralateral forelimb movements than to 

ipsilateral ones (Kermadi et al., 1998; Tanjii et al., 1988; Nakayama et al., 2015).  

SMA-proper projects directly to the spinal cord and connects to motoneurons mainly 

indirectly, but some direct connections have been observed (Macpherson et al., 1982b, 

Boudrias et al., 2010; Hummelsheim et al., 1986; Dum and Strick, 1991, 1996; Rouiller et 

al., 1996). In addition to corticospinal projections, SMA-proper projections are sent to the 

brainstem (Machperson et al., 1982b). Furthermore, SMA-proper is connected with PMd, 
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PMv (Kandel et al., 2013) as well as with caudal CMA (Luppino and Rizzolatti, 2000). SMA 

sends projections to M1 too (Luppino and Rizzolatti, 2000; Picard and Strick, 1996). 

Furthermore, as in the case of M1, SMA receives projections from the primary 

somatosensory cortex (S1) as well as from the parietal cortex (Kandel et al., 2013).  

Pre-SMA (F6) shows low excitability and neural activity mostly during movement 

preparation (Kandel et al., 2013). Pre-SMA is connected with all motor areas except M1. It 

receives strong afferents from both the prefrontal cortex (Kandel et al., 2013) and the 

cingulate area (24c of Brodmann) (Luppino and Rizzolatti, 2000).  

Pre-SMA is involved in motor programming and together with pre-PMd (F7) is 

involved in the contextualization of motor action (Kandel et al., 2013). In contrast, SMA-

proper appears to play a major role in movement initiation, in the execution of complex 

movements, in postural adjustments preceding movement onset (Macpherson et al., 

1982b, Hummelsheim et al., 1986; Luppino and Rizzolatti, 2000; Kandel et al., 2013), as 

well as in the intention to perform a movement (Kandel et al., 2013). Together pre-SMA 

and SMA-proper probably code for the contextualization of the motor action (Kandel et al., 

2013). 

 

1.2.4.2. The cingulate motor cortex area (CMA) 

 

The cingulate motor cortex (CMA) corresponds to areas 23 and 24 (only a part of 

CMA is in area 6) of Brodmann (Dum and Strick, 1991, 2005) and is composed of three 

regions: the dorsal CMA (CMAd, area 6 Brodmann), ventral CMA (CMAv, area 23 

Brodmann) and rostral CMA (CMAr, area 24 Brodmann) (Dum and Strick, 1991, 2005; 

Galea and Darian-Smith, 1994). CMAd and CMAv form the caudal CMA (CMAc; Dum and 

Strick, 1991). CMAd exhibits a somatotopic representation (Boudrias et al., 2010). When 

electrically stimulated CMAd produced forelimb movements with emphasis on the distal 

muscle preferentially represented (Boudrias et al., 2010). The distal forelimb 

representation follows a rostro-caudal extent in CMAd, whereas the representation of more 

proximal movements is located dorsal with respect to the distal ones (Boudrias et al., 

2010). These somatotopic data are in agreement with the topographic origin of CS 

projections from CMAd (He et al., 1995).  

CMAd appears to influence muscular activity in parallel with SMA (Boudrias et al., 

2010). Furthermore, CMAd together with CMAv and CMAr receive strong projections from 

PMv (Dum and Strick, 2005). CMAd plays a role in hand and arm movements (Nakayama 
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et al., 2015, Shima et al., 1991; Yokoyama et al., 2016; Dum and Strick, 2005; Boudrias et 

al., 2010). Shima and colleagues (1991) demonstrated that all three subregions of CMA 

produce movement of the distal limbs when electrically stimulated. CMAd neurons activity 

is linked to either one hand only or to both hands; all neurons have been found to be 

intermingled and not represented in clusters (Nakayama et al., 2015). According to these 

findings, CMA appears to have a role in bimanual movements (Nakayama et al., 2015; 

Kermadi et al., 2000). 

 

1.2.5. Callosal connectivity of motor cortical areas 

 

The corpus callosum is the greatest commissural system of the brain (Boussaoud et 

al., 2005; Bear et al., 2007). It is located between the two hemispheres and links them via 

huge bundles of fibres providing communication between the two (Bear et al., 2007). 

Callosal connections between cortical motor areas have been studied in non-human 

primates (Lanz et al., 2017; Boussaoud et al., 2005, Marconi et al., 2003; Rouiller et al., 

1994, Liu et al., 2002; Johnson et al., 1989). Johnson and colleagues (1989) have 

demonstrated that all cortical layers contribute to callosal projections arising from areas 4 

and 6. For all motor cortical areas the strongest callosal projection arises from its 

homotopic contralateral area; moreover, all areas show heterotopic collosal projections as 

well, variable in terms of areas and densities (Lanz et al., 2017; Boussaoud et al., 2005, 

Marconi et al., 2003; Rouiller et al., 1994, Liu et al., 2002). 

PMd-r (F7) connects heterotopically with the prefrontal cortex (FEF and area 46) as 

well as with PMd-c (F2) and pre-SMA (F6) (Marconi et al., 2003). PMd-c (F2) receives 

heterotopic connections from other motor areas, namely with F1, F3, F4, F5 and F7 

(Marconi et al., 2003). PMd-r and PMd-c receive homotopic connections from their 

contralateral counterpart (main projection) as well as heterotopic connections from each 

other (e.g. PMd-r receives information from contralateral PMd-c and vice-versa) (Marconi 

et al., 2003). Recently Lanz and colleagues (2017) have confirmed that first both PMd and 

PMv receive dense callosal projections from their homotopic areas and that PMd receives 

information from prefrontal cortex as well as from other motor areas. They have increased 

the knowledge about heterotopic connections to PMd, as well as to PMv. They showed 

that, together with heterotopic connections from other motor cortical areas, areas 46 and 

FEF (these two latter being part of the prefrontal cortex) other prefrontal areas, parietal 

lobe areas and possibly temporal lobe areas are also at the origin of callosal connections. 
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These newly found and remote callosal projections represent about 5-7% of all heterotopic 

contralateral connections to PMd and PMv (Lanz et al., 2017). PMd-r (F7), PMd-c (F2), 

PMv-r (F5) and PMv-c (F4) receive all strong homotopic projections but different 

heterotopic connections (Boussaoud et al., 2005). PMv receives projections from a limited 

set of frontal areas in contrast to PMd receiving projections from a larger set of 

contralateral areas. Rostral PM areas (PMd-r and PMv-r) receive stronger homotopic 

connections as compared to heterotopic connections; this was the case independently of 

the size of the injection site. However, PMd-r, compared to the other areas, is the region 

which receives the strongest callosal projection from the prefrontal cortex. The callosal 

projections to PMd-c and PMv-c depended on the size of the tracer injection: if the 

injection site was small the callosal projections were homotopic, whereas large injection 

sites labelled heterotopic projections from PMd-r and PMv-r which were also the strongest 

callosal connections to PMd-c and PMv-c. Projections from M1, although even if weak 

were directed to PMd-c and PMv-c only (Boussaoud et al., 2005). 

The callosal connections of SMA-proper and M1 hand areas show differences in 

terms of strength and distribution (Rouiller et al., 1994), the same is true for pre-SMA and 

SMA-proper as well (Liu et al., 2002). For both pre-SMA and SMA-proper the main callosal 

projection arises from their homotopic area (Liu et al., 2002). Both areas receive 

heterotopic projections as well (Liu et al., 2002). The callosal projections to SMA-proper 

arise mainly from in its homotopic conuterpart, whereas the heterotopic connections 

originate mainly from PM and CMA, more specifically from PMd-c, PMv-c, c-CMA as well 

as r-CMA. Projections from PMd-r, PMv-r as well as from pre-SMA were present but less 

dense (Rouiller et al., 1994; Liu et al., 2002). In contrast to SMA-proper, the callosal 

projections to pre-SMA originate mainly from PMd-r, PMv-r and r-CMA, whereas less 

dense projections arose from PMd-c, PMv-c, SMA-proper and c-CMA (Liu et al., 2002). M1 

does not send callosal projection to pre-SMA (Liu et al., 2002). The density of callosal 

connections with the contralateral hemisphere is higher for pre-SMA than for SMA-proper 

(Liu et al., 2002). Callosal projections to the M1 hand area originates moderately from its 

homotopic region, lightly from PM and only sparsely from both CMA and SMA-proper 

(Rouiller et al., 1994). Interesting is the fact that M1 and SMA have strong connections in 

the same hemisphere (Picard and Strick, 1996; Luppino and Rizzolatti, 2000) whereas 

their callosal connectivity is weak (Rouiller et al., 1994, Liu et al., 2002). 

About the callosal connections in hand control, the callosal projections from SMA-

proper hand area are stronger and wider than those from M1 hand area (Rouiller et al., 
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1994; Liu et al., 2002). Liu and colleagues (2002) suggested that for hand control there is 

a rostro-caudal gradient of callosal connections, density with pre-SMA>SMA-proper>M1; 

density differences were found in previous studies for SMA-proper and M1 (Rouiller et al., 

1994). These differences in density of projections might reflect the functional implication in 

hand control with pre-SMA and then SMA-proper more involved in motor planning than 

execution, and M1 involved in execution only (Liu et al., 2002). This view suggests that 

areas involved in motor function preparation have stronger interhemispheric connections 

than those involved in motor execution, as M1 (Liu et al., 2002). 

 

1.3. The spinal cord receives direct projections from the motor areas 

 

The descending pathways conduct information for motor output and allow the 

information from motor areas to be carried down to the spinal cord; they can be subdivided 

into a dorsolateral system (the corticospinal tract and the rubrospinal tract) and a 

ventromedial system (the reticulospinal tract, the vestibulospinal tract, the tectospinal 

tract). The former is mainly involved in hand and arm control whereas the latter three 

systems are mainly involved in posture and locomotion, although they may be involved in 

arm and hand movements (Kandel et al., 2013; Squire et al., 2013; Bear et al., 2007; 

Lemon, 2008; Lawrence and Kuypers, 1968a, b; Kuypers, 1981; Baker., 2011, Baker et 

al., 2015). The ventromedial system originates from the brainstem and will be covered in 

subchapter 1.5. 
 

1.3.1. Corticospinal projections 

 

The corticospinal tract (CST; Fig. 9), known also as pyramidal tract, is a descending 

pathway involved in the control of voluntary movements, mainly in that of distal forelimb for 

manual dexterity (Kandel et al., 2013; Lemon, 2008; Kuypers, 1981; Courtine et al., 2007). 

The CST axons originate for 30%-40% from M1, whereas the remaining 70-60% (about 

two thirds of CST) arise from the premotor cortical areas and the parietal cortex (Kandel et 

al., 2013; Bear et al., 2007). Areas in the parietal cortex that give rise to the CST are the 

primary somatosensory cortex (S1), the posterior parietal cortex as well as the parietal 

operculum (Kandel et al., 2013; Lemon, 2008). CST projections reach the entire spinal 

cord (Lemon, 2008). 
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The CST (Fig. 9) originates from cortical layer V and descends in the internal 

capsule, then in the crus cerebri at the midbrain level and continues down through the 

pons; at the basis of the medulla oblongata it forms the medullary pyramids. In the 

brainstem, the CST decussates at the level of the pyramidal decussation and continues 

down to the spinal cord mostly on the contralateral side. It descends through the lateral 

column and reaches the dorsolateral region of the intermediate zone and the ventral horn 

of the cervical spinal cord where it contacts interneurons and motoneurons, respectively 

(Kandel et al., 2013; Bear et al., 2007). 

The CST has its origin in the entire motor cortex and projects bilaterally to the spinal 

cord: 90% of its fibres descend contralaterally whereas 10% remains ipsilateral and do not 

cross at the pyramidal decussation (Lacroix et al., 2004; Rosenzweig et al., 2009; Kandel 

et al., 2013). Some CS axons cross the midline at segmental level going from contralateral 

side back to the ipsilateral side; the contrary (from ipsilateral to contralateral side) is also 

true (Galea and Darian-Smith, 1997). Both the contralateral and the ipsilateral CST end in 

the intermediate zone and in the ventral horn in the laminae IV-IX; the ipsilateral CST ends 

in lamina V too (Lacroix et al., 2004). Lacroix and colleagues (2004) proposed that the 

bilateral control of the spinal cord via CST may be important for the functional coordination 

between limbs as well as being a potential substrate for plasticity after injury. The CST 

appears thus well suited to modulate spinal outputs (Lemon and Griffiths, 2005). 
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Figure 9: Lateral descending pathways. A: The corticospinal tract. B: The rubsrospinal tract. These tracts are 
involved in arm and hand control (modified from Bear et al., 2007). 

 

The CST can be subdivided in two pathways: an indirect pathway and a direct 

pathway (for this latter see subchapter 1.3.2). 

Corticospinal projections arise in M1 as well as in premotor areas (Dum and Strick, 

1991, 1996, 2002; He et al., 1993, 1995). The premotor areas project mainly to the 

cervical spinal cord (He et al., 1993, 1995) terminating mainly in the intermediate zone 

(Luppino and Rizzolatti, 2000; He et al., 1993, 1995). Note that SMA projects to both the 

cervical and lumbar spinal cord (Macpherson et al., 1982b; Rouiller et al., 1996). SMA-

proper and CMAc send direct projections to the ventral horn (lamina IX) of the lower 

cervical spinal cord (C7-Th1), although at a lower density compared to their indirect CS 

projection (Rouiller et al., 1996; Dum and Strick, 1996). In addition, direct CS projections 

from CMAc are less dense than those from SMA-proper (Dum and Strick, 1996). CMAr 
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has weaker influence on the spinal cord as compared to CMAc (Picard and Strick, 1996; 

Dum and Strick, 1991; He et al., 1995). CS projections arise from parietal cortex as well 

(Lemon and Griffith, 2005; Kandel et al., 2013); somatosensory CS projections end mainly 

in the dorsal horn of the spinal cord (Lemon and Griffith, 2005). 

At the cervical spinal cord level PMd, SMA as well as CMA project mainly to the 

lower cervical segments, whereas PMv projections are mainly directed to the upper 

cervical segments (He et al., 1993; Dum and Strick, 2002, Borra et al., 2010). M1 sends 

direct and indirect projections to the spinal cord via the corticospinal tract: indirect 

projections end in the intermediate zone (laminae V, VII and VII) whereas direct 

projections connect to motoneurons located in lamina IX (Luppino and Rizzolatti, 2000; He 

et al., 1993, 1995; Dum and Strick, 1996; Rouiller et al., 1996). No CS projections arise 

from both pre-SMA (F6) and pre-PMd (F7); they connect only indirectly to the spinal cord 

via relay at the level of subcortical structures (Kandel et al., 2013). 

In subchapter 1.6.1 we will discuss what does implicate a cortical lesion of M1 

(affecting thus CST projections), whereas in subchapter 1.6.2 we will discuss what 

happens after cervical hemi-spinal cord injury. 

 

1.3.2. The corticomotoneuronal (CM) system  

 

The corticomotoneuronal system (CM) is the direct projection of CS neurons on 

spinal cord motoneurons in the ventral horn (Lemon and Griffiths, 2005). It allows precise 

control of manual dexterity (Rathelot and Strick, 2009; Courtine et al., 2007; Lemon, 1993, 

2008; Lemon and Griffiths, 2005; Lawrence and Kuypers, 1968a,b; Schieber, 2007; 

Kuypers, 1981); this system is well developed in advanced non-human primates and in 

humans (see Fig. 10; Courtine et al., 2007; Lemon, 2008). The M1 area that gives rise to 

CM projections connecting to proximal and distal muscles of the forelimbs is the “new M1” 

area (Rathelot and Strick, 2009). A CM axon can produce pattern of activity in which it can 

activate spinal cord motoneurons and at the same time inhibit other muscles via 

interneurons in the intermediate zone (Kandel et al., 2013). This direct pathway is 

important in the control of independent finger movements (Lemon, 2008; Courtine et al., 

2007; Lemon et al., 2002; Kandel et al., 2013; Lemon and Griffiths, 2005).  

The corticomotoneuronal system arises mainly from M1 (Lemon and Griffiths, 2005; 

Lemon, 2008, Kandel et al., 2013). The increased number of CM projections in non-human 
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primates and human beings compared to rodents appears to be correlated with the 

increased ability for independent finger movements (Fig. 10; Courtine et al., 2007).  

In addition to M1, SMA-proper sends some direct projections to motoneurons in 

lamina IX (Macpherson et al., 1982b, Boudrias er al., 2010; Hummeslsheim et al., 1986; 

Lemon et al., 2002; Rouiller et al., 1996), which is also the case of CMAc (Dum and Strick, 

1996). Nevertheless, both SMA and CMA show less dense corticomotoneuronal 

projections than M1 (Dum and Strick, 1996). SMA-proper corticomotoneuronal projections 

compared to those from M1 are less potent, leaving M1 to have the major excitatory effect 

on motoneurons (Maier et al., 2002).  

 

 
 

Figure 10: The evolution from rat to human of direct corticospinal projections (corticomotoneuronal system) on 
the motoneurons in the ventral horn of the spinal cord (modified from Courtine et al., 2007). 

 

1.4. Corticobulbar projections and Corticotectal projections 

 

The cortex not only sends projections directly to the spinal cord, it also targets the 

brainstem. Projections directed to the brainstem tegmentum are commonly defined as 

corticobulbar projections, to be distinguished from cortical projections directed to the 

tectum of the midbrain known as corticotectal projections. Corticobulbar projections, as 

well as corticotectal projections, work in parallel with the corticospinal tract for the control 

of voluntary movements (Kuypers, 1981; Lemon, 2008). Corticobulbar projections will be 
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presented in the subchapter 1.4.1 whereas corticotectal projections will be the focus of 

subchapter 1.4.2. 

 

1.4.1. Corticobulbar projections 

 

The corticobulbar projections refer to projections that originate in the cerebral cortex 

and end in the brainstem (Kuypers, 1981). These projections descend in the internal 

capsule then pass in the crus cerebri to terminate in brainstem nuclei where in turn 

originate the descending brainstem pathways (Kuypers, 1981). For details about the 

descending brainstem pathways see subchapter 1.5. 

The corticobulbar projections are not well known. There are some studies in cats 

(Matsuyama and Drew, 1997) and in rats (Newman et al., 1989; Valverde et al., 1961, 

1962) describing the termination areas of the corticobulbar projections as well as the 

morphology of the reticular formation.  

In monkeys even less is known on corticobulbar projections originating from the 

motor cortex. A comparison with the literature on the corticobulbar projection in non-

human primates needs to distinguish early studies based on the mostly semi-qualitative 

method of anterograde degeneration method conducted on a large number of animals 

(Kuypers, 1958; Kuypers and Lawrence, 1967; see also review by Lemon 2016) from more 

recent studies using modern neuroanatomical tracers, allowing better visualization of 

axonal terminal fields (including individual boutons) and more precise quantification, but 

including a lower number of monkeys (Keizer and Kuypers, 1989; Borra et al., 2010).  

In 1958, Kuypers analysed corticobulbar projections in non-human primates with the 

aid of anterograde degeneration methods. He demonstrated that the medial one third of 

M1 together with the rostral PM send corticobulbar projections that end in the medial 

reticular formation, mainly in the upper medulla oblongata. Kuypers (1958) further 

observed that projections from lower one third of the pericentral areas (M1 and S1) ended 

bilaterally on the lateral tegmentum of the reticular formation. Later on in 1967, Kuypers 

and Lawrence have reported that the corticobulbar projections were mainly bilateral and 

that, when they originate from the precentral gyrus, they preferentially terminate in the 

lateral part of the brainstem. More recent studies derived from “modern” neuroanatomical 

tracers, though restricted to a smaller number of animals, allowed to refine the properties 

of the corticobulbar projection in monkeys. Keizer and Kuypers (1989), using a double 

retrograde fluorescent labelling technique, showed that the CST projection gives rise to 
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axon collaterals terminating in the medial part of the brainstem. One tracer was injected 

unilaterally in the cervical cord (C2-level) and a second tracer ipsilaterally in the bulbar 

reticular formation. They estimated that the proportion of double labelled cells in the 

hemisphere opposite to the injections ranged from 10 to 30% of the total number of 

labelled neurons (single and double labelling). These double labelled cells correspond to 

branching neurons projecting to both the bulbar reticular formation and the cervical cord 

contralaterally. Such double labelled neurons were reported to be present in the motor 

cortical areas such as M1, PM and SMA. The proportion of branching neurons is not 

known for the ipsilateral corticobulbar projection. Using BDA as anterograde tracer, Borra 

and colleagues (2010) have demonstrated that the PMv-r (F5) hand area, besides its CS 

projection, gives rise to a corticobulbar projection terminating in the main nuclei of the 

mPMRF. We recently performed an anterograde tracing study on corticobulbar projections 

in macaque monkeys (see 3.Results, chapter 3.1) which confirms and extend these data.  

There is also evidence that corticobulbar projections from SMA terminate as well in 

the medial reticular formation (Kuypers and Keizer, 1989; Kuypers and Lawrence, 1967) in 

accordance with the fact that about two thirds of the projections from SMA end in 

subcortical structures (Macpherson et al., 1982b). Thus these early studies all together 

have demonstrated that corticobulbar projections to the reticular formation arise mainly in 

PM and SMA ending mainly in the medial part, whereas from M1 ended mainly laterally 

and were less dense. The mPMRF is the origin point of RST (Sakai et al., 2009; see 

subchapter 1.5.1 about the Reticulospinal tract). 

 

1.4.2. Corticotectal projections 

 

Corticotectal projections refer to those projections that originate in the cortex and 

terminate in the superior colliculus (Fries, 1984, 1985). These projections as corticobulbar 

projections descend in the internal capsule then pass in the crus cerebri to terminate in the 

superior colliculus, which in turn gives rise to the descending tectospinal pathway 

(Kuypers, 1981). For details about the descending brainstem pathways see subchapter 
1.5 and for further details about the tectospinal tract see subchapter 1.5.2. 

The superior colliculus (SC) receives cortical inputs, referred to as corticotectal 

projection. These inputs originate from several areas of the cerebral cortex (Fries, 1984, 

1985; Borra et al., 2010, 2014; Distler and Hoffmann, 2015; Kuypers and Lawrence, 1967). 

The superficial layers of the SC, (SCsup and the Op: see subchapter 1.1.3.1.2 for 
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abbreviations) are purely visual (Sparks and Hartwich-Young, 1989), whereas the 

intermediate and deep layers, namely SCin, InWh, SCdeep, DpWh are a possible relay for 

sensorimotor integration (Sparks and Hartwich-Young, 1989; Sparks and Jay, 1986) 

considering the large palette of cortical areas projecting to them (Fries, 1984, 1985; 

Kuypers and Lawrence, 1967; Borra et al., 2010, 2014; Distler and Hoffmann, 2015). 

Anatomical studies have reported that the SC receives inputs from widespread areas 

in the cerebral cortex: visual areas (Lock et al., 2003), area 7 (lateral intraparietal cortex) 

and area 8 of Brodmann (frontal eye field, FEF; Kandel et al., 2013, Distler and Hoffmann, 

2015), prefrontal, partietal as well as premotor areas (Borra et al., 2014). All these 

corticotectal inputs make of SC a brain structure engaged in multisensory and 

sensorimotor integration (Stein et al., 2009).  

Several laboratories have analysed corticotectal projections in macaques using both 

anterograde and retrograde tracers. Only very few contralateral corticotectal projections 

have been observed, e.g. from the part of PM inserted in the arcuate sulcus (Distel and 

Fries, 1982). Corticotectal projections are then mainly ipsilateral.  

Using the retrograde tracer HRP injected in the SC, corticotectal projections in 

macaque monkeys were found to arise from PM and M1 but not from SMA (Fries, 1984, 

1985). Projections from M1 have been shown to be dense when originating from the 

orofacial area in macaques and terminating in the deep layers of the SC, mainly laterally in 

the rostral levels of the intermediate layer (Tokuno et al., 1995). Later on, Lock and 

colleagues (2003) showed, still in macaque monkeys, that the superficial layers of SC 

receives information from the striate cortex and adjacent (V1, V2, V3 and MT), whereas 

other visual areas send information to the intermediate and deep layers. Strong projections 

from V1 were found by Fries (1984) as well. Using 2-4 different retrograde tracers, Collins 

and colleagues (2005) observed quantitatively in new world (marmoset, owl monkey and 

titi monkey) the cortical areas projecting to the SC. As in macaques (Fries, 1984; Lock et 

al., 2003), they found that the strongest projection arises from V1, followed by V2 and V3. 

Furthermore, they observed projections originating from FEF and the frontal visual area 

(FV) (Collins et al., 2005) confirming previous findings showing that FEF sends projections 

to SC (Fries, 1984; Lock et al., 2003). Collins et al. (2005) did not observe any projection 

arising from somatosensory areas as well as from auditory areas, suggesting that the 

multimodal information received by SC comes actually from subcortical structures instead 

of direct cortical projections. Recently, Borra and colleagues (2014) traced corticotectal 

projections in macaque monkeys using anterograde and retrograde tracers and 
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demonstrated that the superior colliculus receives cortical projections from the areas that 

are involved in the lateral grasping network, namely the inferior parietal cortex (AIP and 

PFG), the ventrolateral prefrontal cortex (46vc and 12r) as well as from PMv (areas F5a 

and F5p). Projections arising from F5 (caudal PMv) are dense to both the intermediate and 

deep layers (Borra et al., 2010, 2014). Projections from PMd have been confirmed by 

Distler and Hoffmann (2015) showing that PMd projects ipsilaterally to both the 

intermediate and deep layers of SC; nevertheless, stronger projections were found to the 

deep layers and to the lateral part of SC. Moreover, they demonstrated that FEF (area 8 

Brodmann) also sends ipsilateral projections to the SC, to the medial intermediate layer. 

Thus, all these corticotectal projections might sustain the idea that SC is involved in action 

goal and the selection of object affordances due to the cortical projections from areas in 

the lateral grasping network (Borra et al., 2014). Furthermore, the corticotectal projections 

might be a further descending motor pathway involved in the arm-movements (Borra and 

colleagues, 2014) together with a possible role of SC in hand and finger control, overall in 

terms of visuomotor coordination before reaching and hand movements (Fries, 1985). 

Nagy et al., (2006) demonstrated the presence of neurons in the SC responding to hand 

approaching an object.  

Together with corticotectal projections, the SC receives inputs from subcortical 

structures such as the SNpr (Kandel et al., 2013). Neurons in the SNpr are tonically active 

and under control of the Caudate nucleus. Before saccadic movements, caudate neurons 

inhibit those in the SNpr, which in turn cannot inhibit those in the superior colliculus; a 

gaze movement can be performed (Kandel et al., 2013).  

The corticotectal projections can be subdivided into two components: 1) the visual 

subdivision, which involves few visual areas (the striate cortex and striate-recipient areas) 

projecting to the superficial layers of SC following a visuotopic principle; 2) the visuomotor 

subdivision, involving areas that belong to other visual territories (not those involved in the 

visual subdivision) as well as visuomotor areas, these projections are sent to the deep 

grey layer (Lock et al., 2003).  

Visuomotor projections to the SC could be important to mediate different visuomotor 

responses of the eye as well as a role in movement generation (Lock et al., 2003). The 

superior colliculus is involved in the control of eye and head movements (Werner et al., 

1997b; Sparks and Hartwich-Young, 1989). Moreover, it is a site where sensory signals 

(e.g. visual and auditory) converge and are transformed into motor commands involved in 

the control of saccadic eye movements (Jay and Sparks, 1987). In addition to its 



40 
 

sensorimotor functions, the SC possesses arm-related neurons responding to reaching 

movements (Werner et al., 1997a, b, Werner, 1993). Werner (1993) demonstrated that 

stimulation of the superior colliculus elicits arm movements, together with the adjacent 

medullary reticular formation. The superior colliculus is a site for sensorimotor integration 

for movements involving ocular-skeletal muscles coordination (Werner et al., 1997a). 

Werner and colleagues (1997a) analysed temporal activation pattern of neurons and 

muscles involved in several tasks requiring eye fixation and arm reaching. EMG of arm, 

shoulder, trunk and neck muscles was analysed in relation to eye movements. They found 

that SC reach cells respond before the onset of arm movement and show phasic activity 

depending on arm-movement. Moreover EMGs, except those of the neck, were modulated 

during the task. Reach-related neurons are located laterally in SC (Werner et al., 1997b) 

and are found along its entire depth, except the superficial layer where visual neurons are 

located. No clear separation was observed between eye-neurons, head-neurons as well 

as arm-neurons, possibly indicating that all these neuronal categories interact between 

each other (Werner et al., 1997b). Thus, the SC (together with the underneath reticular 

formation) take part in arm movements (Werner et al., 1997a) and show modulation 

between neuronal activity and EMG activity involved in arm-movement, again except those 

of the neck (Werner et al., 1997a). The SC reach neurons respond mainly to contralateral 

movements; however some cells respond to ipsilateral ones too (Werner et al., 1997a). In 

agreement with ipsilateral findings, Philipp and Hoffmann (2014) elicited some ipsilateral 

forelimb movements after electrical stimulation of the lateral SC in macaques.  

Corticotectal projections onto reach-related neurons are not topographically 

organized; the same is true for neurons responding to hand contact with an object (Gandhi 

and Katnani, 2011). Neurons firing according to hand-object are also located in the 

intermediate and deep grey layers. These neurons were not responsive to reaching 

movements; however they are intermingled with reach neurons and gaze neurons in the 

SC (Nagy et al., 2006). In addition, electrical stimulation of the intermediate and deep 

layers of SC in macaque monkey elicits arm movements (Philipp and Hoffmann, 2014). 
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1.5. The spinal cord receives projections from the brainstem and the 

mesencephalon 

 

The brainstem sends descending projections to the spinal cord. These projections 

act together with the CST for the control of movements (Lemon, 2008; Kuypers, 1981). 

These projections belong to both subdivisions of the descending pathways: the rubrospinal 

tract belongs to the dorsolateral system, whereas the reticulospinal tract, the tectospinal 

tract as well as the vestibulospinal tract belong to the ventromedial system (Lemon, 2008). 

In addition to these two subdivisions, there is as well another descending subdivision, the 

so called “emotional motor system” and one of the tracts that belong to it is the raphespinal 

tract (Lemon, 2008; Fink and Cafferty, 2016). In this subchapter we will give an overview 

of these pathways with particular relevance to the reticulospinal tract and the tectospinal 

tract.  

 

1.5.1. Reticulospinal tract 

 

The Reticulospinal (RS) tract finds its origin in the PMRF (Sakai et al., 2009; 

Kuypers, 1981) and descends via the ventral funiculus to the entire length of the spinal 

cord (Fig. 11). It can be subdivided into a pontine RST (or medial RST) and a medullary 

RST (or lateral RST) according to its zone of origin point (or its location in the spinal cord). 

The pontine RST projects ipislaterally on interneurons in the spinal cord; these neurons in 

turn provide bilateral information to motoneurons (Nicholls et al., 2012). The medullary 

RST projects bilaterally but the majority of its fibers remain ipsilateral (Nicholls et al., 2012; 

Duane, 2002). A RS axon connects to several spinal cord segments via collaterals 

(Duane, 2002). The pontine RST facilitates extensors of the lower limbs in posture control, 

whereas the medullary RST facilitates flexors of the lower limbs to counteract the action of 

antigravity muscles (Bear et al., 2007). The pontine RST originates from the Pontine 

reticular nucleus pars oralis (PnO) and pars caudalis (PnC); both are located medially in 

the reticular formation of the pons (Duane, 2002; Paxinos et al., 2000). The medullary RST 

originates from the Gigantocellular reticular nucleus (Gi); it is located medially in the 

reticular formation of the medulla oblongata (Duane, 2002; Paxinos et al., 2000). These 

nuclei, namely, PnO, PnC and Gi are at the origin of the RST (Sakai et al., 2009; Kuypers, 

1981; Matsuyama et al., 1997, 1999a; Matsuyama and Drew, 1997) and are usually 
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referred to as the PMRF (Sakai et al., 2009; Kuypers, 1981). Inputs to the RST arise from 

the spinal cord and from the cerebral cortex (see subchapter 1.4.1 on corticobulbar 

projections) (Duane, 2002). 

Single RST axons are highly collateralized and reach several segments of the spinal 

cord (Matsuyama et al., 1997, 1999a). Furthermore, for each axon the terminating field 

covers several segmental levels (Matsuyama et al., 1999b). These characteristics place 

the RST in good position to be involved in various functions (Matsuyama et al., 1999b). In 

the past years, the RST has been demonstrated based on previous studies conducted on 

cats and monkeys to be involved in locomotion (Matsuyama et al., 2004; Drew et al., 1986) 

posture (Lawrence and Kuypers, 1968a, b; Schepens and Drew, 2004; Matsuyama et al., 

199b) as well as postural adjustments during reaching (Schepens and Drew, 2004, 2006; 

Schepens et al., 2008), reaching movements themselves (Davidson and Buford, 2004, 

2006; Buford and Davidson, 2004; Davidson et al., 2007) and in movement preparation 

(Buford and Davidson, 2004). Together with the idea of its role in all of these functions, in 

the last years several studies have demonstrated in monkeys that the RST is also involved 

in the control of distal movements (see Baker, 2011 for review). Electrophysiological 

studies in non-human primates have shown that the RST is able to facilitate both mono- 

and di-synaptically motoneurons controlling intrinsic hand muscles (Riddle et al., 2009; 

Riddle and Baker, 2010; Soteropoulos et al., 2012). The CST and RST projections 

converge on interneurons then contacting motoneurons controlling hand muscles (Riddle 

and Baker, 2010) or upper limb muscles (Oritz-Rosario et al., 2014); thus hand 

motoneurons appear to be under the control of both CST and RST (Soteropoulos et al., 

2012) both indirectly via interneurons (Riddle and Baker, 2010; Riddle et al., 2009) and via 

direct contacts with motoneurons (Riddle et al., 2009). Studies conducted on human 

beings have confirmed the role of RST in the control of distal movements (Honeycutt et al., 

2013). Studies conducted on monkeys and rodents have started to demonstrate the 

importance of the RST in functional recovery after lesions of the CNS such as lesion of the 

CST (Zaiimi et al., 2012; Herbert et al., 2015), spinal cord lesion (Ballerman and Fouad, 

2006; Filli et al., 2014; Zörner et al., 2014; Garcia-Alias et al., 2015) or stroke lesion 

(Bachman et al., 2014). 
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Figure 11: The Rubrospinal tract and the Reticulospinal tract. A: The Rubrospinal tract is in green, whereas the 
Reticulospinal tract is in blue for the pontine tract and in red for the medullary tract. B: Section of the spinal 
cord showing the terminals for the rubrospinal and reticulospinal tract (same code of colours) (modified from 
Duane, 2002).  

 



44 
 

1.5.2. Tectospinal tract 

 

The tectospinal tract (TST) originates from the superior colliculus and more precisely 

in the posterolateral intermediate and deep layers of SC (Castiglioni et al., 1978; Nudo et 

al., 1993). The TST descends around the periaqueductal grey matter and then crosses the 

midline at the tegmental decussation to continue down through the medial longitudinal 

fasciculus in the medulla oblongata and then in the ventral funiculus of the spinal cord 

(Rea, 2015); the TST ends in the contralateral upper spinal cord (Castiglioni et al., 1978; 

Nudo et al., 1993; Nicholls et al., 2012). TST connections in the spinal cord are mainly 

disynaptic (Philipp and Hoffmann, 2014). The lateral SC corresponds to the region of SC 

able to elicit arm movements when electrically stimulated (Philipp and Hoffmann, 2014), 

suggesting a role of the TST in the control of forelimb movements.  

The TST may be implicated in neck muscles control due to its projections reaching 

only the upper cervical spinal cord (Harting et al., 1977). In 1993, Nudo and colleagues 

suggested that the TST could have only a limited role in behavior. Later it has been 

demonstrated that the superior colliculus contains reach-related neurons (Werner, 1993; 

Werner et al., 1997a, b, Philipp and Hoffmann, 2014) thus leading to idea that the TST is 

actually involved in reaching movements too.  

 

1.5.3. Vestibulospinal tract 

 

The vestibulospinal (VS) projection originates from the vestibular nuclei which are 

located in the brainstem (Fig. 12); it is involved in the balance of head and posture (Squire 

et al., 2013; Bear et al., 2007). The vestibular complex is subdivided into a superior, a 

medial and a lateral vestibular nucleus. These nuclei receive sensory information from the 

vestibular labyrinth in the inner hear (Squire et al., 2013; Bear et al., 2007) as well as 

inputs from the cerebellum (Duane, 2002; Squire et al., 2013). No cortical influence acts 

on the vestibular nuclei (Duane, 2002). 

The VS tract (VST) can be subdivided into a medial projection and a lateral projection 

(Duane, 2002; Squire et al., 2013; Nicholls et al., 2012). The medial VST originates from 

the medial vestibular nucleus and sends bilateral projections to both the cervical segments 

and mid-thoracic segments for the control of neck and back musculature (Squire et al., 

2013; Duane, 2002; Bear et al., 2007; Nicholls et al., 2012). This system is thus important 

for head balance (Bear et al., 2007). The lateral VST originates from the lateral vestibular 
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nucleus and sends ipsilateral projections to the entire length of the spinal cord; it is 

involved in the control of posture and balance (Duane, 2002; Squire et al., 2013; Nicholls 

et al., 2012). The lateral VST connects to spinal cord motoneurons mainly via spinal 

interneurons, nevertheless part of its projections establishes direct contact with 

motoneurons (Duane, 2002; Nicholls et al., 2012). The superior vestibular nucleus is 

involved in the control of oculo-motor centres upstream of the vestibular nuclei (Squire et 

al., 2013). Furthermore, all vestibular nuclei send ascending projections to the thalamus 

which in turn projects to widespread areas of the cerebral cortex (Squire et al., 2013).  
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Figure 12: The medial and lateral vestibulospinal tracts. A: The medial VST is in blue, whereas the lateral VST is 
in red. B: Section of the spinal cord showing the termination of the lateral VST (modified from Duane, 2002). 

 

1.5.4. Rubrospinal tract 

 

The Rubrospinal tract (RuST) is part of the dorsolateral system and originates from 

the magnocellular part of the red nucleus in the midbrain (Duane, 2002; Castiglioni, 1978). 

The RuST decussates at the ventral tegmental decussation of the midbrain and descends 
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contralaterally in the spinal cord to innervate proximal flexor muscles located in the upper 

cervical segments (Fig. 11) (Duane, 2002; Rea, 2015) mainly indirectly via interneurons 

(Nicholls et al., 2012); however it occasionally sends direct connections to motoneurons 

(Nicholls et al., 2012). The RuST is involved in the control of upper limbs (Duane, 2002; 

Lawrence and Kuypers, 1968a, b). Inputs to the red nucleus are ipsilateral and arise from 

the motor cortical areas; of these, M1 and PM project to the ipsilateral red nucleus, 

whereas SMA projects to the contralateral red nucleus as well as, though to a lesser 

extent. The parietal cortex also projects to the red nucleus. Another source of inputs to the 

red nucleus is the contralateral cerebellum (Duane, 2002; Nicholls et al., 2012). 

Furthermore, the red nucleus receives collaterals from the CST (Duane, 2002). The 

projection from the motor cortex to the red nucleus is sompatotopically organized (Nicholls 

et al., 2012). Furthermore, neurons of the red nucleus that innervate similar muscle fields 

are arranged in clusters (Cheney et al., 1991). The red nucleus facilitates both flexors and 

extensors of the forearm with preference on the extensor muscles (Cheney et al., 1991). In 

primates, a lesion of the RuST leads to little effect if the CST remains intact. However, a 

lesion of the entire descending lateral system leads to impairment of the hand functions 

and coordination of the hand (Nicholls et al., 2012; Lawrence and Kuypers, 1968a, b). 

 

1.5.5. Raphespinal tract 

 

The Raphespinal tract belongs to the emotional motor system (Lemon, 2008; Fink 

and Cafferty, 2016). It originates from the Raphe nuclei which are located medially in the 

entire rostro-caudal extent of the brainstem (Paxison et al., 2000; Hornung, 2003). This 

group of nuclei is the main centre for serotonin (5-HT) production (Hornung, 2003; Mayer 

et al., 2016) and thus the main serotonergic modulator of the spinal cord (Squire et al., 

2013). The Raphe nuclei project to the spinal cord via the Raphespinal tract; they project 

to the entire spinal cord and terminate in the dorsal horn as well as onto neurons 

responding for autonomic and somatomotor functions (Lemon, 2008; Hornung, 2003; Fink 

and Cafferty, 2016). Inputs to the Raphe nuclei arise mainly from the hypothalamus and 

from the forebrain (Behzadi et al., 1990).  
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1.5.6. The propriospinal system 

 

The propriospinal system (PSs) is composed by neurons located in the spinal cord at 

segments C3-C4 (Lemon and Griffiths, 2005; Alstermark et al., 1981; Lemon, 2008; 

Alstermark and Isa, 2012; Sasaki et al., 2004). These neurons are a relay of convergent 

information coming from the entire CNS, namely from the cerebral cortex, the reticular 

formation via the reticulospinal tract, from the red nucleus via the rubrospinal tract and 

from the superior colliculus via the tectospinal tract (Alstermark and Isa, 2012). PSs 

neurons then send divergent information: they project to the motoneurons and they send 

ascending information to the Lateral reticular nucleus (LRt) in the reticular formation which 

in turn is related to the cerebellum (Alstermark and Isa, 2012; Alstermark and Ekerot, 

2013, 2015). The descending tracts inhibit PSs directly or via inhibitory interneurons 

(Alstermark and Isa, 2012). PSs system in the cat is involved in reaching movement 

(Altermark et al., 1981). 

The propriospinal system is particularly well developed in cats (Alstermark et al., 

1981). We saw in subchapter 1.3.2 that there is an evolution of the CM system for the 

control of independent finger movements in primates compared to rodents and cats 

(Courtine et al., 2007). Nakajima and colleagues (2000) have analysed the PSs in squirrel 

monkeys and they proposed that in species without CM system have a strong PSs 

whereas in those species with CM such as the macaque monkeys the PSs is nearly 

absent (Fig. 13). In primates, after CST lesion at C4-C5, the PSs system has been shown 

to be strengthen by the CST to control fine hand movements in absence of the CM system 

(Sasaki et al., 2004). These authors showed that monkeys were able to recover 

independent finger movements but not hand preshaping and force and they suggested 

that these two latter attributes are strongly dependent on the CM pathway whereas 

independent finger movements could be possibly taken over by descending pathways 

(such as the reticulospinal tract) or by decreased inhibition on the PSs in C3-C4. The PSs 

could thus cooperate with the CM system in the control of independent finger movements 

(Sasaki et al., 2004). Other types of interneurons are present in the spinal cord but will not 

be presented in the present work. For further details see the review of Alstermark and Isa 

(2012). 
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Figure 13: Schematic representation of the descending pathways involved in hand movements in different 
species. The thickness of the arrow represents the quantitative importance of the corresponding system in the 
hand control (CST via CM system or the PN system) (modified from Nakajima et al., 2000). 

 

1.6. Pathologies of the CNS  

 

In this subchapter we will give a rapid overview on different lesion types and 

pathology that we will meet in the present work. We will mainly focus on studies conducted 

in non-human primates with only a few citations to studies in rodents. First we will give a 

review on lesions affecting the motor cortex and thus the origin areas of the CST 

(subchapter 1.6.1), then on spinal cord lesions impacting the CST (subchapter 1.6.2) 

and finally the Parkinson disease and the corresponding MPTP model in non-human 

primates (subchapter 1.6.3).  
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1.6.1. Cortical lesion of the primary motor cortex  

 

Regeneration of the central nervous system (CNS) is known to be limited in adult 

mammals (Fink and Cafferty, 2016). Cortical lesions can be caused either by stroke or 

brain trauma (Kaeser et al., 2010, 2011) and depending on the severity of the injury it can 

have severe outcomes. For review on the recovery after brain injury see Nudo (2013). 

At experimental level it is possible to produce focal permanent lesions of the motor 

cortex by injecting an excitotoxic molecule which causes destruction of the neurons for 

instance using ibotenic acid (Schwarcz et al., 1979). Focal permanent lesion can be 

induced at a precise area if guided by intracortical microstimulations (ICMS). This 

technique can be used to map the motor cortex and thus to allow performing a precise 

lesion restricted to the area of interest (Hamadjida et al., 2012; Wyss et al., 2013; Rouiller 

et al., 1998). Lesions of the motor cortex or of the CST cause impairments of the manual 

dexterity (Lawrence and Kuypers, 1968a, b; Lemon 2008; Kaeser et al., 2010, 2011; 

Hamadjida et al., 2012; Wyss et al., 2013; Hoogewoud et al., 2013; Rouiller et al.,1998; Liu 

and Rouiller 1999). A cortical lesion of the hand area in M1 leads to flaccid paralysis of the 

contralateral hand (Liu and Rouiller, 1999; Kaeser et al., 2010, 2011; Hamadjida et al., 

2012) followed by spontaneous recovery though not complete (Liu and Rouiller, 1999), 

due to the limited capacity of the adult CNS to regenerate (Zörner and Schwab, 2010). 

Unilateral lesion of the lateral surface of the hemisphere is one of the primary 

consequences of stroke (Morecraft et al., 2016). The spontaneous recovery has been 

shown to be proportional to the lesion size: the smaller the better recovery (Kaeser et al., 

2011). 

In the literature there is evidence that other motor cortical areas, ipsilesional or 

contralesional could be involved in the spontaneous recovery. In monkey, both the 

ipsilesional and the contralesional motor cortex appear to play a role in functional recovery 

after unilateral lesion of M1 (Liu and Rouiller, 1999; Hoogewoud et al., 2013; Hamadjda et 

al, 2012; Borra et al., 2010; Morecraft et al., 2015, 2016; McNeal et al.,2010). There is 

evidence that both PM (Liu and Rouiller, 1999; Hoogewoud et al., 2013; Borra et al., 2010) 

and SMA (Morecraft et al., 2015; McNeal et al., 2010) are player in such recovery. In more 

detail, it has been shown that both ipsilesional (Liu and Rouiller, 1999; Hoogewoud et al. 

2013; Borra et al., 2010) and contralesional (Hamadjida et al., 2012) PM (both dorsal and 

ventral) play a role in spontaneous recovery after lesion of M1 hand area. The 

contralateral hemisphere may also play a role in functional recovery. The contralesional 
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PM appears to increase its homotopic callosal projections following a lesion of the 

opposite M1 hand area (Hamadjida et al., 2012). Furthermore, after M1 lesion in squirrel 

monkey, Dancause and colleagues (2005) observed a rearrangement of the ipsilesional 

PM projections with the fibres that in intact animals were directed to M1 to be redirected to 

S1 after the lesion. As PM, SMA has been also shown to play a role in spontaneous 

recovery. After a lesion of M1, the SMA gave rise to new contralateral CS projections 

(McNeal et al., 2010). Furthermore, Morecraft and colleagues (2015) have shown that, 

after a lesion of the arm/hand area in the frontal cortex involving both M1 and PM, SMA 

increased its CST projections to the spinal cord (Morecraft et al. 2015). Furthermore, the 

same authors showed the importance of sensory inputs in functional recovery to avoid 

axonal degeneration. They observed that, if there is a loss of sensory inputs to the 

motoneurons of the spinal cord, there is a degeneration of spared ipsilesional CST.  

Following lesion of the M1 hand area in neonatal monkeys the surrounding cortical 

territory has been shown to undergo to plastic changes of the somatotopic map (Rouiller et 

al., 1998) as observed by ICSM recording following the lesion: the lost hand representation 

re-emerged more medially in territories normally devoted to forelimb (more proximal) 

movements (Rouiller et al., 1998). The use of the affected limb is very important to obtain 

a better functional recovery (Rouiller et al., 1998; Nudo and Milliken, 1996; Nudo et al., 

1996) as it avoids the loss of hand representation in the perilesional territory and allows its 

reorganization. However, in another study still involving a cortical lesion of the hand area 

in M1 but performed in adult monkeys it was observed there were no massive map 

changes in the perilesional territory but that it was the ipsilesional PM which played an 

important role in functional recovery (Liu and Rouiller, 1999). Different mechanisms 

involved in functional recovery were believed to be linked to the lesion size (Liu and 

Rouiller, 1999). Later, it was shown that on the long-term after focal lesion of M1 in the 

adults monkeys the majority of the lesioned area was no longer excitable (Wyss et al., 

2013). Liu and Rouiller (1999) with their focal lesion of M1 hand area did not observe that 

the contralesional M1 was involved in the functional recovery. Later, it has been 

demonstrated on monkeys subjected to larger M1 lesions that SMA is involved in 

functional recovery by increasing projections to the spinal cord (McNeal et al., 2010; 

Morecraft et al., 2015). Furthermore it has been suggested that the contralesional M1 

could play a role in recovery after severe frontoparietal lesions (Morecraft et al., 2016), 

thus in case of larger lesion as compared to those performed by Liu and Rouiller (1999). 
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Another player in functional recovery after unilateral motor cortical lesion is the 

ipsilateral CST. Following motor cortical lesion the ipsilesional CST from the contralesional 

hemisphere may contribute to functional recovery of motor function of injured limbs by 

increasing its projection to axial and proximal motoneurons in the spinal cord between C5 

and Th1 (Morecraft et al., 2016). Furthermore, they observed that this increased projection 

occurred only if the lesion is restricted to the motor cortex; if the lesion involved the post-

central gyrus the neuroplastic response was blocked (Morecraft et al., 2016).  

 

1.6.2. Spinal cord injury of the cervical segments  

 

Spinal cord injury (SCI) can lead to various outcomes depending on the segmental 

level as well as on the precise affected region. In this subchapter we will focus on SCI of 

the cervical cord as the cervical spinal cord contains motoneurons for forelimb and hand 

movements (Bear et al., 2007; Nicholls et al., 2012). The brachial plexus controlling 

forelimb movements is located between C6-Th1 segments of the spinal cord, with 

motoneurons controlling hand movements primarily located in segments C8 to Th1 (Jenny 

and Inukai, 1983). Thus, a lesion such as an hemi-section leading to motoneuronal and/or 

descending pathways damage (e.g. CST) leads to a loss or decrease of manual dexterity 

(Galea and Darian-Smith, 1997; Schmidlin et al., 2004, 2005; Freund et al., 2006, 2007, 

2009). Lawrence and Kuypers (1968a, b) performed pyramidectomy on macaque monkeys 

and observed that after the lesion of the CST the monkeys exhibited a loss of manual 

dexterity, only partial if the RuST and the ventromedial pathways were intact. Later studies 

have confirmed that once the CST is lesioned there is a loss of manual dexterity (Galea 

and Darian-Smith, 1997). Furthermore, Schmidlin et al. (2004) showed that the functional 

recovery after spinal cord injury parallels progressive changes occurring in the 

somatotopic map in the contralesional motor cortex. Although affected, the remaining hand 

territory appears important for functional recovery after hemi-section of the cervical cord 

(Schmidlin et al., 2004). The degree of spontaneous recovery after hemi-section lesion is 

correlated with the extent of the laterality (Friedli et al., 2015). Rosenzweig et al. (2010) 

demonstrated in non-human primates that after cervical hemi-section of the spinal cord 

(C7), the ipsilesional CST sprouted, providing functional recovery of hand dexterity. 

However, according to Zaaimi et al. (2012) the ipsilesional CST played a limited role in 

recovery. Recently Morecraft and colleagues (2016) demonstrated that the non-lesioned 

hemisphere has a recovery potential via its ipsilateral CST. Ipsilateral CST may sprout and 
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create a substrate that could enhance recovery after hemi-section of the spinal cord 

(Rosenzweig et al., 2009). Spinal cord deficit is also subjected to some degree of 

spontaneous recovery. Friedli and colleagues (2015) have compared the anatomical and 

functional contribution of the CST after spinal cord injury in quadriplegic patient, compared 

to rat and monkey models. In primates, more than in rats, spared CST can be a reliable 

source of functional recovery to re-innervate motoneurons via compensatory axonal 

detours (Friedli et al., 2015). After hemi-section of T7-T9 in monkeys, it was observed that 

there is a strengthening of the functional connection between areas of the sensorimotor 

cortex (Rao et al., 2016), namely in M1, SMA, as well as in the Putamen (Rao et al., 

2016). 

After cervical SCI other descending pathways were shown to contribute to functional 

recovery, such as the rubrospinal tract (Seymour et al., 2005; Z’Graggen et al., 1998; 

Raineteau et al. 2001, 2002) and the reticulospinal tract (Galea and Darian-Smith, 1997), 

even enhanced after anti-NogoA antibody treatment (see subchapter 1.6.5.1). 

 

1.6.3. Parkinson’s disease 

 

Parkinson disease (PD) is one of the most common neurodegenerative disease 

nowadays touching about 1.5% of the population above 65 years of age, nevertheless its 

causes are still unknown (Obeso et al., 2010; Meissner et al., 2011; Schapira and Tan, 

2012). The majority of PD cases are idiopathic whereas only a small part has a genetic 

cause (Obeso et al., 2010). PD appears to have at least two associated phenomena, 

namely the cellular dopaminergic loss in SNpc and the accumulation of Lewis bodies 

across the entire nervous system (Obeso et al., 2010; Fitzpatrick et al., 2009); this latter is 

stronger in patients who present a tardive appearance of the illness (Obeso et al., 2010). 

Lewis bodies have been found to be present in several brainstem nuclei (Seidel et al., 

2015, Braak et al., 2000, 2001). The SNpc contains dopaminergic (DA) neurons (Obeso et 

al., 2008). When about 70-80% of these cells degenerate classical motor symptoms 

characteristics to PD appear, namely bradykinesia (slowness of movements), tremors at 

rest, postural instability and muscular rigidity (Fitzpatrick et al., 2009; Dauer and 

Przedborski, 2003). The loss of DA neurons in SNpc leads to a decreased dopaminergic 

input to the striatum which in turn leads to a unbalance of the direct and indirect basal 

ganglia motor loops (for detail about the basal ganglia loops see subchapter 1.1.1.2), 

generating the motor symptoms (Dauer and Przedborski, 2003). PD has been suggested 
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to be a pathology with a chronologic appearance with Lewis bodies first appearing in the 

medulla of the brainstem, then spreading rostrally overtime (Seidel et al., 2015; Schapira 

and Tan, 2012). In addition, PD provokes not only motor symptoms but also non-motor 

symptoms such as sleep disorders, neuropsychiatric symptoms and autonomic disorders 

(Meissner et al., 2011). 

Nowadays, there is no treatment that can cure PD. There are palliative treatments 

that can minimize symptoms but not the illness itself. Of these treatments, the orally 

administered L-Dopa is the main pharmacological treatment to reduce motor symptoms 

(Schapira et al., 2009; Dauer and Przedborski, 2003). However, after several years of this 

treatment PD patients usually develop diskenesia (involuntary movement) (Dauer and 

Przedborski, 2003). DA agonists are another possibility to treat PD symptoms (Fitzpatrick 

et al., 2009). Another therapy that is effective to treat symptoms is the deep brain 

stimulation (DBS) of either the GPi or STN nuclei in the basal ganglia (Fitzpatrick et al., 

2009). 

A valuable model to study PD is 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) non-human primate model. MPTP is a toxic molecule that, when administrated to 

the monkeys, can induce most parkinsonian motor symptoms (Emborg, 2007). This 

molecule can pass the blood-brain-barrier, then be metabolized by glial cells where it is 

converted into its toxic form MPP+; it is the latter that is then metabolized by dopaminergic 

neurons leading than to their degeneration (Dauer and Przedborski, 2003; Emborg, 2007). 

Furthermore, the dosage of the administered MPTP, together with individual variability, 

can produce different deficits across animals in terms of stability and predictability of the 

illness (Emborg, 2007). However, MPTP monkeys remain a good model to study possible 

treatments for PD (Dauer and Przedborski, 2003). 

 

1.6.4. The spontaneous functional recovery in the adult CNS is limited 

 

A CNS lesion is followed by three phases that lead to reorganization and 

spontaneous functional recovery: an acute phase (minutes to hours), a chronic phase 

(days-early months post-lesion) and finally a long-term chronic phase (years) (Darian-

Smith, 2007). However, after a lesion of the CNS the spontaneous recovery is limited (e.g. 

Zörner and Schwab, 2010).  

After a lesion of the CNS, only a limited spontaneous functional recovery may take 

place (Zörner and Schwab, 2010) to compensate the loss of connections (Nudo 2006). 
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Plasticity can occur at different locations and following different mechanisms. One of these 

is the rewiring and reorganization of the existing connections of the CNS via dendritic 

sprouting and pertinent formation of new axonal connections and/or reinforcement of 

already existing ones (Zörner and Schwab, 2010). In addition, there is a precise time 

window in which the CNS is more likely to show functional recovery thanks to the 

recruitments of chemical factors involved in recovery (Wahl and Schwab, 2014). 

Functional recovery strongly depends on both the amount of fibres and tissue that 

have been spared by the lesion, thus more fibers/tissue are spared the better is the 

functional recovery, and the ability of unaffected areas to compensate the functional loss 

via neuronal plasticity (Zörner and Schwab, 2010). Furthermore, increasing evidence 

supports the role of post-lesional training to increase functional recovery (Nudo and 

Milliken, 1996; Nudo et al., 1996; Rouiller et al., 1998; Morecraft et al., 2016; Higo, 2010) 

and to trigger somatotopic map reorganization (Wyss et al., 2013). Due to the motor 

system functional redundancy among its descending motor pathways, intact pathways 

may rearrange and support functional recovery after lesion of one of them (Fink and 

Cafferty, 2016). The existing treatments aim to enhance spontaneous recovery of the 

CNS. Neuronal long-distance regeneration does not occur spontaneously in the CNS, this 

is due to the presence of molecules inhibiting this growth (Caroni and Schwab, 1988; 

Schwab and Caroni, 1988; Zörner and Schwab, 2010). 

We reported in the subchapter 1.6.1 and 1.6.2 some spontaneous mechanisms that 

could be involve in functional recovery after different kind of CNS lesion. In the following 

subchapters we will give an overview on different treatments aiming to boost functional 

recovery.  

 

1.6.5. Treatments enhancing the functional recovery of the CNS 

 

In this subchapter we will introduce two different treatments whose aim is to improve 

the functional recovery after lesion of the CNS (subchapter 1.6.5.1 for anti-NogoA 

antibody treatment and subchapter 1.6.5.2 for autologous cell transplantation). 
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1.6.5.1. Anti-NogoA antibody treatment 

 

NogoA is a transmembrane myelin-associated protein mainly synthetized by 

oligodendrocytes and located on myelin (Schwab, 2004). It acts as growth inhibiting factor 

in the CNS (Zörner and Schwab, 2010; Wahl and Schwab, 2014.). Anti-NogoA antibodies 

against the inhibitory role of NogoA protein allow promoting a permissive environment for 

functional plasticity in the CNS (Tennant, 2014). Furthermore, the anti-NogoA antibodies 

are distributed throughout the entire CNS via the CSF (Weinmann et al., 2006). 

Studies conducted on monkeys have demonstrated that when antibodies against 

NogoA are administered to the animal subjected to a CNS lesion, either cortical or a SCI, 

there is improvement of functional recovery following the lesion (Freund et al., 2006, 2007, 

2009; Kaeser et al., 2010; Hamadjida et al., 2012; Hoogewoud et al., 2013; Wyss et al., 

2013).  

The efficacy of anti-NogoA antibody treatment in the enhancement of functional 

recovery after either cortical lesion (Lindau et al., 2014; Emerick et al., 2003; Emerick and 

Kartje, 2004) or spinal cord lesion (Liebscher et al., 2005) has been demonstrated in rats 

first. Furthermore, it has been shown also in rats that the anti-NogoA antibody treatment is 

able to enhance undamaged fibres such as corticorubral fibres to spontaneously 

rearrange, both after stoke (Seymour et al., 2005) and pyramidectomy (Z’Graggen et al., 

1998; Raineteau et al. 2001, 2002). In rats with motor cortical lesion it has been shown 

that functional recovery was in part due to enhanced plastic changes in the contralateral 

hemisphere such as the outgrowth of the ipsilateral CST (Lindau et al., 2014), as well as 

sprouting of the contralesional CST to cross the midline in the cervical spinal cord to re-

innervate the denervated side (Lindau et al., 2014; Emerick and Kartje, 2004). 

Furthermore, reorganization of the somatic map in the contralateral hemisphere occured 

with increased representation of the ipsilateral forelimb area (Lindau et al., 2014; Emerick 

et al., 2003). Experiments were then transferred to non-human primates. In marmosets, 

anti-NogoA antibody treatment has shown increase of the spontaneous recovery after mid-

thoracic lesion of the CST (Fouad et al., 2004). Later experiments on non-human primates 

have confirmed the role of anti-NogoA antibody in functional recovery of hand dexterity 

after cervical hemi-section (Freund et al., 2006, 2007, 2009, Beaud et al., 2008; 2012). 

Administration of anti-NogoA antibody following hemi-section of the cervical cord 

independently to the lesion size, lead to a nearly complete recovery of manual dexterity 

(Freund et al., 2006, 2009). Actually, when analysed for manual dexterity behavioural 
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tasks, the monkey treated with anti-NogoA antibodies recovered better and faster than 

those receiving a control antibody (Freund et al., 2009). The improved functional recovery 

was due to an increased axonal sprouting caudal to the lesion (Freund et al., 2006) as well 

as rostral to the lesion site (Freund et al., 2007). Together with increased axonal sprouting 

around the lesion (Freund et al., 2006, 2007), there was also an increase of neurites in the 

lesion territory coming from motoneurons and other neurons (Beaud et al., 2012). 

However, the administration of anti-NogoA antibody treatment did not prevent neuronal 

shrinkage of CS neurons in layer V of M1 (Beaud et al., 2008). Anti-NogoA antibody 

treatment is currently tested in clinical trials in humans (Wahl and Schwab, 2014). 

Altogether these data show that the anti-NogoA antibody can enhance sprouting of the 

lesioned projections as well as the sprouting of unaffected descending pathways. 

 

1.6.5.2. Autologous Neural Cell Ecosystem (ANCE) 

 

The use of neural grafts to restore impaired function of the CNS is a promising 

approach, but ethical issues and immunity rejection are to be taken into consideration 

(Brunet et al., 2005). In 2005, Brunet and colleagues have demonstrated that non-human 

primate autologous cell collected in the prefrontal cortex by biopsy and then processed in 

vitro were viable once transplanted in non-human primates and could be stained with 

fluorescent dye in order to be localizable in brain tissue after the sacrifice. Furthermore, 

another advantage of autologous neural cell ecosystem (ANCE) is that it does not involve 

the use of oncogenic genes and therefore they have a more limited proliferation rate 

(Brunet et al., 2014; Brunet et al., 2005). 

ANCE have been then tested in non-human primates as treatment in M1 lesioned 

monkeys (Kaeser et al., 2011) and in MPTP induced PD monkeys (Bloch et al., 2014; 

Brunet et al., 2009). First, these cells were tested on MPTP animals without parkinsonian 

symptoms but a mild-depletion of dopaminergic neurons in the SNpc (Brunet et al., 2009) 

and only later in symptomatic animals (Bloch et al., 2014). For mildly-affected animals, 

cells were collected from the right dlPFC and after being prepared in vitro they were 

transplanted unilaterally in the ipsilateral Caudate nucleus only (Brunet et al., 2009). In 

symptomatic monkeys the cells were collected and prepared as in Brunet et al. (2009), 

however this time the transplant was bilateral and located in the putamen, caudate nucleus 

as well as in the Substantia nigra (Bloch et al., 2014). Data on asymtomaitc animals 

showed that these cells were able to influence the number of dopaminergic neurons in the 
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SNpc and consequently the caudate nucleus, mainly its dorsolateral part (Brunet et al., 

2009). Tests on symptomatic monkeys have confirmed the action of the cells on the 

increase of dopaminergic neurons in grafted animals as compared to the non-grafted 

monkeys. However, the dopaminergic recovery did not reach the baseline level (Bloch et 

al., 2014). Furthermore, ANCE can migrate from the injected areas and are thus 

responsive to neural signaling (Brunet et al., 2009, Bloch et al., 2014). Effectiveness of 

autologous cells as treatment of CNS lesion has also been observed in monkeys 

subjected to focal lesion of the hand area in M1. These animals showed enhanced 

functional recovery of manual dexterity as compared to non-treated ANCE monkeys 

(Kaeser et al., 2011). 

In conclusion, ANCE as treatment avoids ethical issues and immunological 

complications as it is developed from the patient itself; moreover due to their limited 

proliferation rate these cells are a well suited treatment for CNS lesions or pathologies. 

Moreover, these cells can migrate were they are needed (Brunet et al., 2005, 2009; Bloch 

et al., 2014). 

 

1.7. Aims of the research 

 

The above general introduction gives an overview on the different anatomical 

structures operating in the control of voluntary movements. Most studies conducted in our 

laboratory on non-human primates have focused their attention on the recovery of the 

hand function following different types of lesion (M1 lesion or SCI) or pathologies (PD) 

affecting the CNS and have observed the changes at the anatomical, the 

electrophysiological and also at the behavioural level (Liu and Rouiller., 1999; Hamadjida 

et al., 2012; Hoogewoud et al., 2013; Wyss et al., 2013; Freund et al., 2006,2007, 2009; 

Beaud et al., 2008; 2012; Bashir et al., 2012; Kaeser et al., 2010, 2011; Schmidlin et al., 

2005). The aim was essentially to observe the outcomes on the hand dexterity, with 

emphasis on the role played by the CST.  

The CST is known from the literature to work in parallel with the corticobulbar 

projection for the control of movements (Lemon, 2008; Kuypers, 1981). However, only few 

studies have tried to characterize the corticobulbar projection in intact non-human 

primates. Data reporting on the general pattern of corticobulbar projections from the motor 

cortex were obtained using old anatomical techniques such as the anterograde 
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degeneration methods (Kuypers, 1958; Kuypers and Lawrence, 1967) whereas other data 

with modern techniques were restricted to projections arising from a specific area of the 

motor cortex (Borra et al., 2010). The corticobulbar projections could be important in the 

functional recovery following a lesion or a pathology affecting the CNS, due to their direct 

access to the PMRF which is the origin area of the RST (Sakai et al., 2009). Nevertheless, 

to the best of our knowledge, nowadays no study has directly addressed the question 

whether these projections rearrange and how if they do so in the non-human primates 

following lesion of the CNS. 

As outlined in the above introduction, the SC is well known to be involved in 

visuomotor integration and action goal movement together with a well-known role in vision 

(Lock et al., 2003; Borra et al., 2014). Similarly to the corticobulbar projections, the 

corticotectal projections connecting the motor cortex with the SC have been investigated in 

a few studies only using either anterograde or retrograde tracers (Fries, 1984; 1985; Borra, 

2010; 2014; Distler and Hoffmann, 2015). As in the case of corticobulbar projections, to 

the best of our knowledge no study has assessed the changes that could occur in 

corticotectal projections following lesion or pathology of the CNS in non-human primates.  

The main aim of the present work is to extend the existing knowledge on the 

corticobulbar and corticotectal projections using the anterograde tracer BDA in intact 

macaque monkeys and then to extend these data to lesioned monkeys with either M1 

lesion of the hand area, SCI or PD induced by administration of MPTP. The results will be 

presented in four chapters. The first two chapters (3.1. and 3.2.) will focus on corticobulbar 

projections whereas the last two chapters (3.3. and 3.4.) will focus on corticotectal 

projections. 

The first chapter (chapter 3.1) will present the analysis of the corticobulbar 

projections, mainly to the PMRF, of intact monkeys from M1, PM and SMA. Nowadays, the 

spatial distribution of corticobulbar projections from motor areas on the PMRF is limited to 

PM and M1 (Kuypers, 1958, Borra et al., 2010; Kuypers and Lawrence, 1967) but not in a 

quantitative manner. Our aim is to complete these data giving a more precise projection 

pattern on the PMRF from M1 and PM, and to extend the analysis to SMA, a motor area 

whose connection to the PMRF has not been reported in previous studies. Our hypothesis 

is that, depending on the motor cortical area of origin, the corticobulbar projections have 

different spatial distribution, density, laterality and also different targets in the PMRF. 

In the second chapter (chapter 3.2), our aim was to investigate how corticobulbar 

projections from PM and M1 rearrange following different lesions/pathology of the CNS. 
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Possible role played by anti-NogoA antibody treatment or autologous cell transplant will be 

assessed. Our hypothesis is that, depending on the motor cortical area of origin and on the 

lesion/pathology type affecting the CNS, the corticobulbar projections are modified and 

that the presence of a treatment could play a role in anatomical changes.  

The third chapter (chapter 3.3) will assess the corticotectal projections in intact 

monkeys (the same individuals as those presented in chapter 3.1 with two additional 

monkeys). As in chapter 3.1, the aim is to enlarge the existing knowledge on these 

projections from motor cortical areas. Since in the existing literature no corticotectal 

projection from SMA (Fries, 1984, 1985) and only limited projection from M1 (Fries, 1984, 

1985; Tokuno et al., 1995) have been reported we aimed at assessing SMA and M1 

projections to the SC and to compare them with projections from PM. Furthermore, we aim 

to observe whether there are differences between motor cortical areas in the pattern of 

projections on the laminae of the SC. Our hypothesis is that PM has stronger projection as 

compared to M1 and SMA (PM>M1>SMA).  

Finally the fourth chapter (chapter 3.4), similarly to chapter 3.2, aims at investigating 

the changes of the corticotectal projections possibly occurring following lesion /pathology 

of the CNS. The monkeys included in this chapter are the same as those in chapter 3.2. 

with exception of monkeys with SCI which will not be considered here. We would expect 

projections from PM to be strengthen in presence of the anti-NogoA antibody treatment.  

Consequently, the main aim of the present PhD work is to fill a gap in the literature 

on the anatomical support for the motor control exerted on the brainstem and midbrain by 

different motor areas in intact monkeys. Most important to the best of our knowledge, 

these data are the first assessing post-lesion rearrangements of these corticofugal 

projections known to act on brainstem descending pathways (Lemon, 2008), namely the 

RST from PMRF (Sakai et al., 2009) and the TST from the SC (Castiglioni et al., 1978), 

representing a high originality of this PhD thesis. 
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2. General Materials and Methods 
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2.1. Subjects 

 

Twenty-one adult macaque monkeys (Macaca fasciucularis; age 3.5-10 years; weight 

4-10kg) were involved in the study of corticobulbar projections: eight as control animals, 

four as animals subjected to a permanent cortical (M1) lesion, four as animals subjected to 

MPTP lesion to mimic Parkinson’s disease (PD) and five as animals subjected to unilateral 

spinal cord injury (SCI). Moreover, these animals (exept for Mk-M90-60 and the five 

animals involved in SCI) and two additional control animals (one Macaca fasciularis, 6 

years, 7 Kg and one Macaca mulatta, 9 years, 8 Kg) were involved in the study of 

corticotectal projections. All animals analysed were usually trained to perform various 

behavioural tasks (see subchapter 2.1.2) except the seven control animals which were 

not involved in behavioural tasks, as they were enrolled in pure anatomical studies. 

Individual information about all animals used in the present thesis is presented in Tables 1 
and 2.  

Surgical procedures, animals care and experiments were conducted in accordance to 

the Guide for the Care and Use of Laboratory Animals (ISBN 0-309-05377-3; 1996) and in 

accordance to the Swiss law and veterinary authorities. The related veterinary 

authorizations are listed in the corresponding results sections. 
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2.1.1. Animal’s keeping 

 

The monkeys were kept in animal facilities (detention room) of 45 m3 and in groups of 

2 to 5 animals. Each room had access to an outside space where the animals were free to 

go back and forth. Take into account that the animals that were housed in the animal 

facility before September 2010 lived into in a smaller room of 15 m3, also in groups of 2 to 

5 animals. At that time these animals had no access to an outdoor facility. All the animals 

were not food- or water- deprived. In order to be transferred from the animal facility to the 

experimental setup the animals were trained to enter into a primate chair in Plexiglas®, 

which has been developed specifically for the non-human primates (Schmidlin et al., 

2011). To enter the chair the monkey had to pass through a stainless steel tunnel attached 

to a transfer cage and gain access to the primate chair. The latter has two sliding doors for 

the hands and a sliding opening for the head (Fig. 1).  

 

 

 
 
Figure 1: A monkey sitting into a Primate Plexiglas® chair with two sliding doors for the arms and a sliding 
opening for the head. 
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Table 1: Summary of main information on control animals. 
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Table 2: Summary of main information on lesioned animals.*indicates that the weight range between 2.5-5.5 Kg (Freund et al., 2006; Beaud et al., 2012). # indicates 
that the volume of the lesion was impossible to calculate due to the shrinkage of the tissue. 

 

BDA= Biotinylated dextran amine; ANCE= Autologous neural cell ecosystem (see Kaeser et al., 2011); MPTP= 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine; SNpc= Substantia nigra pars compata 
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All the three doors/opening are secured with screws in order to prevent the 

monkey to escape (see video of introduction in 

http://www.unifr.ch/neuro/rouiller/research/motorcontcadre.php).  

While still in the animal facility the monkey had to pass the head through the 

dedicated top opening. The animal was previously trained to pass the head. Before 

leaving the animal facility the animal was weighted to have a daily control of the body 

weight. If the body weight dropped by 10% or more the behavioural experiments 

were suspended until the animal regained the lost weight. 

The animal was then brought to the experimental room where a musical 

background was played. This prevented external sounds to distract the monkey. The 

experimenter wrote on the latex glove the date, monkey name and the hand used for 

the subsequent task. All training sessions were recorded using video camera/s. The 

experimenter placed the glove in front of the camera/s before starting the training in 

order to keep track of the experimental unfolding. Once the behavioural session was 

finished, the monkey received food such as fruits, vegetables and dry food (cereals) 

as positive reinforcement. After eating the animal was transferred back to the animal 

facility. 

 

2.1.2. Behavioural tasks  

 

Various behavioural tasks are performed in our laboratory, namely the “modified 

Brinkman board” task, the “Brinkman box” task, the “rotating Brinkman board” task 

and the “reach and grasp drawer” task (Schmidlin et al. 2011, see videos at 

http://www.unifr.ch/neuro/rouiller/research/motorcontcadre.php ). In the present study 

we did not focus on any of these behavioural tasks since the focus of the present 

study is on the anatomical tracing of the corticobulbar and corticotectal projections. 

 

2.2. Data collection 

 

This chapter presents the methods used to collect anatomical and physiological 

information from in vivo and post-mortem animals. Data have been collected using 

different techniques, other than the behavioural tasks (see subchapter 2.1.2). 

However, none of the data acquired from MRI (for both cortical lesion and 

http://www.unifr.ch/neuro/rouiller/research/motorcontcadre.php
http://www.unifr.ch/neuro/rouiller/research/motorcontcadre.php
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parkinsonian monkeys), PET scan (parkinsonian monkeys) and VigiPrimate 

(parkinsonian monkeys) will be presented here as these are not part of the present 

analysis. 

The following abbreviations have been used during sedation, anaesthetic and 

surgical protocols and will be referred to in the following subchapters: intramuscular 

injection (i.m), intravenous injection (i.v), subcutaneous injection (s.v), intraperitoneal 

injection (i.p).  

 

2.2.1. Anatomy of the corticobulbar and corticotectal projections from 

motor cortex 

 

2.2.1.1.  Histology 

 

The brainstem and midbrain of twenty-three adult monkeys (twenty-two Macaca 

fasciularis, 8 females and 14 males and one Macaca mulatta, male) was cut using a 

freezing microtome in 50 µm thick sections in the frontal plane, collected in series. 

For every animal two series of sections were stained: one with biotinylated dextran 

amine (BDA), or CB for Mk-M90-60, and one with cresyl violet (Nissl staining). The 

only exception was Mk-RO in which no more brainstem tissue was available to 

produce a Nissl staining; therefore, in this animal the Nissl staining was performed on 

the BDA series after collecting the BDA data.  

For the corticobulbar projections, the PMRF was covered by analysing from 

eleven or twelve sections, as indicated in Table 3 (corticobulbar table) with 

information about the number of series and the interval between the analysed 

sections. For the corticotectal projections, we analysed between six and sixteen 

sections and in this case all sections of the series were analysed (see Table 3, 

corticotectal table). The rostro-caudal extent of the brainstem or midbrain to analyse 

was determined using a light microscope Olympus BH-2 (Olympus Schweiz SA). For 

the corticobulbar projections the brainstem segment analysed extended caudally 

from just above the Decussatio pyramidis to rostral reaching the Pontine nuclei (first 

section in which the BDA staining becomes substantial into this nucleus). The interval 

between the twelve analysed sections was defined according to the number of 

sections series, usually ranging from 0.9 mm to 1.5 mm (Table 3). The rostro-caudal 
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extent of midbrain analysed for the corticotectal projections extended caudally from 

the limit between the Colliculus inferior and the Colliculus superior, and rostrally to 

the anterior pole of the Colliculus superior. Depending on the number of sections 

series cur in each monkey, the analysed sections were separated by intervals 

ranging from 0.25 mm to 0.5 mm (Table 3). 

The selected histological sections were then analysed using the Neurolucida® 

software (MBF, Bioscience-MicroBrightField, Inc. Version 9 for Mk-R13, Mk-R12, Mk-

CH, Mk-Z182, Mk-M310, Mk-VA, Mk-MO, Mk-RO and Mk-BI and Version 11 for Mk-

M93-81, Mk-M93-80, Mk-M90-60; Mk-Mk-LL, Mk-LI, Mk-MY and Mk-MI; Mk-CG, Mk-

CP, Mk-AC, Mk-AP, Mk-AG, Mk-BS and Mk-IU) installed on a computer connected to 

a light microscope Olympus BX40 (Olympus Schweiz AG). The latter included a 

motorized stage (Märzhäuser Wetzlar GmbH & Co. KG, type EK 32 75 x 50) that was 

controlled using a joystick. On the microscope a digital camera was mounted: 

allowing to visualize the sections on the computer screen.  

 

2.2.1.2. Cresyl violet (Nissl staining) 

 

Nissl bodies, otherwise named Nissl substances, were discovered in 1884 by 

Franz Nissl when he first observed dark coloured granules located in the soma of 

neurons (Kiernan, 2010). However according to Garman (2011) a few Nissl bodies 

can be found in the axon hillock too. The distribution, size and density of the Nissl 

bodies in neurons allow differentiating them into different types located in the central 

nervous system (CNS) (Kiernan, 2010).  When observed at light microscope Nissl 

bodies are abundant in large-sized neurons such as the motor neurons (Garman, 

2011; Kahle and Frotscher, 2007; Junqueira et al. 1995). Later, in the mid twentieth-

century, it was discovered that Nissl bodies correspond to aggregations of rough 

endoplasmic reticulum (RER) (Kiernan, 2010; German, 2011). This organelle is rich 

in ribosomes that are basophilic structures constituted by ribosomal RNA (rRNA) and 

proteins. It is the basophilic nature of rRNA which is responsible for the staining 

(Kiernan, 2010; Junqueira et al. 1995). Nissl staining is often used as a method to 

analyse the cytoarchitecture of the central nervous system (Kiernan, 2010; Carter 

and Shieh, 2010). Nissl bodies can be revealed by cationic dyes such as cresyl violet 

(Kiernan, 2010). Nissl staining in nervous injured tissue can provide some information 



93 
 

about the physiological state of the corresponding neurons. This is the case for 

nervous regenerating tissue as well (Carter and Shieh, 2010).  

Sections stained for cresyl violet (Nissl labelling) were cut under a freezing 

microtome with a thickness of 50 µm and collected into series. Two solutions were 

prepared before the degreasing process. Cresyl violet solution 0.5 % was prepared 

by combining 1000 ml H20 distilled, 5.444 Sodium acetate (C2H3NaO2; named tri-

hydrate de Merck) and 5 g of cresyl violet (Merck). This solution was then mixed for 

at least 2 hours to a maximal time of 2 days. After the mixing process 9.606 ml acetic 

acid 100% (C2H4O2) were added to the solution and the whole was filtered 3 to 5 

times. The alcohol-acid solution was prepared by mixing 1000 ml alcohol 80 % with 

20 ml acetic acid. 
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Table 3: Summary of anatomical information for all animals involved into both studies: corticobulbar projections and corticotectal projections. * 
Sections sampling with the BDA series (e.g. 1 section out 4, or 3, or 7). 
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Once the two solutions were ready the sections were degreased in order to remove 

fat residuals. Brainstem sections were incubated first for 1 h in 1:1 chloroform alcohol 

100%, then twice in alcohol 100 % 3 min each time and finally into alcohol 95 % for 3 min. 

To finish the sections were dried at 37 °C. Once sections were dried, they were incubated 

in chronologically order in alcohol 70 % for 2 min, in alcohol 50 % for 1 min, in distilled H2O 

for 30 s. Sections were incubated in 0.5 % at 40°C cresyl violet solution previously 

prepared for 2 to 7 min in order to stain the Nissl bodies. Then sections were rinsed first in 

distilled H2O 2 to 3 times (each rinse lasting 1 min and 30 s), then in alcohol 70 % for 1 to 

3 min, in alcohol acid for 1 to 6 min, in alcohol 95 % for 1 min, twice in alcohol 100 % for of 

1 min at every rinse, in butanol for 5 to 45 min and finally twice in xylol for 5 min each time. 

At the end of the processing, sections were covered with plastic coverslips using Eukit.  

 

2.2.1.3.  Biotinylated dextran amine (BDA) staining 

 

Biotinylated dextran amine (BDA) is a neuronal tracer that can be transported along 

the axons both anterogradely and retrogradely depending on its molecular weight (Carter 

and Shieh, 2010). High molecular weight BDA, as the one used in the present study, is 

known to be a suitable tracer to label anterograde projections. Moreover, it may possess 

some capacities of acting retrogradely although for this purpose the use of a low molecular 

weight BDA is more recommended (Veenman et al., 1992; Reiner et al., 2000).  

As listed in Tables 1, 2 and 3 of the nine intact animals injected with BDA, three (Mk-

R13, Mk-R12 and Mk-CH), were injected unilaterally (left hemisphere) into the premotor 

cortex (PMd and/or PMv); in three monkeys (Mk-Z182, Mk-M310 and Mk-M93-80) BDA 

was injected unilaterally into the primary motor cortex (M1; right hemisphere), whereas two 

monkeys were injected with BDA in the supplementary motor cortex (more precisely in the 

SMA proper; Rouiller et al., 1996) in the right hemisphere for Mk-M93-81 and in the left 

hemisphere for Mk-BS. Finally, one monkey was injected in the pre-supplementary motor 

cortex area in the left hemisphere (pre-SMA; Mk-IU). The four cortically M1 lesioned 

monkeys (Mk-MO, Mk-VA, Mk-RO and Mk-BI) were injected unilaterally with BDA into the 

premotor cortex adjacent to the lesioned M1 (left hemisphere).The four parkinsonian 

animals were injected in either the premotor cortex region (Mk-LL, and MK-MY; in the right 

and left hemispheres, respectively) or in the right primary motor cortex (Mk-LI and Mk-MI). 

The five spinal cord injured animals (Mk-CG, Mk-CP, Mk-AC, Mk-AG and Mk-AP) were all 

injected in the left primary motor cortex. The time interval between the BDA injection and 
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the animal’s sacrifice depended on how far the BDA must travel to reach the targeted area 

(Reiner et al., 2000). The usual survival time of wait was of about 30 days for all animals to 

allow transport of BDA down to the cervical cord; an exception are the five monkeys 

involved in spinal cord injury in which the survival time was of about 60-80 days because 

after cervical lesion the anterograde transport of BDA is slowed (Freund et al., 2007).  

Sections stained for BDA were prepared using the DAB revelation method (see e.g. 

Rouiller et al., 1994b). BDA sections were cut under a freezing microtome at a thickness of 

50 µm and collected into phosphate buffer of pH of 7.4, 0.1M. Sections were rinsed four 

times in a PBS-T solution (phosphate buffer of 0.01M, pH 7.4, NaCl 0.9 %, Triton 0.3 %) 

for a duration of 30 min at every rinse. The ABC reaction (in 10 ml PBS-T plus 2 drops of A 

and 2 drops of B from the Vectastain kit) lasted overnight at room temperature. The day 

after, the sections were rinsed three times in PBS solutions (without Triton). At this point 

the DAB revelation was performed (20 ml phosphate buffer 0.1M, pH 7.4, 10 mg DAB and 

660 µL H2O2 0.3 %) and lasted around 20 min or less in case the background was too 

high. Finally the series were rinsed three times in phosphate buffer pH 7.4, 0.1M. The 

sections were then mounted on slides in a caudo-rostral order and air-dried for one night. 

The next day the slides were then immerged into ascending concentrations of alcohols (95 

%, 99 % and 100 %) for 3 min in each one. Afterwards the slides were embedded into 

xylol solution for 3 min and coverslipped.  

 

2.2.1.4.  Cholera toxin subunit B (CB) 

 

Mk-90-60 was injected unilaterally in the cervical spinal cord (C5-C8) at multiple sites 

with the retrograde tracer cholera toxin subunit B (CB; List Biological Laboratories, 

Campbell, Calif, USA, 0.05 solution in distilled water; see Rouiller et al., 1994b). Brainstem 

sections were cut at 40 µm and placed into phosphate buffer 0.1M pH 7.4. The sections 

were first rinsed two times for 15 minutes into TBS-T buffer at pH 8.6 (Tris-HCL 0.05M; 

NaCl 0.9%, Triton X100 0.5%, pH 8.6) and then incubated overnight with 10 ml goat anti-

CB (List Bid-Labs) diluted 1:10000 into 20 ml TBS-T (pH 8.6). After incubation the 

brainstem sections were rinsed three times with TBS-T (pH 8.6) before being incubated 

again but this time for 90 minutes with 250 µl of rabbit anti-goat whole serum diluted 1:40 

into 10 ml of TBS-T (pH 8.6). The sections were subsequently rinsed three times with 

TBS-T (pH 8.6). After rinsing, the sections were then incubated for 90 minutes with 25 µl of 

peroxidase-anti-peroxidase (PAP9 complex produced in the goat and diluted 1:400 times 
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into 10 ml of TBS-T 8Ph 8.6). The brainstem sections were rinsed three times into buffer 

Tris-HCl 0.005M, pH 7.6. Next, the sections were pre-incubated for 30 minutes into a DAB 

solution produced with 10 mg of DAB diluted into 20 ml of Tris-HCl 0.05M, pH 7.6. 

Afterwards, the sections were incubated with 10 ml DAB solution and 400 µl H2O2 0.3% for 

30 minutes. Finally, the brainstem sections were rinsed three times with Tris-HCl, pH 7.6 

and then mounted on slides. The CB tracer needs about 5 days to be transported 

retrogradely from the spinal cervical cord to the cerebral cortex. 

 

2.2.1.5.  Thyrosine Hydroxilase (TH-HRP) 

 

The first day the series of sections selected for TH reaction were first rinsed in 

phosphate buffer 0.2M, pH 7.4 (if previously stored in antigel). A second rinsing was 

performed with PBS (9g NaCl, 50 ml Phosphate buffer 0.2M and adjusted to 1000 ml 

distilled H2O; one time fast and then two times for 5 minutes each). Afterwards, the 

sections were placed  into a solution of 20 ml PBS and 600 µm H2O2 for 15 minutes before 

being rinsed a second time with PBS (one time fast and two times for 5 minutes each). 

The sections were then embedded for 1 hour at room temperature into a solution of 19 ml 

PBS+BSA 0.25% and triton 0.3% (2.5 g of Bovine Serum Albumine (Sigma, A3059), 3ml 

Triton and adjusted with PBS to 1000 ml) with 1 ml of Normal Goat Serum (NGS; 

Reactolab, S-1000) at 5%. Then the sections were incubated with the first antibody AB152 

(1:1000) overnight at room temperature in the dark (20 ml PBS+BSA 0.25% + triton 0.3% 

and 20 µl antibody AB152). The preparation of the second antibody consists in removing 

unspecific binding antibodies by an overnight incubation at 4°C of 20 ml PBS and 50 µl 

goat anti-rabbit/HRP together with brain tissue (monkey extern to the study) previously 

rinsed in PBS. The second day the sections were first rinsed with PBS (one time fast and 

then two times for 5 minutes each). Next, they were incubated with the second antibody 

preparation (goat anti-rabbit/HRP 1:400; Sigma-Aldrich, A 0545) at room temperature for 2 

hours. Afterwards, the sections were rinsed with PBS (one time fast and then two times for 

5 minutes each) and then DAB was pre-incubated in the dark for 10 minutes (20 ml PBS + 

10mg DAB) filtered (10 ml were kept aside for incubation). The sections were then 

incubated with the DAB preparation (10 ml solution of DAB + 10 µl H2O2 concentrated) for 

30 minutes in the dark. Then the sections were rinsed with PBS (one time fast and two 

times for 5 minutes each). The sections were now ready to be placed into phosphate 
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buffer and then mounted on slides. They were dried out, dehydrated and then covered with 

plastic coverslips using Eukit. 

 

2.2.2.  Neurolucida analysis 

 

2.2.2.1.  Brainstem and midbrain BDA sections 

 

The BDA sections were the first to be analysed. Using an objective of 4x (in reality 

total magnification of 40x), the contours of the brainstem’s section of the Pyramidal tract 

and of the Pontine nuclei were delineated. A midline was drawn to separate the ipsilateral 

side, with respect to the BDA injection sites from the contralateral side. Switching to the 

10x objective (in reality total magnification of 100x) the section was then scanned in order 

to chart the visible axonal segments (stem axons), with exception of those found into the 

ipsilateral corticospinal tract. Once this step was performed, a second scan of the section 

was performed with an objective of 20x (in reality total magnification of 200x). This scan at 

200x aimed at plotting the boutons en passant and the boutons terminaux in the axonal 

terminal fields. We used the criterion that a bouton should be at least the double of the 

axon’s diameter. The pontine nuclei were not considered in the present analysis (the 

corticopontine projection was not the topic of the present investigation). 

The BDA sections of the midbrain were analysed as described above for the 

brainstem sections, where the first to be analysed. We started with the objective 

magnification 4x (in reality 40x) except that only the ipsilateral side of the midbrain was 

scanned, with respect to the hemisphere injected with BDA.  

 

2.2.2.2. Nissl sections 

 

The Nissl sections were analysed with the objective 1.25x (real total magnification of 

12.5x). The adjacent sections to those which were analysed in the BDA series were 

reconstructed in the Nissl series. Photomicrographs were taken and the different nuclei 

were identified with aid of the Paxinos atlas (Paxinos et al. 2000). The nuclei were then 

drawn on the sections with the Neurolucida software at the total magnification 12.5x. The 

delineation of the subdivisions of the superior colliculus was made directly on the Nissl 

stained sections with Neurolucida at total magnification of 12.5x. 
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The analysed nuclei for the brainstem sections are summarized in Table 4, whereas 

those analysed for midbrain sections are summarized in Table 5. 

 

 
Table 4: Abbreviations for Brainstem nuclei marked in sections stained for Nissl substance. 

 

 
 

Table 5: Abbreviations for Superior colliculus subdivisions marked in sections stained for Nissl substance. 

 

 

2.2.2.3.  Graphical superposition 

 

Once both series of sections (BDA and Nissl) were analysed in every monkey the 

.DAT files were printed in PDF and were exported in CorelDRAW X7. Here the BDA and 

Nissl sections were superposed and their orientation and size was corrected to align them 

as much as possible. We must keep in mind that the sections belonged to two different 

series and may have a slight difference in form and contours, due also to different 

shrinkage factors during the histological processing. Moreover some sections were 
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damaged; therefore a total overlapping was not always possible. From the Nissl staining 

we kept all the contours except those for the Pyramidal tract. 

 

2.2.2.4.  Identification of the reticulospinal neurons 

 

One monkey (Mk-M90-60) was injected with the retrograde tracer CB in the C5-C8 

segments of the spinal cervical cord. We analysed the brainstem sections in order to 

identify the location of the reticulospinal neurons in the ponto-medullary reticular formation 

(PMRF). The analysed rostro-caudal extent was larger than that analysed for boutons 

identification in the corticobulbar study (fifteen sections instead of about twelve), and 

extended caudally from the interaural point of -12.75mm to rostrally the interaural point 

+02.55mm (Paxinos et al., 2000). The section contour and the pyramidal tract were drawn 

at a total magnification 40x, a midline was drawn to separate the ipsilateral to the 

contralateral sides with respect to the CB injection site in the spinal cord. The section was 

then scanned at magnification 100x and reticulospinal neurons were chartered; different 

symbols and colors were used for the ipsilateral and the contralateral sides. In order to be 

considered, the neurons had to be well labelled and clearly identifiable as a neuron. 

 

2.3. Parkinsonian monkeys 

 

Information about the unfolding of experiments for parkinsonian monkeys is 

presented in Figure 2. 

 

 
 
Figure 2: Time course of the experiments on the four parkinsonian monkeys. 
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We will now present the methods used for collecting anatomical and physiological 

information in living parkinsonian monkeys. The data acquired were not analysed in the 

present work. 

 

2.3.1. VigiPrimate 

 

Every day before starting the behavioural tasks (see above subchapter 2.1.2), 

monkeys were moved individually into a small mobile cage and placed into a room 

installed with video-cameras in order to record animal’s spontaneous locomotion and free 

behaviour for 40 min. The recording was performed before behavioural task for each 

experimentation phase (pre-lesion, post-lesion and post-re-implantation). The first 10 min 

were not analysed, these were necessary to give the animal time to habituate to the 

environment, whereas data acquired in the following 30 min were analysed for locomotion 

and free behaviour. The system VigiPrimate® developed by ViewPoint® technology (Lyon, 

France) analysed in real time the quantity of movement obtained by change of 256 pixels 

grey levels. Different thresholds were established to identify different states of movement 

such as freezing (below 500 pixels change per second), middle activity (above 500 pixels 

change per second) and burst activity (2000 pixels change per second). Time spent in 

each movement state was then exported in Excel®2010 and further analysed with 

SigmaPlot®/SigmaStat® 13.0 for t-test and Mann-Whitney (MW) statistics. Behaviour of 

each different experimental phase (pre-, post-lesion and post-re-implantation) was 

compared between them. Statistically significant difference was considered when p-value 

was p ≤ 0.05. 

 

2.3.2. Positron Emission Tomography  

 

During each experimental phase, the animals were subjected to positron emission 

tomography (PET) scan with 18Fluoro-Dopa (18F-DOPA) (Radiopharmazie, Klinik für 

Nuklearmedizin, Zürich, Switzerland). One hour before the 18F-DOPA injection, the 

monkeys received 50 mg per os of carbidopa (Pharmacie internationale Golaz, Lausanne, 

Switzerland) for a better acquisition. Animals were then sedated to be transported to the 

Hospital of Fribourg (HFR) with an intramuscular (i.m.) injection of a mix of ketamine 

(Ketasol-100®, Graeub, 10 mg/kg) and benzodiazepines (Dormicum®, Roche, 0.1 mg/kg). 

Once on site, the animals were administrated with additional ketamine if necessary. Stable 
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anaesthesia was obtained by injecting intravenously (i.v.) (3.75 mg/kg/h) a mix of 1 % 

propofol (Fresenius Kabi®, 20 ml), Ringer-Lactate (Hartman ISOTON®, 20 ml) and 

ketamine (1.25 ml). During the entire scan, the anaesthesia level was kept optimal by a 

perfusion rate of 0.1 ml/min/kg. Monkeys were then placed in prone position with the head 

fixed into a stereotaxic plastic apparatus. Ear bars were covered with Lidohex® (Bichsel 

AG) a lubricating gel with local anaesthetics. In front of the monkey’s mouth an oxygen 

tube was fixed with a flux of 3 l/min. To prevent hypothermia the animal was covered with 

a bubble wrap and surrounded by latex gloves full of hot water. ECG was monitored during 

the entire experiment. Once the PET scan was finished, the animals were brought back to 

the University of Fribourg where they were placed under a hot lamp, monitored until totally 

awake, fed and hydrated. 

 

2.3.3. Magnetic Resonance Imagining 

 

Magnetic resonance imaging (MRI; GE Medical System®, Discovery MR750, 3.0 

Tesla) was carried out during the pre-lesion and the post-lesion phase on each 

parkinsonian animal. Animals were sedated at the University of Fribourg by an i.m. 

injection of a mix of ketamine (Ketasol-100®, Graeub, 10 mg/kg), midazolam (Dormicum®, 

Roche, 0.1 mg/kg) and then transported to the Hospital of Fribourg. Once on site, the 

animals received an i.m. injection of a mixture of ketamine (4 mg/kg) and medetomidine 

(Dorbene®, Graeub, 0.04 mg/kg). Pay attention to the fact that the anaesthetic protocol 

described for PET scan (Ketasol-100® and Dormicum® only) was used in Mk-LY, Mk-LL, 

Mk-MY post-lesion, thus no Dorbene® was administered.  

The monkey was placed in prone position with its head placed on a knee antenna (C-

GE-HDx TR Knee PA®, G-CoilType=8). To decrease the risk of hypothermia, gloves full of 

hot water and bubble wrap were placed around the animal. Oxygen was administered to 

the animal by an oxygen tube (3 l/min). During the entire MRI acquisition, ECG was 

recorded. Anaesthesia was maintained during MRI by i.v. injection of 3.75 mg/kg/h of a 

mix of propofol 1 % (Frasenius Kabi®, 20 ml), Ringer-Lactate (Hartmann ISOTON®, 20 

ml) and ketamine (1.25 ml). Perfusion was adapted according to the desired animal 

anaesthesia level.  

After the acquisition was ended, the animals that were been anaesthetised with 

Dorbene® protocol were injected with atipamezole (Alazane®, Graeub, 0.2 mg/kg) for a 

faster awakening and brought back to the University of Fribourg. Here, the animals were 
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placed under a hot lamp (until awake), were fed and hydrated. MRI acquisition’s 

parameters were: i) 0.7 mm isotropic voxel, ii) echo time (TE) and repetition time (TR) of 

TE=3.0/TR=7.2, iii) 256x256 acquisition matrix, iv) 3DTI  and v) 3D sagittal.  

 

2.4. Surgery procedures for chamber implants 

 

Chronic chambers were surgically implanted in Mk-MO, Mk-VA, Mk-RO and Mk-BI, 

with the aim to perform ICMS recordings; however, surgical procedures and results will not 

be reported in the present work (see Wyss et al., 2013). For details on the sedation and 

premedication on these animals see Schmidlin et al. (2005), Freund et al. (2006) and 

Wannier et al. (2005) whereas for more details on the surgery itself see Bashir et al. 

(2012), Kaeser et al. (2010, 2011) and Hamadjida et al. (2012). A chronic chamber for 

intracortical stimulation (ICMS) recordings was implanted in Mk-M93-81 and MK-M93-80 

as well, for more details on the protocol and ICMS parameters see Rouiller et al. (1996, 

1994a,b). Surgeries were all conducted under aseptic conditions. During surgeries 

physiological parameters were constantly monitored. 

 

2.5. Permanent lesion 

 

2.5.1. Unilateral lesion using ibotenic acid  

 

The unilateral lesion of the motor cortex was produced in awake animals (Mk-MO, 

Mk-VA, Mk-RO, and MK-BI) by injecting ibotenic acid (10 µg/µl in phosphate buffered 

saline) with a 10-µl Hamilton micro-syringe into multiple M1 sites corresponding to the 

digits representation of the hand area previously identified by ICMS. The protocol used for 

Mk-MO, Mk-VA, Mk-RO and Mk-BI was already reported in previously published articles 

(Liu and Rouiller 1999; Bashir et al., 2012; Peuser et al., 2011; Kaeser et al. 2010, 2011; 

Hamadjida et al.2012; Wyss et al. 2013). According to Liu and Rouiller (1999) and Kaeser 

et al. (2010, 2011) a few minutes after the administration of ibotenic acid the effects of the 

lesion became already visible on the contralateral hand to the injection (hand paralysis). 

Using, Neurolucida® software, the lesioned areas could be reconstructed and their volume 

could be calculated in mm3 using the Cavalieri estimator (see e.g Pizzimenti et al., 2007; 

Wyss et al., 2013). 
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2.5.2. Bilateral lesion using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) 

 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a highly toxic molecule. 

During the lesion period, the animals were housed in separate cages. They received daily 

portions of food (pellets, fresh vegetables and fruits) and water. All safety protocols were 

adapted in accordance to the American national institute of health (NIH) and based on a 

technical work published by Przedborski and colleagues (2001). Animal’s room was under 

negative pressure to avoid dispersion of MPTP into the air conducts due to its toxicity. 

Experimenters allowed to enter the detention room had to wear full personal protection. 

Once a day, the animals were placed in turn into a small cage with a movable 

Plexiglas® plate to reduce animal risk to harm itself and to get an easier access to 

muscles. Each animal was injected intramuscularly with MPTP (Sigma, 0.5 mg/kg). Once 

finished every animal was transferred back into its home cage. At the end of the 

experience, the animals received a total dosage of MPTP ranging from 6.25 mg/kg to 7.75 

mg/kg depending on the animal’s weight. The protocol foresees two series of daily 

injections of four days each with a break after the fourth day. After the second break two 

more single injections were performed. Furthermore, after ten days four to five extra 

injections were performed but this time their dosage was twice less (0.25 mg/kg) 

depending on animal’s symptoms (Table 6). Motor symptoms induced by MPTP lesion 

were assessed according to the Schneider rating scale (Schneider et al., 1995). 
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Table 6: Schedule and dosage of MPTP injections in each animal during the period of lesion. Cortical biopsies 
(second one) occurred during the third break. 

 

2.5.3. Unilateral cervical cord lesion using surgical blade 

 

Spinal cord injury at C7/C8 border, aimed to unilaterally lesion the left dorsolateral 

funiculus, was produced on five adults monkeys (Mk-CG, Mk-CP, Mk-AG, Mk-AP and Mk-

AC) using a surgical blade. Protocols for pre-operative sedation, surgery procedures and 

post-operative cares were reported in previously published articles (Freund et al., 2006, 

2007, 2009; Wannier et al., 2005). 

 

2.6. Post-lesional treatments 

 

2.6.1. Anti-Nogo A antibody treatment  

 

2.6.1.1. Cortical lesion 

 

Two out of the four animals subjected to a permanent cortical lesion an Anti-Nogo A 

antibody treatment (Mk-MO and Mk-VA). Under deep anaesthesia, the animals were 

surgically implanted in the neck region with two osmotic pumps (Alzet®, model 2ML2, 5 

µl/h) which were inserted in a subcutaneous pouch. The two osmotic pumps were used to 
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infuse the antibody at a concentration of 3 mg/ml in two different regions: one administered 

Anti-Nogo A antibody intrathecally at the cervical level of the spinal cord (see Freund et al., 

2006, 2007 and 2009) whereas the other pump administered the antibody at cortical level, 

close to the region that was just submitted to a lesion thanks to its catheter which was 

surgically tunnelled under the skin of the monkey’s head to reach the motor cortex. The 

osmotic pumps delivered the Anti-Nogo A antibody treatment for a period of 4 weeks 

before being surgically removed under deep anaesthesia (Wyss et al. 2013; Hamadajida 

et al., 2012). 

 

2.6.1.2. Spinal cord injury 

 

Five animals (Mk-CG, Mk-CP, Mk-AG, Mk-AP and Mk-AC) received antibody 

treatment which lasted four weeks after the lesion. The treatment was delivered with an 

osmotic pump (Alzet, 2ML2; 2ml of volume) which was placed in the animal’s back and 

which was connected to a silastic tube positioned 3-5 mm rostral to the lesion site. After 

two weeks the osmotic pump was replaced with a new one. In the animals subjected to 

spinal cord injury the osmotic pump was placed a few minutes after the lesion (Freund et 

al., 2006, 2007). 

Two animals (Mk-CG and Mk-CP) received control antibodies (mice monoclonal 

purified IgG against wheat auxin: AMS Biothecnology, Oxon/UK) and were thus the control 

animals. Instead, the three remaining monkeys (Mk-AG, Mk-AP and Mk-AC) were treated 

with two possible monoclonal antibodies against different sites of Nogo A protein: Mk-AP 

was treated with the mouse monoclonal antibody mAb 11C7, whereas Mk-AG and Mk-AC 

were treated with a second antibody mAb hNogo A. Both antibodies were purified in IgG 

and concentrated to 3.7-10mg/ml in PBS (see Freund et al., 2006, 2007; Beaud et al., 

2008). Both antibodies are able to recognize Nogo A protein of primates (Weinmann et al, 

2006; Oertle et al., 2003).  

 

2.6.2. Autologous neural cell ecosystem (ANCE) treatment 

 

2.6.2.1. Cortical biopsies 

 

Before the surgery started, the animals were sedated by intramuscular injection with 

a mix of ketamine (Ketasol®,Graeub, 10 mg/kg), benzodiazepines (midazolam) 
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(Dormicum®, Roche, 0.04 mg/kg) and methadone (Methadon®, Streuli, 0.2 mg/kg). 

Animals were premedicated before starting the surgery to prevent possible problems that 

may arise during the surgery itself: atropine (Atropine, 0.05 mg/kg, i.m.) to reduce 

bronchial secretion, Carprofen (Rymadil®, Pfizer, 4 mg/Kg, s.c.), analgesics, 

dexamethasone (Dexadreson ®,Intervet, 0.3 mg/kg into 1:1 saline, i.m.) and Amoxicillin-

Clavulanic acid (Synulox®Suspension, Pfizer, 8.75 mg/kg, s.c.) as antibiotics. Deep 

anaesthesia was maintained by i.v. injection (3.75 mg/kg/h) of 1% propofol MCT 

(Fresenius Kabi®, 20 ml) and Ringer-lactate (Hartmann ISOTON®, 20 ml) and ketamine 

(1.25 ml). The monkey was then placed in prone position and its head was fixed into a 

surgical stereotaxic frame by aid of ear bars covered by local anaesthetics (Lidohex®, Lab 

Bischel). 

Before skin incision, lidocaine 1 % (Rapidocain® 1 %, Sintetica, 10 mg/ml) was 

administered as local anaesthetics. During craniotomy (about 1 cm2 on the left 

hemisphere), the animals received opioids (Fenatyl Curamed®, Sintetica, 6 µg/kg/h diluted 

into 1:1 saline, i.v.). The Dura mater was then excised and 7-14 mm3 of cerebral cortex 

were withdrawn unilaterally from the dorsolateral prefrontal cortex (dlPFC). The collected 

brain tissue (biopsy) was placed into a sterile cold medium until transport to the cell 

production centre (CPC) of the CHUV (Lausanne). The bone flap was placed back and 

fixed with histological glue (hystoacryl ®, B. Braun). Skin and muscles were sutured and 

disinfected. During the entire surgery, ECG, breathing rate and body temperature were 

constantly monitored. To prevent hypothermia during the surgery, the animals were 

covered with an electric blanket and gloves full of hot water were placed beside the body. 

Once the surgery was ended, the animals were transported back to animal facility 

where they were monitored until being awake, fed and hydrated before regaining their 

home-cage. During five days post-surgery, the animals received per os antibiotics 

(Clavubatin ®, Graeub, 12.5 mg/kg) and anti-inflammatory (Rymadil®, Pfizer, 10 mg). 

Pilot biopsies performed with the same protocol were performed on the animals 

during the pre-lesion phase in order to evaluate if there were some impacts on motor tasks 

and to refine cell culture procedure at CHUV. The relevant biopsies are the second ones 

(explained above) which were performed during MPTP lesion protocol in order to be the 

closest to clinical reality (see Fig. 2).  
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2.6.2.2. Cell culture preparation and labelling 

 

Protocols used to prepare the cell culture and labelling were previously published in 

Bloch et al. 2014, Brunet et al. 2005, 2009. The cortical biopsy was dissected using a 

razor blade to obtain enriched fractions of grey matter. The collected cerebral tissue was 

placed into a sterile cold medium for few hours to be transported from the University of 

Fribourg to the Cell Production Centre (CPC) at the CHUV (Lausanne).  

Primary cultures were generated by mincing and mechanically triturating the 

collected tissue. Cells were then re-suspended at 50000 cells/ml in RPM-1640 medium 

(1x) without L-glutamine (31870-025; Invitrogen AG) supplemented with NaHCO3 44 mM, 

20 % fetal bovine serum (FBS), and an antibiotic/antimycotic cocktail (A7292; Sigma-

Aldrich) directly into  25 ml-glass Erlenmeyer at 37 °C in a water-saturated atmosphere 

containing 6.5 % CO2/93.5 % air under horizontal agitation at 70 rotations per minute. Into 

a 24 wells plate, the cell suspension was plated on glass cover-slips under incubation. 

Fifteen days later the serum’s concentration was reduced by 10 % and twenty days later, 

when cells became confluent, the cells were ready to be cultured in medium without 

serum. The cells were maintained under these conditions until re-implantation into the 

animals occurring 35 days later.  

The day before the transplantation, the cells aggregates were centrifuged at 800 rpm. 

The generated supernatant was recovered and aggregates were further re-suspended in 

500 µl diluent C with 5 µM green fluorescent viable dye PKH67 (MINI67, Sigma-Aldrich) 

for three minutes. 500 µl of FCS was added for 1 minute and aggregates were washed 

three times with RPMI medium. After the last wash, the aggregates were re-suspended 

with the recovered medium previously centrifuged at 4000 rpm in order to eliminate cellular 

wastes. 

Fluorescent-dye-stained aggregates were transported into a tube at room 

temperature to the University of Fribourg. Before being re-implanted into the same animal, 

the aggregates were settled and the generated supernatant was partially removed to 

obtain a volume of 100 µl, in which aggregates were re-suspended at a cell concentration 

of 3000/µL. 
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2.6.2.3. Transplant 

 

Each animal was re-implanted with cultured cells in two sites in the Putamen (one 

rostral and one caudal) and in one site in the Caudate nucleus of each hemisphere. Totally 

each animal had six re-implantation sites, three in each hemisphere. The amount of cell 

implanted in each animal is presented in Table 7.  

 

 
 

Table 7: Approximation of the amount of cells re-implanted in each animal 

 

The injection sites were determined by T1-weighted MRI scan (OsiriX; v.4.1.2.) 

obtained post-lesion and confirmed by the Paxinos atlas (Paxinos et al., 2000). Sedation 

and surgical procedures were the same as those presented in the subchapter of cortical 

biopsies (see chapter 2.6.2.1). Craniotomy was performed bilaterally. Cells’ implantation 

sites were reached using a Hamilton microsyringe. Each animal was automatically injected 

with 10 µl culture medium at a ratio of 2 µl/min during five minutes pro injection site with a 

nano-injector (Stoelting, Wood Dale, IL, USA) fixed to a stereotaxic frame. In total the 

amount of cells implanted pro site in each animal varied between 250’000 and 400’000. 

Once the cells were re-implanted the bone flap was placed back in place and tissues 

(muscles and skin) were sutured. After the surgery, the animals received per os anti-

inflammatories (Rymadil®, Pfizer, 10 mg) and antibiotics (Clavubatin ®, Graeub, 12.5 

mg/kg) during the two following weeks. 

 

2.7. Sacrifice 

 

Once the experiment came to an end, the animals were euthanized.  

Mk-M93-81, Mk-M93-80 and Mk-M90-60 were sacrificed by a lethal dose of 

pentobarbital intraperitoneal (i.p.) injected at a concentration of 60 mg/kg body weight, 

then the animals were perfused transcardically with 300 ml saline followed by 4000-5000 
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ml of 4 % paraformaldehyde in 0.1 M phosphate buffer at 7.4 pH (Rouiller et al. 1996, 

Rouiller et al. 1994b). 

Mk-IU was sacrificed by a lethal dose of sodium pentobarbital (90 mg/kg; i.p.). The 

animal was then transcardically perfused first with a saline solution at 0.9% (400 ml) and 

then with 4% paraformaledeide solution (3000 ml, 0.1M phosphate buffer, pH 7.6), 

followed by a series of sucrose solutions (2L each) at 10%, 20% and finally 30% 

(Schmidlin et al., 2009).  

Mk-BS was sacrificed by an overdose of pentobarbital (75-90 mg/Kg; i.p.) and then 

perfused by a saline solution and then with 4% paraformaldehyde solution (0.1M 

phosphate buffer, pH 7.4), followed by three solutions of different concentrations of 

sucrose (10%, 20% and finally 30%; Tanné-Gariépy et al., 2002). 

For control animals (Mk-R13, Mk-R12, Mk-CH, Mk-Z182 and Mk-M310) and for 

cortical lesion and spinal cord injury animals (Mk-MO, Mk-VA, Mk-RO and Mk-BI; Mk-CG, 

Mk-CP, Mk-AG, Mk-AP and Mk-AC), the sacrifice was performed with an intraperitoneal 

(i.p.) overdose of pentobarbital sodium (90 mg/kg body weight). Animals received a 

transcardiac perfusion with 0.9 % saline (500 ml). After that a solution of fixative (4000 ml 

of paraformaldehyde in 4 % in phosphate buffer) was administered which was then 

followed by 3 subsequent solutions of phosphate-buffer paraformaldehyde having different 

concentrations of sucrose (10%, 20% and 30%) (Hamadjida et al., 2012; Wyss et al., 

2013; Wannier et al., 2005). 

For parkinsonian animals (Mk-MY, Mk-LL, Mk-LY and Mk-MI respectively) the 

protocol for the sacrifice was changed. The pentobarbital was diluted into saline solution 

before i.v. administration into the femoral vein.  

Mk-MY, Mk-LY, Mk-LL and Mk-MI were sedated with ketamine (10 mg/kg, i.m.) 

before receiving intravenous injection of sodium pentobarbital (60 mg/kg). Once animals 

were under deep anaesthesia and their heart rate (ECG) significantly droped transcardiac 

perfusion was performed (400 ml, 0.9 % saline). To prevent blood coagulation 1 ml of 

heparin was injected into the left ventricle. Animals were perfused firstly with 3000 ml 4 % 

paraformaldehyde in 0.1 M phosphate buffer (pH=7.6) and then with three sucrose 

solutions of 2 l each with increasing concentrations (10 %,20 % and 30 %) in order to fix 

and preserve brain tissue.  
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Abstract

Corticospinal and corticobulbar descending pathways act in parallel with brainstem systems, such as the reticulospinal tract, to
ensure the control of voluntary movements via direct or indirect influences onto spinal motoneurons. The aim of this study was to
investigate the corticobulbar projections from distinct motor cortical areas onto different nuclei of the reticular formation. Seven
adult macaque monkeys were analysed for the location of corticobulbar axonal boutons, and one monkey for reticulospinal neu-
rons’ location. The anterograde tracer BDA was injected in the premotor cortex (PM), in the primary motor cortex (M1) or in the
supplementary motor area (SMA), in 3, 3 and 1 monkeys respectively. BDA anterograde labelling of corticobulbar axons were
analysed on brainstem histological sections and overlapped with adjacent Nissl-stained sections for cytoarchitecture. One adult
monkey was analysed for retrograde CB tracer injected in C5-C8 hemispinal cord to visualise reticulospinal neurons. The corti-
cobulbar axons formed bilateral terminal fields with boutons terminaux and en passant, which were quantified in various nuclei
belonging to the Ponto-Medullary Reticular Formation (PMRF). The corticobulbar projections from both PM and SMA tended to
end mainly ipsilaterally in PMRF, but contralaterally when originating from M1. Furthermore, the corticobulbar projection was less
dense when originating from M1 than from non-primary motor areas (PM, SMA). The main nuclei of bouton terminals corre-
sponded to the regions where reticulospinal neurons were located with CB retrograde tracing. In conclusion, the corticobulbar
projection differs according to the motor cortical area of origin in density and laterality.

Introduction

The corticobulbar and corticospinal projections act in parallel with
brainstem descending pathways to ensure both direct and indirect
control on motoneurons of the spinal cord. The corticobulbar projec-
tions establish connections from the cerebral cortex to brainstem
nuclei, some of them giving rise to descending pathways towards
the spinal cord, such as the reticulospinal tract (RST) (Kuypers,
1981; Lemon, 2008). The RST originates from the Ponto-Medullary
Reticular Formation (PMRF) (e.g. Kuypers, 1981; Matsuyama &
Drew, 1997; Matsuyama et al., 1997, 1999; Sakai et al., 2009) and
sends bilateral projections to the intermediate zone of the spinal cord
(Lawrence & Kuypers, 1968a,b; Kuypers, 1981; Lemon, 2008). The
PMRF is composed of several nuclei some of them contributing to
the RST: the Gigantocellular reticular nucleus (Gi) and the Pontine

reticular nucleus Pars caudalis (PnC) and Pars oralis (PnO) (Kuy-
pers, 1981; Sakai et al., 2009). The RST system has been demon-
strated to be involved in the control of posture and locomotion
(Lawrence & Kuypers, 1968a,b; Drew et al., 1986; Matsuyama &
Drew, 1997; Matsuyama et al., 1999, 2004; Schepens & Drew,
2004, 2006; Schepens et al., 2008; Lemon et al., 2012), as well as
of postural adjustments during reaching movements (Schepens &
Drew, 2004, 2006; Schepens et al., 2008). The role of the RST in
reaching movements has been demonstrated in monkeys (Buford &
Davidson, 2004; Davidson & Buford, 2004, 2006; Davidson et al.,
2007). Electrophysiological studies conducted on the medial PMRF
(mPMRF) in macaques showed neuronal preparatory activity, sug-
gesting that mPMRF is also involved in movement preparation
(Buford & Davidson, 2004). Recent studies have demonstrated that
the RST sends monosynaptic or disynaptic projections to motoneu-
rons controlling intrinsic hand muscles (Riddle et al., 2009; Riddle
& Baker, 2010; Soteropoulos et al., 2012). Moreover, spinal
interneurons receive convergent information from the RST and the
corticospinal tract (CST) (Ortiz-Rosario et al., 2014), the latter being
the main player in the control of independent finger movements
(e.g. Lawrence & Kuypers, 1968a,b; Lemon, 1993, 2008, 2010;
Lemon & Griffiths, 2005; Schieber, 2007; Riddle & Baker, 2010).
Altogether these results, including the role of the RST in the control
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of distal hand muscles in humans (Honeycutt et al., 2013), suggest
that the RST system is more involved in hand control than it was
previously believed. Furthermore, the RST system has been shown
in monkeys to facilitate forearm flexor muscles and intrinsic hand
muscles after a lesion of the CST, which was not the case of the
forearm extensors (Zaaimi et al., 2012).
Several studies have been conducted on rodents PMRF to under-

stand its function and anatomy (e.g. Valverde, 1961, 1962; Esposito
et al., 2014; Alstermark & Ekerot, 2015; Liang et al., 2015, 2016)
as well as its contribution after spinal cord or stroke lesions (Bach-
mann et al., 2014; Z€orner et al., 2014; Garc�ıa-Al�ıas et al., 2015).
In contrast, current knowledge on the corticobulbar projections in
monkeys is limited, both anatomically and functionally. An early
study of the corticobulbar projections to the reticular formation was
performed by Kuypers (1958), based on the anterograde degenera-
tion method, extended later in a subsequent report (Kuypers &
Lawrence, 1967). The authors observed that the lateral tegmentum
of the brainstem receives bilateral inputs from the lower one-third
of the pericentral areas along the central sulcus, whereas the middle
one-third of the precentral gyrus and rostral premotor cortex (PM)
send projections to the medial tegmental field of the upper Medulla
oblongata (Kuypers, 1958). More recently, retrograde tracer studies
on macaque monkeys have demonstrated that the CST gives rise to
collaterals contacting the medial reticular formation, corresponding
to cortical control on mPMRF (Keizer & Kuypers, 1989). More-
over, a recent study conducted by Borra et al. (2010) has shown
that the ventral PM (PMv) hand field sends a projection to the
PMRF.
The main aim of this study was to use modern tracing techniques

with cellular resolution in order to trace the corticobulbar projections
in intact adult macaque monkeys from several motor cortical areas
terminating in the reticular formation, thus possibly influencing in
turn the RST. To this end we analysed the corticobulbar projections
from the primary motor cortex (M1), the premotor cortex (PM) and
the supplementary motor area (SMA), focusing on the PMRF. More-
over, we compared the spatial distribution of corticobulbar terminals
with the location of reticulospinal neurons in the PMRF after injec-
tion of retrograde tracer in the cervical spinal cord (C5-C8). We
thereby tested the hypothesis that corticobulbar projections arising
from distinct motor cortical areas differ with respect to their lateral-
ity, spatial distribution, and density along the rostro-caudal axis, as
well as to the targeted PMRF nuclei.

Materials and Methods

The corticobulbar projections arising from distinct motor cortical
areas were investigated in seven adult macaque monkeys (Macaca
fascicularis; two females and five males, aged 4–10 years, weighing
between 4–10 kg; see Table 1). In addition, one monkey (Macaca
fascicularis, 4 years old, 4 kg; see Table 1) was used to identify the
origin of the reticulospinal tract in the PMRF. The animals were not
involved in any behavioural protocol. Animal care, surgical proce-
dures and experiments were all conducted in accordance to the
Guide and Care and Use of Laboratory Animals (ISBN 0-309-
05377-3; 1996) as well as authorised by local (canton of Fribourg)
and federal (Swiss) veterinary offices (veterinary authorizations N°
156-08E, 156-02, 44-92-3). The number of monkeys was minimised,
by limiting the number of cases per motor cortical area and by using
the same animal to trace other pathways as well (e.g. Rouiller et al.,
1994, 1996; Hamadjida et al., 2012). The authors adhere to the
NC3Rs initiative and the Basel declaration (www.basel-declaration.
org).

Surgical procedures and tracer injections

The monkeys were deeply anaesthetised according to protocols pre-
viously published (Rouiller et al., 1994, 1996; Hamadjida et al.,
2012; Wyss et al., 2013), aimed to minimise pain and discomfort.
Briefly, the monkeys were sedated with ketamine (5 mg/kg body
weight, i.m.) and pre-medicated, in particular with the analgesic
carprofen (Rymadil, 4 mg/kg, s.c.) in order to reduce pain immedi-
ately after surgery. Under aseptic conditions, the surgery was con-
ducted under deep anaesthesia obtained by i.v. infusion of propofol
(mixture of 1% propofol and 4% glucose in saline, 1 volume of
propofol and 2 volumes of glucose delivered at the rate of 0.1 ml/
min/kg). To reduce pain, ketamine was added to the perfusion solu-
tion to be delivered at a rate of 0.0625 mg/min/kg. After surgery,
the animals were treated daily with antibiotics (Ampiciline 30%,
30 mg/kg, s.c.) and analgesics (pills of Rymadil in food) for a
period of 7–10 days.

Seven animals used for identifying corticobulbar projections were
injected using a 10 ll Hamilton micro-syringe unilaterally with the
anterograde tracer biotinylated dextran amine (BDA; MW = 10 000;
Molecular Probe, Eugene, OR, USA). BDA concentrations were 5%
(in distilled water) for M1-3, SMA-1 and 10% for PM-1, PM-2,
PM-3, M1-1 and M1-2 (see Table 1 for injection sites). For both
M1-3 and SMA-1 the hand area was identified with intracortical
microstimulation (ICMS; see Rouiller et al., 1994, 1996) whereas,
for the other animals ICMS was not performed and therefore the
injections were not restricted to the hand region. In SC-1 the retro-
grade tracer cholera toxin B subunit (CB; List Biological Laborato-
ries, Campbell, Calif, USA; 0.05% solution in distilled water) was
injected unilaterally under deep anaesthesia in the cervical spinal
cord at multiple sites between C5 and C8 (Rouiller et al., 1994).

Histology

After completion of tracer injections and a survival period of 20–
29 days for BDA, around 5 days for CB, to allow transport of the
tracers to the region of interest, the animals were euthanized under
deep anaesthesia (lethal dose of pentobarbital sodium 90 mg/kg
body weight; i.p.) and perfused transcardially as previously reported
(Rouiller et al., 1994, 1996; Hamadjida et al., 2012; Wyss et al.,
2013). The brainstem was cut in the frontal plane in 50 lm (40 lm
for SC-1 only) thick sections with a freezing microtome, collected
in 5–7 series (see Table 1). In the animals injected in motor cortical
areas, one series of brainstem sections was processed to visualise
BDA in order to reconstruct the location of stem axons and axonal
boutons, both en passant and terminaux (histochemical protocol
described in Rouiller et al., 1994). In the animal injected in the cer-
vical cord, one series of sections was processed to visualise CB in
order to identify the reticulospinal neurons in the PMRF (immuno-
histochemical protocol described in Rouiller et al., 1994). The adja-
cent corresponding Nissl stained sections from a second series were
used to identify and delineate the brainstem nuclei (Table 2).

Data acquisition

BDA and CB stained sections were first observed with a light
microscope, Olympus BH-2 (Olympus Schweiz SA) to determine
the rostro-caudal extent of the brainstem to analyse. BDA sections
were taken caudally from above the Decussatio pyramidis
(�11.85 mm from the interaural zero coordinate, Paxinos et al.,
2000) to rostrally at the beginning of the Pontine nuclei (the most
rostral section analysed was the one on which there was dense BDA
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staining in the most caudal part of Pontine nuclei; +00.75 mm from
the interaural zero coordinate). For CB stained sections the analysed
rostro-caudal extent was �12.75 mm to +02.55 mm. This relevant
portion of the brainstem included usually 12 sections from an indi-
vidual series of sections (15 for SC-1), which were scanned using
an Olympus BX40 microscope interfaced with the Neurolucida�

software (MBF, Bioscience-MicroBrightField, Inc. Version 9 for
PM-1, PM-2, PM-3, M1-1, M1-2 and Version 11 for SMA-1; M1-3,
SC-1). In general, the interval between consecutive analysed sec-
tions ranged between 1 mm (PM-1, PM-2, PM-3 and M1-3) and
0.9 mm (M1-1, M1-2 and SMA-1), and 0.96 mm for SC-1
(Table 1). Intervals between sections were maintained constant, with
the exception of sections 4 and 5 of PM-3 separated by 0.75 mm
(instead of 1 mm). In order to detect a possible anteroposterior dif-
ference in the corticobulbar projection, the brainstem was subdivided

into a rostral half (sections 1–6) and in a caudal half (sections 7–
12), as a constant number of analysed sections (n = 12) usually cov-
ered the zone of interest (PMRF) in each animal.

Data analysis of BDA, CB and Nissl stained sections

BDA stained sections comprising the PMRF were first scanned with
Neurolucida� at 409 and contours of both the section and Pyrami-
dal tracts were drawn. A midline was drawn in order to separate the
ipsilateral side from the contralateral side with respect to the BDA
injected hemisphere. Afterwards, the same sections were systemati-
cally scanned at 1009 in order to plot visible stem axons (Fig. 3A)
except those located in the Pyramids. Finally, the sections were
scanned a third time at 2009 and axonal boutons en passant and
terminaux were plotted (Fig. 3B and C). To further subdivide the
ipsilateral side from the contralateral side different colours were
used to plot stem axons and boutons. To be considered as bouton
en passant or terminal, an axonal bouton along an axon segment,
visible at magnification 2009, should exhibit a diameter at least
twice that of the axon’s diameter. In BDA stained sections Pontine
nuclei were drawn when visible, but they were not scanned as it is
known that Pontine nuclei receive very dense corticofugal axon ter-
minals (Wiesendanger et al., 1979; Borra et al., 2010). As compared
to other corticofugal projections (e.g. corticostriatal, corticothalamic,
corticorubral, corticospinal) which gave rise to highly dense axonal
terminal fields, the present corticobulbar terminal fields labelled with
BDA were much less dense, allowing charting most stem axons and
all boutons present in PMRF on the analysed histological sections.
CB stained sections comprising the PMRF were scanned with

Neurolucida� software at 40x, and contours of the section were
drawn. A midline was drawn in order to separate the ipsilateral side
from the contralateral side with respect to the CB injected hemi-
spinal cord. Afterwards, the same sections were scanned at 1009 in
order to plot visible CB stained neurons (Fig. 3D). To further subdi-
vide the ipsilateral side from the contralateral side different colours
and symbols were used to plot the CB stained neurons.
Photomicrographs of Nissl stained sections adjacent to the anal-

ysed BDA/CB stained sections were captured at 12.59. Afterwards,
based on Paxinos et al. (2000), brainstem nuclei were identified on
the photomicrographs and both section and nuclei contours were
drawn on the corresponding Nissl stained sections (Fig. 1). The
identified nuclei are summarised in Table 2.

Table 1. Summary of the individual data for each of the eight monkeys involved in this study

PM-1 PM-2 PM-3 M1-1 M1-2 M1-3 SMA-1 SC-1
Mk-R13 Mk-R12 Mk-CH Mk-Z182 Mk-M310 Mk-M93-80 Mk-M93-81 Mk-90-60

Sex Female Female Male Male Male Male Male Male
Age 4.5 6 10 7.5 8.5 4 4 4
Weight 4 4 6 10 10 4 4 4
Tracer injected BDA BDA BDA BDA BDA BDA BDA CB
Number of brainstem’s sections series 5 5 5 6 6 7 6 6
Distance between sections 250 lm 250 lm 250 lm 300 lm 300 lm 350 lm 300 lm 240 lm
Interval between the analysed sections 1 out 4 1 out 4 1 out 4 1 out 3 1 out 3 1 out 3 1 out 3 1 out 4
Distance between the analysed sections 1 mm 1 mm 1 mm 0.9 mm 0.9 mm 1.05 mm 0.9 mm 0.96 mm
Injected side Left Left Left Right Right Right Right Right
Injection sites PMd/PMv PMd PMd/PMv M1 M1 M1 SMA C5-C8
Volume of tracer injected (ll) 8.8 7.2 8 25.5 22.5 10.5 9 4
No. of sites injected per tracer 11 9 10 17 15 7 6 3
Number of BDA labelled CS axons 1802 1473 1201 950 703 3195 2160 –

In SC-1, the tracer CB was injected in the cervical cord (C5-C8). The weight (rounded to the kg) was determined at the time of euthanasia, as well as the age
(rounded to 0.5 year). CS, Corticospinal.

Table 2. Abbreviations for the nuclei of the brainstem delineated in this
study

6N Abducens nucleus mcp Middle cerebellar peduncle
7N Facial nucleus ml Medial lemniscus (sometimes

including the trapezial body)
12N Hypoglossal nucleus Mo5 Trigeminal motor nucleus
5n Trigeminal nerve PnC Pontine reticular nucleus caudal
7n Facial nerve PnO Pontine reticular nucleus oral
8n Vestibulocochlear

nerve
Pont
Nucl

Pontine nuclei

9n Glossopharyngeal
nerve

Pr Prepositus nucleus

CN Cochlear nucleus Pr5 Principal sensory nucleus
trigeminal nerve

CU Cuneate nucleus Py Pyramidal tract
ECU External cuneate

nucleus
Raphe Raphe nuclei

DTg Dorsal tegmental
nucleus

RPO Rostral preolivary compley

Gi Gigantocellular
reticular nucleus

RtTg Reticulo tegmental nucleus of Pons

IO Inferior olive SOC Superior olivary complex
IRt Intermediate reticular

nucleus
Sol Solitary nucleus

ll Lateral lemniscus Sp5 Spinal sensory trigeminal nucleus
LC Locus coeruleus VC Vestibular complex
LRt Lateral reticular

nucleus
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Sections superposition, analysis and statistics

Files obtained using the Neurolucida� software for BDA, CB and
Nissl were saved in.DAT format. These files were then converted in
PDF format and imported in CorelDRAW X7. BDA and CB sec-
tions were superimposed onto Nissl stained sections and adjusted to
obtain the best alignment. For SC-1 (CB injection) contours were all
derived from Nissl-stained sections, whereas for BDA injected ani-
mals contours were all derived from Nissl-stained sections with the
only exception of the pyramidal tracts obtained from the BDA-
stained sections.
Superimposed sections were used to quantify the number of

boutons among the brainstem nuclei. For each monkey injected
with BDA, we established the number of labelled boutons on
both the ipsilateral and contralateral sides for each individual sec-
tion, as well as the total number of boutons for the whole brain-
stem extent for both the ipsilateral and the contralateral halves of
the brainstem and calculated the corresponding percentages (global
percentages; Table 3). Data of BDA sections were then nor-
malised according to the total number of BDA labelled corti-
cospinal axons, as assessed from a section just above the
Decussatio pyramidis.
Moreover, for SC-1 we established the number of labelled reticu-

lospinal neurons in each individual section for the ipsilateral and the
contralateral halves of the PMRF, as well as the percentages of
reticulospinal neurons found in each nucleus of the PMRF for both
the ipsilateral and contralateral sides (Table 4). Global percentages
were calculated for SC-1 as well (Table 3). For all animals the dis-
tribution of either the axonal boutons (en passant and terminaux;
BDA injection) or the reticulospinal neurons (CB injection) along
the rostro-caudal axis were plotted (Fig. 7).

Statistics using parametric paired t-test (and non-parametric Wil-
coxon when required) were used to compare on each section the ipsi-
lateral side with the contralateral side of the brainstem for animals
injected with BDA. Specifically we compared: (i) the total number of
boutons on both ipsilateral and contralateral sides, (ii) the total num-
ber of boutons on the ipsilateral and contralateral caudal half of the
brainstem (sections 7–12); (iii) the total number of boutons on the
ipsilateral and contralateral rostral half of the brainstem (sections 1–
6); (iv) the number of ipsilateral boutons and the number of con-
tralateral boutons for each nucleus or group of nuclei. For the latter,
statistics were calculated on the basis of the number of boutons in
each nucleus and were derived from the paired t-test/Wilcoxon,
represented with asterisks: *P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001.
As recommended in previous tracing reports (e.g. Geuna, 2000;

Lavenex et al., 2000; Benes & Lange, 2001), stereology was not
used to reconstruct the distribution of BDA labelled axonal boutons
in PMRF. Stereology is most adequate when the number of ele-
ments of interest is too large to be pointed individually and/or when
attempting to determine their total absolute number in a structure. It
was not the goal in this study to establish the total number of corti-
cobulbar boutons, but rather to compare their relative density
between cases based on similar sampling of analysed sections and
normalisation procedures. Furthermore, in each individual section,
the number of corticobulbar boutons was relatively low so that all
of them were exhaustively pointed, within a spatially limited terri-
tory (brainstem in the present case).

BDA and CB injection sites reconstruction

The brain hemisphere injected with BDA (Table 1) was used to
reconstruct the corresponding BDA injection site in PM, SMA or

Fig. 1. Rostro-Caudal extent of the analysed brainstem. (A) Graphical representation of the location of the brainstem nuclei or group of nuclei according to
their rostral to caudal position and extent. (B) Photomicrographs of 12 coronal brainstem Nissl-stained sections overlapped with the delineation of the nuclei of
interest, covering the analysed brainstem rostrocaudal extent. Along the abscissa, the corresponding rostrocaudal coordinates (or range of coordinates) in the
Paxinos et al. (2000) atlas are indicated above each section number given between parentheses. *Comprises the following nuclei: Pontine nuclei, Mo5, Pr5, Sp5
6N, 7N, 12N, SOC, IO RtTg, VC, CU, ECU, Pr and Sol nuclei (see Table 2 for the abbreviation list).
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M1 (Fig. 2A). The reconstruction was plotted on a lateral or top
view of the injected hemisphere, taking into account anatomical ref-
erences such as sulci. BDA was injected at multiple sites in each
targeted motor cortical area. The BDA injection creates different
areas known as ‘core’ and ‘halo’ (see Hamadjida et al., 2012); how-
ever, only in PM-1, PM-2, PM-3 and SMA-1 was it possible to
make this differentiation. In M1-3, M1-2 and M1-1 no differentia-
tion between ‘core’ and ‘halo’ was performed due to the difficulties
to delimitate the two. The volume of the injection site was calcu-
lated using an ad-hoc function of the Neurolucida Explorer software
based on the Cavalieri estimator (see Pizzimenti et al., 2007; Wyss
et al., 2013 for a detailed description of the method).
The right cervical spinal cord was used to reconstruct the injec-

tion site of the retrograde tracer CB (Table 1, Fig. 2B). The recon-
struction was drawn at a total magnification of 12.59 on the basis
of tracer deposits. We could not differentiate between a ‘halo’ and a
‘core’ region.

Results

Anatomical studies of the corticobulbar projections using antero-
grade degeneration methods usually refer to the brainstem as medial
and lateral tegmental fields (Kuypers, 1958, 1981). In the present
study we considered the medial brainstem tegmentum as the medial
part of the reticular formation comprising the Pontine reticular
nucleus (Pars oralis and Pars caudalis; Pons), the Gigantocellular
reticular nucleus (Medulla oblongata) as well as all nuclei located
ventral and dorsal to the reticular formation. The lateral tegmental
field here corresponds to the area lateral to the reticular nuclei cited
above, comprising the Intermediate reticular nucleus and the Lateral

reticular nucleus. Nuclei outside the reticular formation that are
located ventral, dorsal or lateral to it belongs to the lateral part of
the brainstem (Paxinos et al., 2000). At the caudal extent of the
brainstem, we considered all the medial subdivisions of the reticular
formation as Intermediate reticular nucleus (Paxinos et al., 2000).
Figure 1 represents the extent of the PMRF nuclei and the location
of the Raphe nucleus along the rostro-caudal extent of the brain-
stem.
Seven animals were injected with the anterograde tracer BDA in

either PM, SMA or M1, whereas one additional monkey was
injected with the retrograde tracer CB into the C5-C8 segments of
the spinal cord. Figure 2 shows reconstructions of the BDA and CB
injection sites for all animals. Three monkeys were injected in PM
on the left hemisphere (PM-1, PM-2 and PM-3) whereas the remain-
ing four were injected in M1 or SMA on the right hemisphere. The
injection core was drawn in black and, when identifiable, the halo
was drawn in grey. One monkey (SC-1) was injected with the tracer
CB in the right C5-C8 segments of the spinal cord (same case
reported in Rouiller et al. (1994) for the origin of the CS projec-
tion).
In PM, the BDA injections covered a large part of PMd and PMv

in monkeys PM-1 and PM-3, whereas in monkey PM-2 BDA was
restricted to PMd, also covering a large part of it (Fig. 2). In SMA
and M1, in two monkeys the BDA injection was targeted to the
hand area determined by ICMS (monkeys SMA-1 and M1-3 respec-
tively). In monkey SMA-1, BDA was delivered along 3 vertical syr-
inge penetrations, distant 1.5 mm apart along the rostro-caudal axis,
at 2 sites along each penetration where 1.5 ll was injected (4.5 and
5.5 mm deep with respect to the dura surface). In monkey M1-3,
based on the ICMS map and the position of low threshold sites,
BDA was injected mostly in the rostral bank of the central sulcus
where the cortical layers are roughly perpendicular to the brain sur-
face, thus corresponding to the ‘new M1’, as described by Rathelot
& Strick (2009). There were 3 syringe penetrations along the central
sulcus (1 mm rostral to it), distant 1.1 mm from each other; BDA
was injected at 2 or 3 depths along each penetration based on ICMS
sites. The ‘old M1’ part, corresponding to the M1 territory where
the cortical layers are parallel to the surface, was only partially
included in the injection site (Fig. 2). In the other two monkeys
injected in M1 (M1-1 and M1-3), the BDA injection was not
restricted to the hand area (no ICMS) but also involved more proxi-
mal territories (located more medially). In both monkeys, 6 syringe
penetrations perpendicular to the brain surface were performed along
a fictive segment of 12.5 mm long in parallel to the central sulcus
(1 mm more rostral), from the hand area laterally (at the medio-

Table 3. Quantitative data for the corticobulbar projection: number of axonal boutons

PM M1 SMA Spinal cord (*)

PM-1 PM-2 PM-3 M1-1 M1-2 M1-3
SMA-1 SC-1

Total number of boutons/neurons* 6566 5070 2939 1013 217 1693 6035 2067
Ipsilateral boutons/neurons* 3267 3004 1968 425 90 485 3225 1246
Contralateral boutons/neurons* 3299 2066 971 588 127 1208 2810 821
%global ipsilateral 49.8 59.3 67.0 42.0 41.5 28.6 53.4 60.3
%global contralateral 50.2 40.7 33.0 58.0 58.5 71.4 46.6 39.7
Ipsilateral norm. number of boutons (*1000) 1813 2039 1639 447 128 152 1493 –
Contralateral norm. number of boutons (*1000) 1831 1403 809 619 181 378 1301 –

The number of axonal boutons in PMRF (terminaux and en passant cumulated) is given in absolute number (3 top rows) and after normalisation based on the
number of BDA labelled CST axons (2 bottom rows; see text). In SC-1 (rightmost column), the tracer CB was injected in the cervical cord (C5-C8) and the
data are for the number of reticulospinal neurons in PMRF projecting to the cervical cord.

Table 4. Distribution in PMRF of the reticulospinal neurons as a result of
CB injection in the cervical cord (C5-C8)

SC-1

Tot.
Ipsilateral

Tot.
Contralateral

Total
both sides

%
ispilateral

%
contralateral

PnO+ PnC 196 205 401 48.9 51.1
Gi 536 391 927 57.8 42.2
IRt 190 50 240 79.2 20.8
LRt 10 6 16 62.5 37.5
VC 24 20 44 54.5 45.5
Others 290 149 439 66.1 33.9
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lateral level of the genu of the arcutate sulcus) and then distant by
2.5 mm from each other going medially. Along each penetration,
1.5 ll BDA was delivered at 2 sites (3 and 7 mm deep from the
dura surface) in order to fill the rostral bank of the central sulcus
(new M1 area). In addition, 3 and 5 penetrations (in M1-1 and M1-
2 respectively) were performed along a second segment parallel to
the central sulcus but 3.5 mm more rostrally, with injection of BDA
(1.5 ll) at a single site (3 mm deep) in order to include a part of
the old M1.
Typical BDA or CB stained axon terminals or neurons, respec-

tively, are illustrated in Fig. 3, with microphotographs representing
BDA-labelled stem axons (Fig. 3A), BDA-labelled axonal terminal
fields (Fig. 3B) and BDA labelled axonal boutons en passant or ter-
minaux (Fig. 3C). Figure 3D represents CB-labelled reticulospinal
neurons located in Gi nucleus. As far as axonal boutons are con-
cerned, boutons en passant were well identified in most cases by
the presence of a preceding and a continuing axon branch. In con-
trast, the distinction with boutons terminaux was not always clear,
especially when boutons were located at the very top or very bottom
of a section, without the possibility to check the presence of a pre-
ceding or a continuing axon branch on an adjacent section. For this
reason, they were not charted with distinct markers (their proportion
thus remains unknown). However, qualitatively, there was a clear
predominance of boutons en passant as compared to terminaux.

The BDA labelling terminal axonal fields of the corticobulbar
projection were mainly located in the nuclei of the PMRF,
namely the Pontine reticular nucleus Pars oralis, the Pontine
reticular nucleus Pars caudalis, the Gigantocellular reticular
nucleus, the Intermediate reticular nucleus and the Lateral reticular
nucleus (Fig. 4). As there were not always clear limits between
some of the nuclei we grouped the two parts of the Pontine retic-
ular nucleus (Pn). Similarly, the Intermediate reticular nucleus and
the Lateral reticular nucleus were fused (Rt). Outside the reticular
formation, we analysed the corticobulbar projections in the Raphe
nucleus (grouping the multiple Raphe subnuclei). The remaining
boutons found in nuclei other than those listed above but identifi-
able were associated by default to the category ‘other nuclei’. In
contrast, the boutons located outside well defined nuclei were
classified in the category ‘undefined areas’. Both ‘other nuclei’
and ‘undefined areas’ categories were not included in the statisti-
cal analyses.

Corticobulbar projections from the premotor cortex (PM)

PM-1 and PM-3 were injected with BDA in both PMd and PMv
whereas, in PM-2, BDA was injected in PMd only (Fig. 2). The
typical bilateral distribution of BDA labelled stem axons and bou-
tons in the brainstem is illustrated for 6 out of the 12 analysed

Fig. 2. (A) Reconstruction of the BDA injection sites for each of the 7 monkeys. PM-3, PM-1, PM-2 were injected in the left hemisphere, whereas M1-1, M1-
2, M1-3 and SMA-1 were injected in the right hemisphere. The injection core is represented in black whereas the halo is in grey (a halo was not present in all
cases). Injections in SMA-1 and M1-3, at sites identified by ICMS, are in addition represented on alternate sections (1 out of 2). Sections are arranged from ros-
tral to caudal following increasing sections numbers. (B) Reconstruction of the CB injection site on the right hemicervical spinal cord in SC-1.
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sections in PM-2 (Fig. 4A). On most sections BDA labelled boutons
were found in the medial part of the PMRF, adjacent to the midline
on both halves of the brainstem. The axonal boutons were found
most abundantly in the nuclei PnO, PnC and Gi, bilaterally. PM-2
showed a statistically significant bilateral difference for its corticob-
ulbar projection with a larger number of ipsilateral boutons in the
rostral half of the brainstem when compared to the contralateral side
(P = 0.048). However, there was no difference for the caudal half
or when all sections were considered (Fig. 5A). Considering the dis-
tribution of boutons in the nuclei of the PMRF (Fig. 6), PM-2
exhibited a statistically significant bilateral difference in the Pontine
reticular nuclei (PnO and PnC) and in the Rt with more ipsilateral
boutons in Pn (P = 0.004) and more contralateral boutons in Rt
(P = 0.018). A significant difference was also found for the Gi
nucleus (P = 0.008) with more boutons on the ipsilateral side. No
statistically significant bilateral difference was found for the Raphe
nucleus (Fig. 6).
PM-1 showed no differences in the number of BDA-labelled axonal

boutons (both en passant and terminaux) between the ipsilateral and
the contralateral sides of the brainstem (Fig. 5A). Considering the dis-
tribution of boutons across the nuclei of the PMRF (Pn, Gi and Rt)
there was a statistically significant difference (P = 0.026) between the
contralateral and ipsilateral sides for the pontine reticular nuclei (PnO
and PnC), with a denser corticobulbar projection on the ipsilateral side
(Fig. 6). In contrast, there was no bilateral difference in the Gi, IRt
and LRt nuclei. The same was true for the Raphe nucleus (Fig. 6).
In PM-3, there was a significant bilateral difference with a preva-

lence of ipsilateral boutons in the brainstem taken as a whole
(P = 0.01). No difference was found in either the caudal or the rostral
halves, although for the latter the three most rostral sections were not
available (Fig. 5A), thus, no statistics have been performed between

the ipsilateral and the contralateral number of boutons for the PnO and
PnC nuclei. No significant difference was found for the Gi nucleus,
whereas there was a significant bilateral difference with a prevalence
of contralateral boutons (P = 0.008) for the Rt nuclei. No bilateral dif-
ference was found in the Raphe nucleus (Fig. 6).
Moreover, the distribution of the normalised numbers of boutons

along the rostro-caudal axis in the two monkeys injected in PMd and
PMv (PM-1 and PM-3) showed a peak of contralateral and ipsilateral
distributions in the middle part of the PMRF (Fig. 7). A bilateral
decrease in the number of boutons was observed at the most rostral
and caudal parts of PMRF in PM-1 and at the caudal most part of
PMRF in PM-3 on the contralateral side. For the latter, the three-first
sections were not available. PM-2 (injection in PMd only) showed a
denser distribution of boutons in the most rostral part of PMRF on the
ipsilateral side. Along the rest of the PMRF the distribution profiles of
contralateral and ipsilateral boutons were similar (Fig. 7).
The global percentages of ipsilateral vs. contralateral axonal bou-

tons in the whole brainstem (Table 3) showed that, in PM-1, 50.2%
of the boutons were contralateral to the injection site, whereas
49.8% of the boutons were ipsilateral. Both PM-2 and PM-3 showed
a global percentage of boutons higher on the ipsilateral side (59.3%
and 67% respectively) as compared to the contralateral side (40.7%
and 33% respectively).

Corticobulbar projections from the primary motor cortex (M1)

M1-1, M1-2 and M1-3 were injected with BDA in M1, although
only M1-3 received a BDA injection restricted to the hand area
(Fig. 2). M1-1 and M1-2 with larger BDA injections showed similar
results, with a significantly larger number of corticobulbar boutons
on the contralateral side, considering the whole brainstem

A C

B D

Fig. 3. (A–B) Microphotographs of PM-1 brainstem ipsilateral to the BDA injection site. (A) BDA-labelled stem axons; (B) BDA-labelled axonal terminal
field; (C) Examples of BDA-labelled boutons en passant and terminaux in PMRF at high magnification, originating from SMA (case SMA-1). The open arrow-
heads point to boutons en passant, whereas the black arrowheads point to boutons terminaux; (D) Microphotograph representing reticulospinal neurons in the
Gigantocellularis reticular nucleus labelled with CB injected in the cervical cord (case SC-1).
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(P = 0.003 and P = 0.040 respectively) or the rostral half of the
brainstem (P = 0.015 and P = 0.017 respectively; Fig. 5A). In both
animals no bilateral difference was found in the caudal half
(Fig. 5A) and when considering the various nuclei of the PMRF or
the Raphe nucleus (Fig. 6).
M1-3 showed a significant bilateral difference in the caudal half

of the brainstem (P = 0.040) with more contralateral axonal bou-
tons. No difference was found for the whole brainstem as well as

for the rostral half (Fig. 5A). Considering the distribution of boutons
in the PMRF nuclei, the Pn nuclei and the Gi nucleus did not show
any bilateral difference, in contrast to the nuclei Rt (P = 0.039) with
more boutons on the contralateral side. The raphe nucleus showed
no bilateral difference (Fig. 6). In all three cases subjected to BDA
injection in M1, it appeared that the corticobulbar terminals tended
to be more numerous laterally than medially, especially in the most
caudal sections (Fig. 4B).

Fig. 4. Reconstructions of brainstem coronal sections of PM-2 (A) and M1-3 (B), arranged from rostral (section 1) to caudal (section 11). As in the other mon-
keys, overall 12 sections were analysed along the rostrocaudal axis of PMRF (see Fig. 1); however, one section every two of the 12 analysed sections are
shown here (namely the odd numbers 1, 3, 5, 7, 9 and 11). The nuclei were identified based on the Paxinos et al. atlas (2000). BDA-labelled stem axons
located ipsilateral to the BDA injection are marked in blue whereas those located contralateral are marked in bordeaux. BDA-labelled boutons en passant and
terminaux, ipsilateral to the BDA injection are marked as green circles whereas the contralateral boutons are marked as blue squares. BDA was injected in PM
in PM-2 and in M1 in M1-3.
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The distributions of the normalised number of boutons along
the rostro-caudal axis for M1-1 and M1-2 (injection in M1) were
similar on both the ipsilateral and the contralateral sides along
the rostro-caudal axis of the brainstem. Only M1-3 showed a
higher number of boutons on the contralateral side of the caudal
part of the PMRF as compared to the ipsilateral side (Fig. 7). All
three animals injected in M1 showed a higher global percentage
of boutons on the contralateral side of the brainstem (Table 3),
ranging ipsilaterally from 29% to 42% and contralaterally from
58% to 71%.

Corticobulbar projections from the supplementary motor
cortical area (SMA)

SMA-1 was injected with BDA in the hand area of SMA (Fig. 2).
SMA-1 showed a significant bilateral difference in both the whole
brainstem (P = 0.008) and its rostral half (P = 0.040), biased
towards the ipsilateral side. No bilateral difference was found in the

caudal half (Fig. 5A). SMA-1 showed no bilateral difference
between the ipsilateral and the contralateral sides for the Pn nuclei,
Rt nuclei as well as the Raphe nucleus. In contrast, a significant
bilateral difference was found for the Gi nucleus, biased towards the
ipsilateral side (P = 0.027) (Fig. 6). For SMA-1 the distribution of
normalised number of boutons along the rostro-caudal axis showed
a similar bilateral distribution with more boutons in the rostral part
of the PMRF than caudally (Fig. 7). The global percentages of ipsi-
lateral vs. contralateral boutons in the whole brainstem (Table 3) for
SMA-1 showed a percentage of 53.4% ipsilaterally and 46.6% con-
tralaterally. As for PM, the corticobulbar projection originating from
SMA terminated predominantly in the medial part of PMRF (not
shown).

Normalised data

Due to variations across animals with respect to the total vol-
ume of BDA injected, as well as the number of infusion sites

Fig. 5. Scatter plots showing for each monkey the total number of boutons en passant and terminaux in the whole brainstem (Tot), in its caudal half (C; from
section 7 to section 12) and in its rostral half (R; from section 1 to section 6). Black symbols are for ipsilateral projections and grey symbols for contralateral
ones. Data represent the numbers of boutons found in the entire brainstem, namely the nuclei of the PMRF, Raphe, all the other nuclei as well as all those
found in undefined areas. (A) Scatter plots represent the raw data (absolute numbers of boutons), (B) Scatter plots showing the same data as in A but nor-
malised according to the number of BDA labelled corticospinal axons observed above the Decussatio pyramidum. The cortical area of BDA injection is shown
on the right corner of each panel. Statistically significant comparisons (ipsilateral vs. contralateral) derived from the Paired t-test/Wilcoxon test are represented
with asterisks: *P ≤ 0.05; **P ≤ 0.01.
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Fig. 6. Distribution of BDA-labelled axonal boutons across brainstem nuclei in each monkey. Percentages of boutons en passant and terminaux ipsilateral
(black) and contralateral (grey) calculated on the total numbers of boutons found in the whole brainstem ipsilateral or contralateral to the injection site. The left
panels show data obtained from animals injected in PM. In PM-1 and PM-3 the BDA injection was located in both PMd and PMv, whereas in PM-2 the injec-
tion was restricted to PMd. The right panels show data obtained from animals injected in M1. In M1-1 and M1-2 the injection was larger than that performed
in M1-3, which was restricted to the hand area. The bottom panel shows data obtained from the single animal injected in SMA, in the hand area. Statistically
significant bilateral comparisons (ipsilateral vs. contralateral and for each nucleus (nuclei)) derived from the Paired t-test/Wilcoxon test are represented with
asterisks along the abscissa: *P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001. The black/grey symbols without “*” do not show a statistically significant bilateral differ-
ence. In each graph, the sum of all black symbols is 100%. The same for the grey symbols (100%). The “#” indicates the absence of the corresponding
sections.
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(Table 1), the BDA injection sites exhibit variable volumes
(Fig. 2). As a result, a direct comparison of the number of corti-
cobulbar boutons across animals is likely to be biased (Fig. 5A).
To allow a more meaningful inter-individual comparison, the
number of BDA-labelled corticospinal (CS) axons was estab-
lished on a section located just above the pyramidal decussation
(Table 1). The number of CS axons was then used to normalise
the data: the number of corticobulbar boutons (Fig. 5B) was
divided by the number of CS axons * 1000. Using CS axons as
a reference for normalisation is consistent with the observation

that at least a part of the corticobulbar terminals arise from col-
laterals of the CST (Keizer & Kuypers, 1989). As a conse-
quence, one may expect that the more CS axons labelled with
BDA, the more projections will terminate in the brainstem.
After normalisation based on the number of CS axons (Table 1),

it appeared that more corticobulbar axonal boutons arise from PM
and SMA than from M1 (Fig. 5B; Table 3). Moreover, the corticob-
ulbar projection originating from PM and SMA was stronger ipsilat-
erally whereas that from M1 terminate more predominantly on the
contralateral side.

Fig. 7. Distribution of BDA-labelled axonal boutons (PM, SMA, M1) or reticulospinal neurons (SC-1) along the rostro-caudal (R-C) brainstem axis. The num-
ber of boutons was normalised with respect to the number of CS axons above the pyramidal decussation. See also legend of Fig. 6. The ‘*’ indicates the
absence of the corresponding sections. The ordinate scale is different in the bottom right panel as its concerns reticulospinal neurons whereas all other panels
show the distribution of corticobulbar boutons.

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 45, 1379–1395

Motor corticobulbar projection in nonhuman primate 1389

128



Origin of the reticulospinal projection to the cervical cord (C5-
C8)

SC-1 was injected unilaterally into segments C5-C8 of the spinal cord
with the retrograde tracer CB. The tracer marked reticulospinal neu-
rons into the PMRF (Figs 3D and 8). We found that the area of distri-
bution of reticulospinal neurons in PMRF largely matched to the
nuclei of PMRF containing the axonal boutons of the corticobulbar
projections (Figs 4 and 8). Figure 7 (bottom right panel) shows the
rostrocaudal distribution of the reticulospinal neurons in PMRF, with
predominance on the ipsilateral side with respect to the CB injection,
although reticulospinal neurons were found bilaterally. The global per-
centages of CB labelled reticulospinal neurons (Table 3) for SC-1
showed a percentage of 60.3% ipsilaterally and 39.7% contralaterally
with respect to the injected segments of the spinal cord.
Table 4 shows the percentage of reticulospinal neurons in each

PMRF nucleus on both ipsilateral and contralateral sides with

respect to the injection of CB tracer. In Pn nuclei (PnO and PnC
together), 48.9% of neurons were ipsilateral whereas 51.1% were
contralateral to the injection site in the spinal cord. We did not sepa-
rate the two nuclei as PnC was present in one section only. The
nucleus Gi exhibited a percentage of 57.8% of ipsilateral and 42.2%
of contralateral reticulospinal neurons. For IRt and LRt reticu-
lospinal neurons showed a percentage of 79.2% and 62.5% ipsilater-
ally, respectively, and 20.8% and 37.5% contralaterally respectively.

Discussion

In summary, the present data largely confirm our hypothesis that the
corticobulbar projection on PMRF in macaques differ depending on
the motor cortical area of origin (PM, SMA or M1). First of all,
based on both raw and normalised data, the corticobulbar projection
is denser when originating from PM or SMA as compared to that

Fig. 8. Reconstruction of brainstem sections (15 sections analysed from rostral to caudal, ‘A’ to ‘O’) representing the distribution of reticulospinal neurons on
the ipsilateral (red) and the contralateral sides (green) as a result of injection of the retrograde tracer CB in C5-C8 hemi-spinal cord (case SC-1). In the Figure,
only one every two sections is represented (A, C, E, G, I, K, M, O).
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arising from M1 (Fig. 5; Table 3): quantitatively, there were at least
twice as many corticobulbar axonal boutons when originating from
PM or SMA than from M1. Second, corticobulbar axonal boutons
originating from M1 were more numerous on the contralateral side
(58–71%) than ipsilaterally (29–42%), whereas the corticobulbar
projections from PM and SMA were generally ipsilateral predomi-
nant (Fig. 6; Table 3). Third, although the nucleus Gi is a major tar-
get of the corticobulbar projection, irrespective of the motor cortical
area of origin, the corticobulbar projections originating from PM
and SMA gave rise to more axonal boutons in the nuclei PnO and
PnC than when originating from M1 (Fig. 6). Fourth, the corticobul-
bar projections from PM and SMA terminate predominantly in the
medial part of PMRF (mPMRF), whereas the projections from M1
terminate more laterally in PMRF, mainly in the caudal half of the
brainstem; more rostrally, the projection from M1 is less dense and
is located in mPMRF.
The raw and normalised quantitative data yielded consistent

results (Fig. 5), reinforcing the conclusion that the corticobulbar pro-
jection is denser when originating from non-primary motor cortical
areas than from M1. On the one hand, the normalisation procedure
based on the number of CS axons, which originate from cortical
layer V as do the corticobulbar axons, may prevent to some extent
an inter-individual bias due to variability on how much of layer V
is included in the BDA injection site. Such variability is reflected by
the large range in the number of BDA labelled CS axons across
monkeys (Table 1). The raw data of Fig. 5A showing a low density
corticobulbar projection from M1 may be due to BDA spread invad-
ing layer V to a lesser extent in these animals, which may be the
case in monkeys M1-1 and M1-2 (Table 1). In such a case, the nor-
malisation procedure is likely to correct this bias, at least to some
extent. On the other hand, such normalisation has clear limitations.
In particular, the number of CS axons used for normalisation varies
across motor cortical areas of origin (Dum & Strick, 1991, 1996;
He et al., 1993, 1995). As a consequence, similar BDA injection
sites may label a proportionally larger portion of SMA and PM than
M1, leading to an overrepresentation of CS axons from PM and
SMA and an underrepresentation from M1. Moreover, only a frac-
tion of corticobulbar projections to PMRF are indeed collaterals of
CS axons (Keizer & Kuypers, 1989) and therefore the normalisation
procedure based on CS axons may not be as adequate for non-col-
lateral corticobulbar projections. In other words, normalisation may
also introduce bias and should therefore be interpreted cautiously. In
the present case, at least the normalised data do not challenge the
raw data, as both types of data consistently support the density dif-
ference across motor cortical areas with respect to their corticobulbar
projection.
A comparison with the literature on the corticobulbar projection

in non-human primates needs to distinguish early studies based on
the mostly semi-qualitative methods of anterograde degeneration
(Kuypers, 1958; Kuypers & Lawrence, 1967; see also review by
Lemon, 2016) from more recent studies using modern neuroanatom-
ical tracers, allowing better visualisation of axonal terminal fields
(including individual boutons) and more precise quantification. Early
studies, involving a large number of animals, have shown that the
corticobulbar projections originating from PM (both dorsal and ven-
tral) as well as from SMA terminate in the medial reticular forma-
tion (Keizer & Kuypers, 1989; Kuypers & Lawrence, 1967; see
also Lemon, 2016), a location confirmed in the present study
(Fig. 4A). Furthermore, Kuypers & Lawrence (1967) have reported
that the projections arising from the precentral gyrus (corresponding
to our M1 injections) preferentially terminate in the lateral part of
the brainstem, an observation also confirmed here (Fig. 4B),

although the projection from M1 also spreads medially in Gi, espe-
cially in the rostral half of the brainstem. More recent studies
derived from ‘modern’ neuroanatomical tracers, though restricted to
a smaller number of animals, allowed for a refinement of the proper-
ties of the corticobulbar projection in monkeys. Keizer & Kuypers
(1989), using a double retrograde fluorescent labelling technique,
showed that the CST projection gives rise to axon collaterals termi-
nating in the medial part of the brainstem. One tracer was injected
unilaterally in the cervical cord (C2) and a second tracer ipsilaterally
in the bulbar reticular formation. The authors estimated that the pro-
portion of double labelled cells in the hemisphere opposite to the
injections ranged from 10% to 30% of the total number of labelled
neurons (single and double labelling). These double labelled cells
correspond to branching neurons projecting to both the bulbar retic-
ular formation and the cervical cord contralaterally. Such double
labelled neurons were reported to be present in the motor cortical
areas investigated here, namely M1, SMA and PM. The proportion
of branching neurons is not known for the ipsilateral corticobulbar
projection. Using BDA as anterograde tracer, Borra et al. (2010)
have demonstrated that the PMv hand area, besides its CS projec-
tion, gives rise to a corticobulbar projection terminating in the main
nuclei of the PMRF, namely Pn and Gi nuclei, in line with our PM
cases involving PMv (PM-1 and PM-3; see our Fig. 6). As far as
PM is concerned, the present data extend the same observations to
PMd (our case PM-2 with an injection aimed at PMd: see our
Fig. 6).
An original observation of this study, resulting from a quantitative

comparison of the three motor cortical areas and based on both raw
and normalised data, is that the corticobulbar projection is denser
when originating from PM and SMA than from M1. Nevertheless,
the fairly moderate corticobulbar projection from M1 may apply
essentially for the caudal part of M1 (‘new M1’ as defined by Rath-
elot & Strick, 2009), where BDA was mostly injected in our 3 M1
cases (Fig. 2). The situation may be different for the corticobulbar
projection originating from the rostral part of M1 (‘old M1’ of Rath-
elot & Strick, 2009), less affected by our BDA injections. All indi-
vidual corticobulbar boutons could be charted in the present study,
as this projection appears moderately dense, far below the density of
the corticofugal projections directed towards the red nucleus and the
pontine nuclei for instance. For this reason, it was not appropriate to
use a stereological approach, also because it was not our goal to
determine the absolute total number of corticobulbar boutons, but
limit our analysis to a relative comparison between the three motor
cortical areas of origin. Functionally, the denser corticobulbar pro-
jection from non-primary motor cortical areas, as compared to
weaker projections from M1, suggest that the reticulospinal projec-
tion system is in position to receive prominent commands from PM
and SMA related to preparation and planning of the voluntary
movements, before delayed and less influential execution commands
originating from M1 arrive to PMRF. In such a way, the reticu-
lospinal system may better adjust posture for instance before execu-
tion of the intended voluntary movements. From the dense
corticobulbar projection observed from PM and SMA, one may
speculate that it may also be the case from the projection originating
from another non-primary motor area, the cingulate motor cortex. A
hypothesis to be tested in the future, based on specific injection in
that cortical motor area.
Our data obtained from retrograde tracer injections in the cervical

spinal cord segments C5-C8 of SC-1 confirmed that reticulospinal
neurons are located in the nuclei of the PMRF where we found cor-
ticobulbar terminals (Fig. 3 and 4). Sakai et al. (2009) observed in
macaque monkeys a split of 60–40% of reticulospinal neurons in
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the ipsilateral-contralateral side in Gi nucleus, respectively. Our data
are in agreement with theirs, as we found a bilateral distribution of
reticulospinal neurons in the Gi nucleus of 58–42% ipsilateral-contral-
ateral (Table 4). However, some differences were present when we
consider the Pn nuclei. We observed that in PnO and PnC together,
there were nearly as many ipsilateral and contralateral reticulospinal
neurons in PMRF (49–51%; Table 4). With regards to Pn nuclei,
Sakai et al. (2009) found that PnO had a contralateral projection bias
of 40–60%, whereas PnC projected mainly bilaterally (50–50%).
These bilateral differences relating to reticulospinal neurons in Pn
nuclei may be explained by variations in segmental injection. We
injected CB into more caudal cervical segments (C5-C8) of the spinal
cord than their injections located in more rostral (C4-C5) spinal cord
segments. Moreover, we analysed a greater number of sections along
the rostro-caudal axis (15 sections) at a magnification of 1009 on a
frontal plane compared to the 4 parasagittal sections analysed in the
study of Sakai et al. (2009) at magnification of 200–4009. The lateral
reticular formation (Rt nuclei) showed mainly an ipsilateral predomi-
nance of retrogradely stained reticulospinal neurons (79–21% in IRt
nucleus and 63–37% in LRt nucleus) (Table 4). The present data
allow to compare in the same species of macaque the corticobulbar
projection with its terminal zone in the brainstem with the origin of
the reticulospinal tract, with emphasis on the hand representation
(Figs 4 and 8; Fig. 7). Indeed, the reticulospinal neurons shown in
Fig. 8 project to segment C5-C8, where most hand muscle motoneu-
rons are located (Jenny & Inukai, 1983). The corticobulbar projection
whose termination zone is described here originates from the hand
area in M1-3 (M1) and in SMA-1 (SMA) or from larger cortical areas
(five other monkeys) but including hand representation in M1 (M1-2,
M1-1) or in PMv (PM-3, PM-1). The match of corticobulbar terminal
and reticulospinal neurons in the nuclei Pn and Gi mostly (Figs 4 and
8) suggest that they represent sites where the motor cortical areas M1,
PM and SMA may exert an influence on the RST in relation of the
control of distal forelimb muscles, in line with previous evidence
(Honeycutt et al., 2013; Riddle & Baker, 2010; Riddle et al., 2009;
Soteropoulos et al., 2012).
LRt neurons (LRN) are a convergent centre for motor information

coming from the interneuronal systems of the spinal cord and from
supraspinal centres as the motor cortex, the red nucleus, the superior
colliculus and the trigeminal system (Alstermark et al., 1981; Alster-
mark & Ekertot, 2013; Alstermark & Ekerot, 2015). LRN then
sends projections directly to the cerebellar cortex and via collaterals
to the deep cerebellar nuclei (Alstermark & Ekerot, 2015). Thus, the
information coming from the spinal cord interneurons to the cerebel-
lum via LRt may be used to modify and adjust the cerebellar output
for reaching, grasping and postural movements (Alstermark et al.,
1981; Alstermark & Ekerot, 2015). Moreover, it has been demon-
strated in cats and monkeys that corticoreticular projections on LRt
follow a somatotopic organization (Marini & Wiesendanger, 1987;
Wiesendanger & Wiesendanger, 1987; Rho et al., 1997). Previous
studies on monkeys have shown that cortical projections to LRt
nucleus arise mainly from the contralateral M1 and only partly from
PM (Marini & Wiesendanger, 1987; Wiesendanger & Wiesendan-
ger, 1987). Our results are in agreement with these previous studies.
In general projections from the motor cortex on this nucleus were
bilateral but with a tendency to end mainly on the contralateral side
of the PMRF. However, only M1-3 showed a statistically significant
difference for the contralateral side after BDA injection in the hand
area of M1, indicating stronger projections onto this nucleus. These
results are in agreement with previous studies (Kuypers, 1958; Mar-
ini & Wiesendanger, 1987; Wiesendanger & Wiesendanger, 1987;
Matsuyama & Drew, 1997) showing that forelimb regions of M1

are strongly connected to the contralateral LRt nucleus. These pro-
jections may inform the LRt nucleus about the ongoing descending
motor commands so that it can integrate it with the information
coming from other parts of the nervous system and then place the
cerebellum in position to generate quick adjustments (Alstermark &
Ekertot, 2013; Alstermark & Ekerot, 2015). The neurons of LRt
could thus be seen as an integration centre for ascending and
descending motor information directed to both the cerebellum and
brainstem pathways.
We also found corticobulbar projections on the Raphe nucleus,

which is composed by several nuclei located in distinct regions along
the entire rostro-caudal extent of the brainstem and whose cytoarchi-
tectonic limits are scarcely defined (Paxinos et al., 2000; Hornung,
2003). They contain heterogeneous populations of neurons with a
majority of serotonergic (5-HT) neurons, making the Raphe nuclei
the main centre of serotonin production for the entire brain (Hor-
nung, 2003; Myers et al., 2016). The nuclei composing the entire
Raphe nucleus can be subdivided into an ascending group and a
descending group (Hornung, 2003; Myers et al., 2016). The latter is
at the origin of the raphespinal tract projecting to the spinal cord
(Perrier & Cotel, 2015; Hornung, 2003; Myers et al., 2016; : Kuy-
pers, 1981), divided into two pathways: a ventromedial pathway pro-
jecting to the intermediate and ventral horns (for autonomous and
motor functions, respectively) and a dorsolateral pathway projecting
to the dorsal horn (role in pain modulation) (Jacobs & Azmitia,
1992; Hornung, 2003). Serotonin appears to have a role in motor
modulation at the spinal cord level (Perrier & Cotel, 2015). Using
retrograde techniques, it was discovered that Raphe nuclei receive
projections from the forebrain and hypothalamic areas, mainly
involved in the limbic system. Scarce projections on Raphe nuclei
from other brainstem nuclei were also found (Behzadi et al., 1990).
We found, although fairly weak (Fig. 6), bilateral projections from
M1, PM and SMA onto Raphe nuclei. To the best of our knowledge,
no other studies have reported these connections yet, which are in
position to influence the Raphe nuclei and the corresponding seroto-
nergic system vis a vis motor planning and action, in order to appro-
priately regulate the delivery of serotonin at spinal cord level.
Functionally, in the control of voluntary movements the M1 hand

area is a strongly lateralised system, exerting its effects mostly on
the opposite distal forelimb. In contrast, SMA and PM appear to be
more bilaterally organised, especially SMA (e.g. Wiesendanger
et al., 1996; Kermadi et al., 1998, 2000; Kazennikov et al., 1999).
A somewhat similar difference with respect to bilaterality appeared
here for the corticobulbar projection. When originating from M1,
the corticobulbar projection was predominantly crossed, with a
majority of axonal boutons in the contralateral brainstem (Table 3:
58–71%). The corticobulbar projection from SMA was roughly
equal on both sides (in a single animal), with a slight ipsilateral
dominance (53%). When originating from PM, the density of the
corticobulbar projection was similar on both sides in one monkey
and predominant ipsilaterally in two monkeys (59 and 67%).
Voluntary independent finger movements are mostly under the

control of the corticospinal tract through its direct connection on
hand motoneurons referred to as the corticomotoneuronal (CM) sys-
tem, a prerogative of primates (Lawrence & Kuypers, 1968a,b;
Lemon, 1993, 2008, 2010; Lemon & Griffiths, 2005; Courtine et al.,
2007; Schieber, 2007; Isa et al., 2013). These corticospinal projec-
tions arise from several areas of the frontal lobe (M1, SMA, PM
and cingulate motor areas) as well as from the parietal lobe (Murray
& Coulter, 1981; Dum & Strick, 1991, 1996, 2002; He et al., 1993,
1995; Chouinard & Paus, 2006). In the frontal lobe, the number of
CST projections arising from premotor cortical areas is roughly
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equal to those arising from M1 (Dum & Strick, 1991, 2002; He
et al., 1993). Following lesion of the CST/CM systems a flaccid
paralysis of the hand occurs together with a loss of manual dexterity
(Liu & Rouiller, 1999; Courtine et al., 2007; Lemon, 2008; Darling
et al., 2009, 2014; Kaeser et al., 2010, 2011; Bashir et al., 2012;
Hamadjida et al., 2012; Zaaimi et al., 2012; Hoogewoud et al.,
2013; Baker et al., 2015). With the aim to restore functional recov-
ery after lesion of either the CST/CM or of the cerebral cortex (e.g.
stroke) the reticulospinal tract (RST) may be considered as a possi-
ble anatomical substitute underlying incomplete recovery due to its
role in the control on muscles involved in reaching and hand move-
ments (Davidson & Buford, 2004; Zaaimi et al., 2012; Ortiz-
Rosario et al., 2014; Garc�ıa-Al�ıas et al., 2015) as well as based on
its increased projections to the spinal cord (Bachmann et al., 2014;
Z€orner et al., 2014; Garc�ıa-Al�ıas et al., 2015). In this context, a bet-
ter knowledge of the properties of the corticobulbar projection in
intact monkeys as reported here is welcome in order to assess to
what extent it is modified following a lesion at various locations of
the motor system (motor cortex, pyramidal tract, spinal cord, etc.)
and how it may influence the reticulospinal system.
In conclusion, this study confirmed the hypothesis that the corti-

cobulbar projections to PMRF in macaque monkeys differ with
respect to the motor cortical area of origin in their density, medio-
lateral location of their terminal fields, rostro-caudal distribution
along the PMRF, targeted nuclei of PMRF and laterality.
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Abstract 
The corticobulbar projections are a source of indirect projections on the spinal cord via the 

brainstem descending pathways and work together with the corticospinal tract for the 

control of voluntary movements. One of these brainstem descending pathways is the 

reticulospinal tract originating from the Ponto-Medullary Reticular Formation (PMRF). The 

aim of the present study was to investigate in thirteen macaque monkeys the corticobulbar 

projections from distinct motor cortical areas onto different nuclei of the PMRF after three 

types of lesion/pathology of the central nervous system: primary motor cortex injury (MCI) 

in the hand area, spinal cord injury (SCI) or Parkinson’s disease (PD). A subgroup of 

animals in both MCI and SCI groups was treated with anti-Nogo-A antibodies whereas all 

PD animals were treated with autologous adult neural progenitor cells (ANCE). The 

anterograde tracer BDA was injected either in the premotor cortex (PM) or in the primary 

motor cortex (M1) to label corticobulbar axonal boutons terminaux and en passant in 

PMRF. The boutons in PMRF were quantified and normalized with respect to the number 

of BDA-labelled corticospinal axons. In intact animals (Fregosi et al., 2017) the 

corticobulbar projections differ according to the motor cortical area of origin: PM and SMA 

send strong projections predominantly ipsilaterally, whereas projections from M1 are less 

dense and predominantly contralateral. After MCI the density of corticobulbar projections 

from PM was strongly reduced but maintained their laterality dominance (ipsilateral), both 

in presence or absence of anti-NogoA antibody treatment. In contrast, the density of 

corticobulbar projections from M1 was increased following opposite hemi-section of the 

cervical cord (SCI at C7 level) and anti-NogoA antibody treatment, with maintenance of the 

contralateral laterality bias. Finally, in PD monkeys the density of corticobulbar projections 

from PM was strongly reduced; this was also the case for that from M1 but to a lesser 

extent. In conclusion, the density of the corticobulbar projections from PM or M1 were 

affected in a variable manner depending on the type of lesion/pathology and the treatment 

aimed to enhance functional recovery. 
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Introduction 
The motor corticobulbar (corticoreticular) projections, acting in parallel with the 

corticospinal (CS) tract in the control of voluntary movements, terminate in brainstem 

nuclei, from which subsequent descending pathways arise to reach the spinal cord; one of 

these is the reticulospinal tract (RS; Kuypers, 1981; Lemon, 2008). The RS projection 

originates from the ponto-medullary reticular formation (PMRF; Kuypers, 1981; 

Matsuyama et al., 1997, 1999; Sakai et al., 2009; Fregosi et al., 2017), a portion of the 

brainstem comprising several reticular nuclei: the Pontine reticular nucleus pars oralis 

(PnO) and pars caudalis (PnC) as well as the Gigantocellular reticular nucleus (Gi) 

(Kuypers, 1981; Sakai et al., 2009). The RS projection is involved in the control of posture 

and locomotion (Lawrence and Kuypers, 1968 a,b; Drew et al., 1986; Matsuyama and 

Drew, 1997; Matsuyama et al., 1999, 2004; Schepens and Drew, 2004, 2006; Schepens et 

al. 2008), as well as in the control of reaching movements (Davidson and Buford, 2004, 

2006; Davidson et al., 2007; Buford and Davidson, 2004; Schepens and Drew, 2004, 

2006; Schepens et al., 2008). More recently, evidence was provided that the RS projection 

is also involved in the control of hand movements, via monosynaptic or disynaptic 

connections with motoneurons controlling intrinsic hand muscles (Riddle et al., 2009; 

Riddle and Baker, 2010; Baker, 2011; Soteropoulos et al., 2012). The relationship between 

the RS projection and hand movements has been extended to humans (Honeycutt et al., 

2013). 

Besides the role played by the RS projection in the control of hand movement, the 

main player for hand control remains the corticospinal tract (CST) mainly via its 

corticomotoneuronal (CM) system allowing sophisticated control of manual dexterity in 

non-human primates and humans (Lawrence and Kypers, 1968a,b; Lemon and Griffiths, 

2005; Schieber, 2007; Courtine et al., 2007; Lemon, 2008; Rathelot and Strick, 2009). 

Rathelot and Strick (2009) demonstrated that M1 can be subdivided into an “old” M1 and a 

“new” M1. The former is the rostral region of M1 and connects to spinal cord motoneurons 

only disynaptically, whereas the latter corresponds to the caudal region of M1 which 

contains almost all CM neurons connecting directly to spinal cord motoneurons. In both 

primates and rodents the CS projection sends bilateral projections (though mostly crossed) 

(Lemon, 2008; Fink and Cafferty, 2016; Lacroix et al., 2004; Rosenzweig et al., 2009). The 

motor system shows some functional redundancy between its multiple descending motor 

pathways, which may allow intact pathways to rearrange and support functional recovery 
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following lesion of one of them (e.g. Galea and Darian-Smith, 1997; Lemon, 2008; Herbert 

et al., 2015; Zaaimi et al., 2012; Fink and Cafferty, 2016). 

Damages of the CS system due to either a stroke (affecting the hand area of the 

motor cortex) or cervical spinal cord lesion cause impairments of the manual dexterity and 

flaccid paralysis in a first step (Lawrence and Kuypers, 1968a,b; Lemon 2008; Kaeser et 

al., 2010, 2011, Liu and Rouiller, 1999; Wannier et al., 2005; Galea and Darian-Smith, 

1997; Freund et al., 2006, 2007, 2009). Parkinson disease (PD), due to a dopamine 

depletion in the Striatum of the projection originating from the substantia nigra pars 

compacta, is characterized by motor symptoms such tremors, bradykinesia, rigidity and 

postural instability, when the DA loss reaches about 70-80% or more (e.g. Emborg, 2007; 

Fitzpatrick et al., 2009). To the best of our knowledge, the issue of how the motor 

corticobulbar projections are modified following one or the other of these three pathologies 

(motor cortex lesion, cervical cord injury, PD) has not been investigated in non-human 

primates. To do so, the present report is derived from previous behavioural experiments in 

three cohorts of macaques, which were subjected either to lesion of the primary motor 

cortex (MCI=motor cortex injury), or hemi-section of the cervical cord (SCI=spinal cord 

injury) or MPTP intoxication to produce PD symptoms (PD). Previous reports derived from 

these experiments concerned specifically behavioural data (Kaeser et al., 2010, 2011; 

Bashir et al., 2012; Hamadjida et al., 2012; Hoogewoud et al., 2013; Wyss et al., 2013; 

Freund et al., 2006, 2009; Badoud et al., 2017) or tracing data on the CS tract (Freund et 

al., 2007; Beaud et al., 2008), the rubrospinal projection (Wannier-Morino et al., 2008) or 

callosal projection (Hamadjida et al., 2012). In the present study, this rich collection of 

monkeys subjected to one of these pathologies (MCI, SCI, PD; n=13) was analysed here 

in order to compare their corticobulbar projections to PMRF with that of a cohort of intact 

monkeys (n=7) recently reported (Fregosi et al., 2017). In addition, it was our goal to 

investigate whether a treatment aiming at neutralizing the neurite growth inhibitor NogoA 

(anti-Nogo-A antibody treatment: see Freund et al., 2006, 2009; Hamadjida et al., 2012; 

Wyss et al., 2013) interferes with the plasticity of the corticobulbar projection following MCI 

or SCI. Finally, the 4 PD macaques were subjected to an autologous cell therapy (see 

Brunet et al., 2005, 2009; Kaeser et al., 2011; Bloch et al., 2014). In summary, the present 

study tested the hypothesis that the motor corticobulbar projections to PMRF are 

significantly modified following MCI or SCI or PD and that anti-NogoA antibody treatment 

interferes with these lesion induced plastic changes. 

 



139 
 

Materials and Methods 
The corticobulbar projections arising from either PM or M1 were analysed in the 

PMRF of thirteen macaque monkeys (Macaca fascicularis, 7 males and 6 females, aged 4-

9.5 at sacrifice, weighing 3.3-5.6 kg either at sacrifice or at lesion) were analysed (Table 

1). The animals were involved in one out of three different lesion/pathology types: four 

animals (Mk-MO, Mk-VA, Mk-RO and Mk-BI) were subjected to cortical lesion of the hand 

area of M1 (MCI), four animals (Mk-LL, Mk-MY, Mk-MI and Mk-LY) were subjected to 

MPTP injections mimicking Parkinson disease (PD) and, finally five animals (Mk-CG, Mk-

CP, Mk-AC, Mk-AP and Mk-AG) were subjected to cervical cord hemi-section (SCI). All 13 

animals were also involved in behavioural tasks, as previously reported (see Schmidlin et 

al., 2011; Freund et al., 2006, 2009; Bashir et al., 2012; Hamadjida et al., 2012; Kaeser et 

al., 2010, 2011; Hoogewoud et al., 2013; Wyss et al., 2013; Badoud et al., 2017). All 

surgical and experimental procedures, animal care were conducted in accordance to the 

Guide and Care and Use of Laboratory animals (ISBN 0-309-05377-3, 1996) and 

authorized by both the local (Canton of Fribourg) and federal (Switzerland) veterinary 

offices (authorizations FR-157-03; FR-157-04; FR-157e-04; FR-156-04; FR-156-06; FR-

185-08; FR-17-09; FR-2012-01; FR-2012-01E). For comparison of the corticobulbar 

projection, the data derived from these 13 lesioned monkeys were confronted to data in 7 

intact animals (Fregosi et al., 2017: see their Table 1 for individual data of the intact 

monkeys). 

 

Surgical procedures  

The four cortically lesioned animals (MCI: Mk-MO, Mk-VA, Mk-RO and Mk-BI) were 

deeply anesthetised as previously reported (Schmidlin et al., 2005: Freund et al., 2006; 

Wannier et al., 2005) and chronic chambers were implanted to gain access to the hand 

region of M1. Cortical lesion of M1 hand area was obtained by multiple injections of 

ibotenic acid (10 µg/µl in phosphate buffered saline) with a 10-µl Hamilton syringe at 

multiple sites corresponding to digits areas previously identified by ICMS, as previously 

reported (Liu and Rouiller, 1999; Kaeser et al., 2010, 2011, Hamadjida et al., 2012; Wyss 

et al., 2013). Detailed information about the cortical lesion volume and location is available 

in Table 1 and Figure 1. 

Cervical hemi-spinal cord lesion at C7 level (SCI) was performed with a surgical 

blade and all the protocols used for sedation, surgery procedures as well as post-operative 

cares were previously published (see Freund et al., 2006, 2007, 2009; Wannier et al., 
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2005). Information about the cervical cord lesion size and location is given in Table 1 and 

Figure 1. 

Animals involved in Parkinsonian lesion underwent daily 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP, 0.5 mg/Kg, Sigma; i.m.) injections (see Mounayar et al., 2007) 

with the purpose to destroy dopaminergic neurons in the Substantia Nigra pars compacta 

(SNpc). During the lesion period (about 1 month), the animals were transferred daily in 

small cages with a movable Plexiglas plate in order to reduce the risks for the 

experimenter and to get an easier access to the targeted muscles. Once injected, the 

animal was placed back to its home cage. At the end of the lesional protocol the animals 

had received between 6.25 mk/kg-7.75 mg/kg of MPTP (Table 1). The protocol consisted 

in two series of injections of four days each and a break after the fourth day. After the 

second break the animals received between four and five extra injections (0.25 mg/Kg) 

depending on theirs symptoms. The symptoms were assessed according to the Schneider 

rating scale (Schneider et al., 1995). All safety protocols were adapted in accordance to 

the American national institute of health (NIH) and were based on a previously published 

technical report of Przedborski et al. (2001). Information about dopaminergic neuronal loss 

in SNpc, as well as about decrease of 18F-DOPA uptake in the striatum, is available in 

Table 1. 

 

Treatments 

All animals involved in the present study were subjected to a “therapeutic” treatment 

with exception of Mk-RO and Mk-BI (untreated monkeys), which were both subjected to 

M1 lesion (Table 1). The other two cortically lesioned animals (Mk-MO and Mk-VA) were 

treated with anti-NogoA antibodies (3mg/ml) administrated by two osmotic pumps (Alzet, 

model 2ML2, 5 µl/h) implanted under deep anaesthesia in a subcutaneous pouch in the 

neck region. One pump administered the treatment intrathecally to the cervical spinal cord 

(see Freund et al., 2006, 2007 and 2009) whereas the other pump delivered the antibody 

close to the lesioned site in M1 below the dura. The treatment was delivered for a total 

duration of 4 weeks before surgical removal of the two osmotic pumps. The treatment was 

delivered immediately after the lesion, thus the surgery for pumps implantation followed 

the injection of ibotenic acid (Hamadjida et al., 2012; Wyss et al., 2013). 

All five animals subjected to SCI were treated with antibodies (Table 1). Mk-CG and 

Mk-CP received a control antibody, whereas Mk-AC, Mk-AG and Mk-AP received anti-

NogoA antibodies (see Freund et al., 2006, 2007; Beaud et al., 2008). In both cases, the 
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treatment was delivered with an osmotic pump (Alzet, 2ML2, 2ml of volume) located in the 

back of the animal at 3-5 mm rostral to the lesion site and connected to it by a silastic tube. 

The implantation of the osmotic pump was performed a few minutes after the cervical 

lesion itself (Freund et al., 2006, 2007). 

PD animals were treated with autologous neural cell ecosystem (ANCE) obtained 

by cell culture of cortical neurons developed in vitro from cortical biopsies (Table 1). The 

protocol for cortical biopsy surgery was the same as that previously published (Badoud e 

al., 2017), whereas the protocols to prepare the cell culture and cell labelling were the 

same as previously used (Bloch et al., 2014;  Brunet et al., 2005, 2009). ANCE were then 

re-implanted in the same monkey (sedation, surgical procedure and post-implantation 

treatment was the same as that used for cortical biopsies). The injections sites (two in the 

Putamen and one in the Caudate nucleus on each side) were identified by aid of post-

lesional T1-weighted MRI scan (OsiriX, v 4.1.2) and confirmed by the Paxinos atlas 

(Paxinos et al., 2000). Cells were implanted via a Hamilton micro-syringe (10 µl culture 

medium; 2 µl/min during 5 minutes per injection site) using a nano-injector (Stoelting, 

Wood Dale, IL, USA) fixed to a stereotaxic frame. Each animal received between 250’000 

and 400’000 cells. 

Histology and data analysis 

We injected the anterograde tracer biotinylated dextran amine (BDA) in either PM 

(n=4 cortically lesioned animals and n=2 PD animals, namely Mk-LL and MK-MY) or in M1 

(n=5 spinal cord injured monkeys and n=2 PD animals, namely MK-LY and Mk-MI). The 

volume of BDA injected, the number of injected sites, the hemisphere injected and the 

number of CS axons labelled (used as a reference for normalization) are indicated in Table 

1. The procedures and the analysis performed in PMRF on brainstem tissue (series

stained one with BDA and one with Nissl) are the same as those recently published 

(Fregosi et al., 2017) for intact monkeys. 

The size and precise location of the BDA injection sites is inevitably variable across 

monkeys, and therefore this may impact on the uptake of BDA by corticobulbar neurons in 

the cerebral cortex, namely in layer V where they are located. In order to tentatively 

normalize the number of corticobulbar boutons in the brainstem, the number of CS axons 

labelled with BDA (assessed just above the pyramidal decussation) was taken as a 

reference: the absolute number of corticobulbar boutons was divided by the total number 

of BDA labelled CS axons, then multiplied by 1000, corresponding to the normalized 
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number of corticobulbar boutons. As the CS axons also arise from neurons in layer V, 

such normalization procedure is likely to reflect the extent of layer V which was indeed 

invaded by BDA, thus taking into account the probable zone of tracer uptake (see Fregosi 

et al., 2017 for more detail). 

Sacrifice 

Surgical procedure for sacrifice in cortical lesioned animals (n=4) and spinal cord 

injured animals (n=5) were previously reported (Hamadjida et al., 2012; Wyss et al., 2013; 

Wannier et al., 2005). In the four animals subjected to PD lesion the euthanasia protocol 

was different. They were sedated by i.m injection of ketamine (10mg/Kg) before an i.v. 

injection of sodium pentobarbital (60 mg/Kg). Once deep anaesthesia was present and the 

heart rate significantly dropped (as assessed with ECG), 1 ml of heparin was injected in 

the left ventricle and then the animal was subjected to transcardiac perfusion (400 ml, 

0.9% saline). The animals were further perfused with first 3 liters 4% paraformaldehyde 

(0.1M phosphate buffer, pH 7.6) and then three series of 2 liters each of sucrose solutions 

(10%, 20% and 30%) to fix and cryo-preserve the tissue. 

Results 
Thirteen animals were injected with the anterograde tracer BDA in either PM (n=6) 

or M1 (n=7), as listed in Table 1, in order to quantify the boutons emitted by the motor 

corticobulbar projections in PMRF. All animals subjected to cortical M1 lesion (n=4) were 

injected in PM (in both PMd and PMv, except Mk-RO with an injection in PMd only); all 

animals subjected to SCI (n=5) were injected with BDA in M1 whereas, out of four animals 

subjected to parkinsonian lesion (n=4), two were injected with BDA in PM (PMd and PMv) 

and two in M1. Figure 1 shows the reconstructions of the BDA injections sites in the 13 

monkeys involved in the present study. Typical anterograde BDA labelling of corticobulbar 

axonal boutons in PMRF is shown in Figure 2 for three representative monkeys. 

Corticobulbar projections from PM after motor cortical injury (MCI) 

The quantitative data for the corticobulbar axonal boutons in PMRF originating from 

PM in the four MCI monkeys are available in Table 2. Independently of the treatment, after 

a lesion of M1 hand area the corticobulbar projections arising from the ipsilesional PM 

strongly decreased in PMRF in all four MCI monkeys, as compared to intact monkeys (Fig. 
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3A). The strong decrease in the density of corticobulbar projection from PM in MCI 

monkeys was confirmed based on the normalized number of boutons, calculated 

according to the number of BDA labelled corticospinal axons observed just above the 

pyramidal decussation (Fig. 3B). Figure 3A also indicates for each monkey the bilateral 

distribution of corticobulbar boutons in PMRF (ipsilateral versus contralateral with respect 

to the BDA injected hemisphere), together with the related statistical analysis. Out of the 

four MCI monkeys, three exhibited a statistically significant ipsilateral predominance (see 

also Table 2), as observed in 2 out of 3 intact monkeys (Fregosi et al., 2017). 

As far as the target nuclei in PMRF are concerned (Suppl. Fig. 1A), the four MCI 

monkeys exhibited some individual variability (as previously observed in intact monkeys), 

although it remained that the Pontine reticular nuclei (PnO+PnC), the gigantocellular 

reticular nucleus (Gi) and the lateral/intermediate reticular nuclei (LRt+IRt) are the main 

target nuclei in PMRF. There was however a tendency towards a slight increase of the 

corticobulbar projection to the raphe nuclei in the MCI monkeys (Suppl. Fig. 1A) as 

compared to intact monkeys (Fregosi et al., 2017). Looking at the rostro-caudal distribution 

of the corticobulbar boutons in PMRF for the MCI monkeys (Suppl. Fig. 2A), they were 

generally more abundant in the rostral half of PMRF; this rostro-caudal distribution also 

confirms the general ipsilateral dominance, mentioned above based on Figure 3A and 

Table 2. 

Considering the volume of the lesion in M1, there was a slight trend towards more 

decrease of the density of the corticobulbar projection to PMRF originating from PM for 

increasing lesion size in M1 (Suppl. Fig. 3A). However, this observation is limited by the 

small number of monkeys subjected to MCI (n=4). Regarding the treatment (anti-NogoA 

antibody), the two treated monkeys exhibited a comparable decrease of the corticobulbar 

projection from PM as the two untreated monkeys (Fig. 3; Suppl. Fig. 3A), taking the intact 

monkeys as reference. In other words, in case of MCI, the anti-NogoA antibody treatment 

did not impact on the decreasing effect of the M1 lesion on the corticobulbar projection 

from PM, although once more the number of cases is limited. 

 

Corticobulbar projections from PM and M1 after MPTP lesion (PD monkeys) 

The PD monkeys Mk-LL and Mk-MY received BDA injections in both PMd and PMv, 

whereas Mk-LY and Mk-MI were injected with BDA in M1 (Fig. 1). The detailed quantitative 

data are available in Table 3 for these 4 monkeys. A dramatic effect in the PD monkeys 

was observed for the corticobulbar projection from PM, which was substantially decreased 
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as compared to intact monkeys (Fig. 3A). A decrease was also observed in PD monkeys 

for the corticobulbar projection originating from M1, but apparently to a lesser extent than 

from PM (Fig. 3A), although proportionally to the density in intact monkeys the decrease of 

the projection from M1 appears also strong (Fig. 3A). The same changes in corticobulbar 

projections from PM and M1 in PD monkeys were maintained in the normalized data (Fig. 

3B).  

The corticobulbar projections to PMRF from PM in MPTP monkeys showed no 

statistically significant bilateral difference towards any side of the brainstem; the same is 

true for the projections from M1 (Fig. 3A). There were globally more boutons on the 

ipsilateral side in the 4 PD monkeys (Table 3), but the differences were not statistically 

significant based on paired sections’ comparison (Fig. 3A). 

The distribution of the boutons across the nuclei of PMRF (Suppl. Fig. 1B) revealed 

that they were located in the same 3 main targets nuclei (Pn, Gi, Rt), as in the intact 

monkeys and the MCI monkeys. As the latter group, there was also a tendency to observe 

more boutons in the raphe nuclei in PD monkeys than in intact animals (Fregosi et al., 

2017). Moreover, as compared to MCI monkeys, in PD monkeys the boutons were 

somewhat more homogeneously distributed along the rostro-caudal axis of PMRF (Suppl. 

Fig. 2B). 

The normalized amount of boutons in PMRF in the 4 PD monkeys was confronted 

to the percentage loss of dopaminergic neurons in the SNpc (Table 1; Suppl. Fig. 3B). One 

animal (Mk-LY) exhibited a loss of 39% whereas the other three PD monkeys had a loss of 

67-73%. Nevertheless, all four PD monkeys exhibited a comparable number of 

corticobulbar boutons in PMRF, suggesting that at about 40% loss or more, the decrease 

of the density of the corticobulbar projection is large and comparable (floor level). 

Corticobulbar projections from M1 after spinal cord injury (SCI) 

Five monkeys subjected to SCI, namely cervical cord hemi-section (Mk-CG, Mk-CP, 

Mk-AC, Mk-AP and Mk-AG) were injected with BDA in M1 (Fig. 1). The 2 monkeys Mk-CG 

and Mk-CP were treated with a control antibody whereas the other 3 monkeys were 

infused with the anti-NogoA antibody (Table 1). The quantitative data on the corticobulbar 

projection to PMRF from M1 in these 5 monkeys are available in Table 4. The SCI lesion 

had a different impact on the corticobulbar projection than MCI or PD. Indeed, there was 

no decrease of the density of the corticobulbar projection from M1 but rather a 

maintenance or a moderate increase in the control antibody treated monkeys whereas, 
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following anti-NogoA antibody treatment, the density of the corticobulbar projection from 

M1 was substantially increased in 2 out 3 monkeys (Figs. 3A and B). In all five SCI 

monkeys, there was a significant bilateral bias towards the contralateral PMRF (Fig. 3A; 

Table 4), as this was the case in intact monkeys (Fregosi et al., 2017). 

With respect to the nuclear distribution of boutons in PMRF, they were numerous in 

the nuclei Gi and Rt in the 5 SCI monkeys, as in intact monkeys, but less in the nucleus Pn 

than in intact monkeys (Suppl. Fig. 1C). In contrast to the MCI and PD groups, there was 

no trend for an increase of the number of boutons in the raphe nuclei in the 5 SCI 

monkeys (Suppl. Fig. 1C). Along the rostro-caudal axis of PMRF (Suppl. Fig. 2C), there 

was in the 5 SCI monkeys a large inter-individual variability, although the distribution 

confirms the contralateral predominance. Finally, the number of boutons in the SCI 

monkeys did not show a systematic relation with the extent of the cervical lesion (Suppl. 

Fig. 3C). 

 

 

Discussion 
 

Summary of the main findings 

The present data give an insight view on possible rearrangements of the 

corticobulbar (corticoreticular) projections directed mainly to the PMRF as a result of 

different types of lesion (cortical M1 lesion or SCI) or pathology (PD). To the best of our 

knowledge this is the first study with the aim at assessing plastic changes of the 

corticobulbar projections in non-human primates under these three pathological conditions. 

The present data confirm the hypothesis that the corticobulbar projections are largely 

modified in case of lesion/pathology affecting the CNS. First, we demonstrated that after 

cortical lesion of M1 hand area the density of corticobulbar projections from PM onto the 

PMRF strongly decreased (Fig. 3), but nevertheless largely maintained their ipsilateral 

predominance present in intact animals (Table 2). Second, the corticobulbar projections 

from PM in animals affected by MPTP lesion mimicking PD (and treated with ANCE) 

showed a strong decrease in density (Fig. 3) with however a maintenance of ipsilateral 

predominance (Table 3); similarly, also in PD monkeys there was a decrease of the 

density of the corticobulbar projections from M1 (Fig. 3), but to a lesser extent than from 

PM, and associated to a loss of contralateral lateralisation (Table 3). Third, monkeys 

subjected to cervical cord hemi-section at C7 level exhibited an increase of the 
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corticobulbar projections from M1 onto the PMRF after a treatment with anti-Nogo-A 

antibody (Fig. 3) with a maintenance of a contralateral predominance (Table 4); in 

contrast, SCI monkeys treated with a control antibody did not show such an increase of 

corticobulbar projection density from M1 whereas the contralateral predominance was 

preserved. 

Limitations of the present study 

A first limitation of the present study is obviously the fairly low numbers of monkeys 

included in each group of pathologies, although this is common in non-human primate 

studies for ethical reasons. Furthermore, in each group of pathologies, the animals were 

further subdivided into treated versus control (or untreated) animals, at least in the motor 

cortex lesion and SCI groups. Such small numbers in groups and subgroups prevent 

reliable and robust correlations of changes in the number of axonal boutons with lesion 

size (SCI or motor cortex lesion) or neuronal loss (dopaminergic cells in SNpc in PD 

monkeys) and consequently any indirect inference as to whether the lesion related 

adaptation of the corticobulbar projection may have played a role in the functional 

recovery. For instance, following M1 lesion, the trend towards less corticobulbar boutons 

for increasing lesion volumes (Suppl. Fig. 3A) has to be taken with great caution. 

A further limitation is the variability in the motor cortical area injected with the tracer 

BDA. The choice to inject BDA in PM in monkeys subjected to M1 lesion was dictated by 

the evidence that PM plays an important role in the functional recovery from M1 lesion (Liu 

and Rouiller, 1999; Hoogewoud et al., 2013). In SCI monkeys, M1 only was injected with 

BDA as the initial goal in these animals was to study the reorganization of the CS 

projection originating mainly from M1 (Freund et al., 2007), whereas it is less dense from 

PM and terminates in cervical segments higher than those containing the motoneurons 

controlling distal muscles. In other words, the present study does not address the 

possibility of a change of the CS projection originating from PM in SCI monkeys. In PD 

monkeys, although BDA was injected in PM or in M1, there are only two monkeys in each 

subgroup of BDA injections (n=2 in PM and n=2 in M1). 

The corticobulbar projections in intact monkeys was shown to be denser when 

originating from PM and SMA than when originating from M1. As a result, in the present 

study, a possible decrease of the density of the corticobulbar projections due to a lesion 

can be better detected when originating from PM than from M1, as the latter has already a 

low reference density in intact animals. Moreover, the lack in the present study of cases 
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injected with BDA in SMA does not allow assessing whether the changes observed for the 

corticobulbar projections originating from PM are accompanied by comparable 

modifications when originating from SMA. Lesion-related changes affecting the 

corticobulbar projections from SMA are nevertheless likely considering the quantitative 

importance of supraspinal projections originating from SMA (Macpherson et al., 1982) and 

by analogy with the present changes observed for PM, as well as because another 

projection originating from SMA, namely the CS projection, was found to be rearranged in 

the form of a sprouting into the contralateral cervical spinal cord after a cortical lesion 

involving M1 and the lateral PM (McNeal et al., 2010). 

Another limitation of the present study in the group of PD monkeys (n=4) is that they 

were all subjected to the ANCE treatment, thus missing a subgroup of MPTP intoxicated 

monkeys without treatment. As a consequence, the decrease of the corticobulbar 

projection observed in the PD monkeys (especially that originating from PM) may result 

from the MPTP lesion, or from the ANCE treatment, or from both. A signal needs to be 

sent to the motor cortex in order to generate an adaptation (decrease in the present case) 

of the corticobulbar projection density. The MPTP lesion, by reducing the number of 

dopaminergic neurons subcortically (mainly in SNpc, but not only), is likely to also 

decrease the diffuse dopamine innervation of the cerebral cortex at large (Gaspar et al., 

1991; Rosenberg and Lewis 1995; Sesack et al., 1995), including the motor cortex. This 

may represent the plasticity signal through which the PD lesion may trigger the decrease 

of the corticobulbar projection density, as compared to intact monkeys. The treatment 

ANCE may also play a role in such plasticity process, also by sending a signal to the motor 

cortex. There is evidence that the re-implanted ANCE cells produce growth factors (Brunet 

et al., 2009; Bloch et al., 2014) where they have been injected (in the striatum), but which 

can diffuse up to cerebral cortex. In any case, at the present step, the 3 possibilities 

remain open (effect of MPTP lesion, or ANCE treatment, or both). 

Finally, the plastic changes observed for the corticobulbar projections onto the 

PMRF as a result of M1 lesion or SCI or PD is the state of the connectivity taken at a 

single time point, which is several months (range 3 to 8 months) post lesion or MPTP 

treatment when the monkey reached a plateau of usually incomplete functional recovery 

(see extent and time course of functional recovery for M1 lesion monkeys in Kaeser et al., 

2011; Wyss et al., 2013 and for SCI monkeys in Freund et al., 2006, 2009). The pattern of 

corticobulbar connectivity at such late time point may not be the same at an earlier time 

point, especially during the acute phase of functional recovery before reaching the plateau. 
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We therefore cannot exclude that the corticobulbar projection pattern (density and 

laterality) dynamically varies from day to day or week to week during the consecutive 

phases of the functional recovery. Although we have observed for instance a decrease of 

corticobulbar projection density from PM and M1 after motor cortex lesion or PD several 

months post-lesion, at an earlier time point it may be the other way around with an 

increase of this projection followed by a phase of pruning when reaching the plateau of 

functional recovery. Such sequence of sprouting followed by pruning was previously 

reported in post-lesion plasticity studies conducted on rodents (see Pernet and Schwab, 

2012 for review). In the case of the anti-Nogo-A antibody treatment, there is in addition the 

issue of the limited time window post-lesion during which it is mandatory to initiate the 

treatment, estimated to be 1 week post-lesion at most in rodents (Seymour et al., 2005; 

Gonzenbach et al., 2012). In the present study, as the anti-Nogo-A antibody was delivered 

immediately post-lesion and during 4 weeks (see Freund et al., 2006, 2009; Hamadjida et 

al., 2012; Wyss et al., 2013), it can be assumed that this window condition was fulfilled. 

Another important parameter influencing motor recovery is the regular training of the 

animal to specific motor tasks (see e.g. (Nudo, 2006; Wahl and Schwab, 2104), which was 

the case in the present study for all three pathologies in the form of systematic daily 

practice of a manual dexterity task, the modified Brinkman board task (See Schmidlin et 

al., 2011; Kaeser et al., 2014). 

Changes of corticobulbar projections as a function of lesion type and treatment 

From the present data, and in spite of the above limitations, it can be concluded that 

the plastic changes of the corticobulbar projections from PM or M1 resulting from a CNS 

lesion is different in case of brain pathology (cortical lesion or PD) on one hand or in case 

of lesion affecting the spinal cord on the other hand. If the changes would have been 

comparable or going in the same direction for all 3 pathologies, one would have 

questioned the methodology, for instance that the uptake and/or transport of the tracer 

BDA would be impaired as soon as the CNS is lesioned, irrespective of the lesion type, 

yielding in all cases a decrease of corticobulbar projection density. This is not the case as 

the density of corticobulbar projections was decreased after M1 lesion or PD but it was 

increased after SCI and anti-Nogo-A antibody treatment. Therefore the BDA tracing 

method used here appears appropriate to address the issue of lesion related changes in 

the corticobulbar projection. 
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The changes observed here for the corticobulbar projections originating from PM or 

M1 following different types of injuries (M1 lesion, PD, SCI) may be interpreted in the 

context of a wide but tightly interrelated system of multiple descending projections, all 

cooperating to the control of unilateral voluntary movements and exhibiting various 

laterality properties. It includes the multiple descending projections, such as corticospinal, 

corticothalamic, corticorubral, corticobulbar (corticoreticular), corticotectal, rubrospinal, 

reticulospinal, vestibulospinal, tectospinal. On top of these, there are the motor 

corticocortical connections (intra- and inter-hemispheric), the motor loops via the basal 

ganglia and cerebellum, all contributing also importantly to the shaping of voluntary 

movements. In case of lesion, the subtle function of this complex system of multiple 

projections and loops is challenged, requesting an adaptation in order to re-establish the 

best possible motor control. To this aim, one can speculate that spontaneous plasticity (in 

absence of treatment) may lead to a re-arrangement within this system, by reducing some 

projections and increasing others, though within a restricted range as the adult CNS has 

limited plastic capacity, especially in terms of axonal re-growth (Schwab 2010; Schwab 

and Strittmatter 2014). Along this line, the present data show that, following lesion at the 

level of the brain (M1 lesion or PD), there is general adaptation of the system toward a 

decrease of the remote corticobulbar projections, originating from PM in case of M1 lesion 

and coming from both PM and M1 in case of PD. Whether this distant corticobulbar 

adaptation contributes to the (incomplete) functional recovery remains an open question, 

as well as to what extent all the other subsystems of projections are also modified in 

parallel. For the latter issue, it has been shown that, following unilateral cortical lesion 

including M1, the CS projection from the ipsilesional SMA was spontaneously enhanced 

(McNeal et al., 2010), as well as the uncrossed CS projection from the contralesional 

(intact) M1 (Morecraft et al., 2015). The latter adaptation was found to be larger for 

increasing cortical lesion size in the frontal lobe whereas, when the lesion spread to the 

parietal lobe, the enhancement of the projection was suppressed (Morecraft et al., 2015). 

At cortical level, a unilateral lesion of M1 was found to spontaneously increase the 

connectivity between PM and the somatosensory cortex (Dancause et al., 2005). In case 

of application of treatments, one may expect different types of adaptation of the overall 

motor system to a lesion, either in the sense of emphasizing the spontaneous changes or 

implementing a different balance between the multiple projections subsystems. After 

unilateral M1 lesion, the callosal projections reaching the ipsilesional PM were enhanced 

by the anti-NogoA antibody treatment, especially the homotopic one coming from the 
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opposite PM (Hamadjida et al., 2012). In the present study, following unilateral M1 lesion, 

the corticobulbar projection from the ipsilesional PM spontaneously decreased, an 

adaptation which was not impacted in one direction or the other by the anti-NogoA 

antibody treatment (Fig. 3). In case of PD, there was a strong decrease of the 

corticobulbar projection from both PM and M1, although more for the former than the latter 

area of origin. In the present PD study, it is not established whether the effect is due to the 

MPTP intoxication alone, to the ANCE treatment alone or to both, as all 4 PD animals 

were treated (see above limitations). As far as the animals subjected to SCI are 

concerned, the cervical cord hemi-section did not generate any spontaneous change of 

the corticobulbar projection. However, the present study provides evidence that the anti-

NogoA antibody treatment can significantly interfere, as the corticobulbar projection from 

M1 was enhanced in the anti-NogoA antibody treated monkeys as compared to control 

antibody treated monkeys (Fig. 3A). With that respect, the corticobulbar projection from M1 

behaves similarly as the CS projection following SCI, as it was reported that there was 

nearly no spontaneous sprouting of CS injured axons whereas the anti-NogoA antibody 

treatment significantly enhanced sprouting of CS axons both caudal and rostral to the 

cervical lesion (Freund et al., 2007). 

How to interpret the opposite effects of the same anti-NogoA antibody treatment on 

the corticobulbar projection following either lesion of M1 or SCI? Indeed, as shown in 

Figure 3A, after M1 lesion the corticobulbar projection from the ipsilesional PM was 

decreased even though the anti-NogoA antibody treatment was applied in two monkeys, 

suggesting that the treatment did not promote at all axonal growth at the level of the 

corticobulbar projection. In contrast, following SCI, the corticobulbar projection from M1 

was enhanced in 2 out of 3 of the monkeys subjected to anti-NogoA antibody treatment. It 

can be hypothesized that the axonal collateralization plays an important role. About one 

third of the corticobulbar projection consists of axon collaterals emitted by CS fibers on 

their way to the spinal cord (Keizer and Kuypers, 1989). The corresponding neurons of 

origin in layer V were therefore impacted by the SCI, which may have represented a 

retrograde “damage signal”, triggering the anti-NogoA antibody to promote in this specific 

subpopulation of M1 neurons the sprouting of the preserved axonal branch terminating in 

PMRF. In contrast, in case of M1 lesion, the neurons of PM projecting to PMRF may not 

have been impacted by the cortical lesion, possibly explaining the absence of sprouting of 

the corticobulbar projection from PM as no “damage signal” was present in the 

corresponding neurons. 
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The corticobulbar projection terminating in the PMRF is functionally acting as a 

cortical regulator of the reticulospinal tract (RST) projection system. As a consequence, 

when the density of the corticobulbar projection is decreased as a result of M1 lesion or 

MPTP lesion, then it means that the regulation from the cortex on the RST system is also 

reduced, leading to a more autonomous influence of the RST system on the spinal cord 

and motor output, which may be part of the functional recovery mechanisms. On the 

contrary, in case of SCI and in absence of treatment (control antibody cases) the cortical 

regulation of the RST system is largely unchanged (Mk-CG and Mk-CP in Fig. 3). 

However, when the SCI monkeys received the anti-Nogo-A antibody treatment, the 

corticobulbar projection was enhanced (Fig. 3), at least in 2 out of 3 monkeys, indicating 

that in such a case the motor cortex (M1) has increased its regulation on the RST system, 

potentially its indirect influence on the spinal cord and motor output. This increased indirect 

influence may have contributed to substitute part of the lost CS projection, although after 

SCI the anti-Nogo-A antibody treatment favoured a sprouting from the transected CS 

axons (Freund et al., 2007), representing also a mechanism of functional recovery. The 

increased influence of motor cortex on the RS system in these monkeys (SCI and anti-

Nogo-A antibody treatment) can be interpreted as a possible coordination with the 

enhanced influence of CS system in the functional recovery. The present increase of 

corticobulbar projection after SCI and anti-Nogo-A antibody treatment is reminiscent of an 

increase of density of other corticofugal projections observed in rodents, onto the red 

nucleus and pontine nuclei, after unilateral pyramidotomy or stroke and administration of 

anti-Nogo-A antibodies (Z’Graggen et al., 1998; Seymour et al., 2005). 

In the three monkeys subjected to SCI and anti-Nogo-A antibody treatment, two of 

them exhibited a strong increase of the density of the corticobulbar projection from M1, 

much less in the third monkey Mk-AC (Figure 3A). For the latter monkey, the reduced 

impact of the anti-Nogo-A antibody treatment may be explained, at least in part, by the 

small size of the BDA injection in M1 and less well targeted to the hand area (Fig. 1C). 

In case of brain injury or pathology (M1 lesion or PD), there was a decrease of the 

density of the corticobulbar projections originating from PM (M1 lesion) and from PM and 

M1 (MPTP lesion). Surprisingly, in case of M1 lesion, the anti-Nogo-A antibody treatment 

did not prevent this decrease of corticobulbar projection from the ipsilesional PM in 

contrast to the callosal connectivity of PM, which was enhanced by the anti-Nogo-A 

antibody treatment after M1 lesion (Hamadjida et al., 2012). In contrast, the same anti-

Nogo-A antibody treatment affected the corticobulbar projection but in case of SCI. It can 
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be concluded that the anti-Nogo-A antibody treatment may act selectively depending on 

the pathway (e.g. corticobulbar vs callosal) and on the type of lesion (M1 versus SCI). 

Laterality of the corticobulbar projection 

The complexity of the adaptive response of the overall system of multiple motor 

projections and loops is further emphasized considering that the various descending 

systems have different laterality properties. For instance, the CS tract is clearly a 

predominantly crossed sub-system of projections (Lacroix et al., 2004; Rosenzweig et al., 

2009), the corticobulbar projection is more bilateral, although there is in intact monkeys a 

moderate predominance of an ipsilateral projection when originating from PM or SMA, but 

contralateral predominance when coming from M1 (Fregosi et al., 2017). The reticulospinal 

subsystem is also largely bilateral (Sakai et al., 2009; Fregosi et al., 2017). As a 

consequence, any adaptation post-lesion needs to take into account these bilateral 

properties, highly variable across the multiple subsystems of projections. 

Are the bilateral biases maintained or altered for the corticobulbar projections from 

PM or M1 in case of cortical/spinal lesion or PD? It has to be reminded here that the 

applied MPTP treatment induced a bilateral (symmetrical) dopaminergic neurons’ loss in 

SNpc whereas the M1 lesion and the SCI (cervical hemi-section) were unilateral thus 

producing asymmetrical effects in the central nervous system. As a consequence, one 

may expect that the corticobulbar projection may change its laterality in case of 

asymmetrical lesion (M1 lesion or SCI) in order to adapt to the asymmetry and not or less 

so in case of bilateral MPTP lesion. The present data do not follow these predictions. In 

PD monkeys the two animals with BDA injections in PM exhibited a preservation of the 

ipsilateral predominance comparable to intact animals whereas, in contrast, the laterality in 

the two PD monkeys with BDA injections in M1 was modified in the form of a loss of 

contralateral predominance present in intact animals: 45-48% contralateral corticobulbar 

projections in the 2 PD monkeys and 58-71% in intact monkeys (Fregosi et al., 2017). On 

the other hand, after cervical hemi-section and BDA injection in M1, the contralateral 

predominance of the corticobulbar projection from M1 in intact animals (58-71%) was 

preserved if not slightly enhanced (68-84%). Finally, following unilateral M1 lesion, the 

corticobulbar projection originating from PM remained predominantly ipsilateral, at last in 3 

out of 4 monkeys, as in intact animals (Fregosi et al., 2017). In conclusion, the laterality of 

the corticobulbar projections from M1 or PM in case of asymmetrical lesion (M1 or SCI on 
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one side) was not strongly modified to tentatively adapt to the bilateral imbalance 

introduced by the unilateral injury. 

 

Corticobulbar projections onto Rt nuclei and raphe nuclei 

The lateral tegmentum of the brainstem contains, together with the sensory nuclei, 

the lateral reticular formation (Paxinos et al., 2000), in which we identified the lateral 

reticular nucleus (LRt) and the Intermediate reticular nucleus (IRt), together referred to as 

Rt nucleus. Ascending inputs to LRt arise from the interneuronal system of the spinal cord 

(Alstermark et al., 1981; Alstermark and Ekerot, 2013, 2015; Alstermark and Isa, 2012) 

whereas descending inputs originate from the motor cortex and other supraspinal centres 

such as the superior colliculus, the red nucleus and the trigeminal system (reviewed in 

Alstermark and Ekerot, 2013). In monkeys, corticobulbar projections on lateral reticular 

formation were first shown by Kupyers (1958), from the motor cortex though more from the 

forelimb than from the hindlimb region (Wiesendanger and Wisendanger, 1987; Marini and 

Wiesendanger, 1987) and predominantly contralateral. Recently, we reported projections 

to Rt from premotor (PM) and M1 areas, denser from the latter than from the former and 

bilateral though mainly predominant on the contralateral side (Fregosi et al., 2017). In the 

present study, we observed that corticobulbar projections to Rt nuclei were present after 

all three pathologies. The most interesting result for Rt nuclei was that in SCI monkeys 

treated with anti-Nogo-A antibody the projections from M1 to Rt nuclei was increased in 

the monkeys Mk-AP and Mk-AG. The increased M1 projection to Rt nuclei may strengthen 

indirect projections to the cerebellum and medial reticular formation, thus contributing to 

post-lesion compensatory mechanisms. 

The Raphe nuclei, located in the medial brainstem along its entire rostro-caudal 

extent (Paxinos et al., 2000), are the main serotonin production centre of the brain (Myers 

et al. 2017; Hornung, 2003). In intact animals the raphe nuclei receive bilateral projections 

from motor areas (Fregosi et al. 2017), in addition to known projections from hypothalamus 

and forebrain areas (Behzadi et al., 1990). The corticobulbar projections from motor areas 

to the raphe nuclei are also present after motor cortex or spinal cord lesions and PD, with 

projections from PM remaining slightly stronger than those from M1, as it is the case in 

intact animals (see Fregosi et al., 2017). Studies on mice have shown that after ischemia, 

there was an increase of corticoreticular projections from the contralesional cortex on the 

raphe nuclei (Bachmann et al., 2014). The corticobulbar projections on the raphe nuclei 

after SCI and injection of BDA in M1 was quantitatively modest, in line with observations in 
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rats subjected to C4 cervical cord hemi-section with a decrease of serotoninergic 

projections from the brainstem to the lesion (Zörner et al., 2014; Filli et al., 2014). 

Serotoninergic innervation is important for motor modulation (Perrier and Cotel, 2015), as 

demonstrated in rats (Courtine et al., 2009) by treatment with serotoninergic agonists on 

lumbar spinal cord leading to beneficial effects. 

As far as the corticobulbar projections to the multiple nuclei of the PMRF is 

concerned, besides individual variability there was no systematic and major change of 

distribution when comparing the location of corticobulbar boutons in PMRF in the three 

groups of monkeys subjected to M1 lesion, or SCI or MPTP lesion (Suppl. Fig. 1) with that 

of corticobulbar boutons in intact monkeys (Fregosi et al., 2017: their Figure 6). The 

exception is a substantial increase of the corticobulbar boutons in the pontine reticular 

nuclei (PnO + PnC; Suppl. Fig. 1) observed in the MPTP lesioned monkeys as compared 

to intact monkeys (Fregosi et al., 2017). 

 

 

Functional significance 

There is still incomplete understanding of the precise role played by brainstem 

descending pathways in motor recovery, as well as by corticobulbar pathways. Previous 

studies mainly focused on the role of the CST and RST (Lawrence and Kuypers, 1968a, b, 

Lemon, 2008; Kaeser et al., 2010, 2011; Hamadjida et al., 2012, Wyss et al., 2013; Zaaimi 

et al., 2012; Herbert et al., 2013) but not on corticobulbar projections. Although previous 

reports speculated that corticobulbar projections may play an important role in motor 

recovery after lesion of the CNS (Hoogewood et al., 2013; Wyss et al., 2013; Zörner and 

Schwab, 2010; Beaud et al., 2008), this descending tract still remains mysterious for the 

most part, possibly due in part to its location and the difficult access to the corresponding 

target nuclei in the brainstem. The present study is original as it represents a unique study 

in non-human primates investigating quantitatively the rearrangement of the corticobulbar 

projections onto the PMRF following different pathologies affecting the CNS, such as 

motor cortex lesion, PD and SCI. The corticobulbar projections act as cortical modulator 

onto descending brainstem pathways, mainly the RST as far as the PMRF is concerned. 

Several studies on non-human primates have focused on the role of the CST in the 

control of manual dexterity after cortical or spinal cord lesions (e.g. Lawrence and 

Kuypers, 1968a,b, Lemon, 2008; Freund et al., 2006, 2007, 2009; McNeal et al., 2010; 

Kaeser et al., 2010, 2011; Hamadjida et al., 2012, Wyss et al., 2013; Morecraft et al., 
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2015). There is evidence in both non-human primates and humans that the RST is also 

involved in the control of distal muscles allowing hand motor function (Riddle et al., 2009; 

Riddle and Baker, 2010; Baker, 2011; Soteropoulos et al., 2012, Honeycutt et al., 2013). 

However, few investigations have assessed the role of the RST in non-human primates in 

motor recovery after stroke or medullary pyramidal lesion (Zaaimi et al., 2012; Herbert et 

al., 2013) and still none after spinal cord injury. Zaaimi and colleagues (2012) reported that 

after unilateral medullary CST lesion flaccid paralysis of the hand was first observed that 

was then followed by some spontaneous functional recovery. They showed that the RST is 

involved in the functional recovery, although it appeared to strengthen more forearm 

flexors and intrinsic hand muscles than forearm extensor muscles, leading to some 

spasticity. Another study conducted by Herbert and colleagues (2015) on monkeys 

demonstrated that after cortical injury of shoulder/elbow M1 representation the RST played 

a role in the recovery of reaching movements. Corresponding observations were reported 

on the role of the RST in functional recovery in rodents after either cortical lesion 

(Bachman et al., 2014) or spinal cord lesion (Zörner et al., 2014, Filli et al., 2014, Garcia-

Alias et al., 2015; Ballermann and Fouad, 2006). 

Studies on mice showed that after stroke of the sensorimotor cortex there was an 

increase of the CST and RST projections as well as corticoreticular projections, with 

projections from RST six times stronger than those from CST (Bachman et al., 2014). 

They observed an increased innervation of the nucleus Gi and Raphe nuclei from the 

contralesional cortex and, in turn, these nuclei were the main source of increased 

projections to the denervated spinal cord. 

The regulation exerted by the motor cortical areas via their corticobulbar projections 

to PMRF on the RST system varies according first to the cortical area of origin in intact 

monkeys (denser from PM and SMA than M1: Fregosi et al., 2017) and, second, to the 

type of lesion/pathology as well as treatment administered (present study). The precise 

impact of the corticobulbar terminals, when activated, onto the RST neurons remains 

unknown: is it excitatory or inhibitory or both? The latter is most likely and in that case it 

would be crucial to know whether plastic changes induced by lesion/pathology and/or 

treatment are restricted to either excitatory or inhibitory synapses, or whether it is 

unspecific. This information is needed in order to interpret how the regulation of the motor 

cortical areas onto the RST is modified after lesion and administration of a treatment, an 

issue to be addressed in future studies. 
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TABLE 1

Mk-MO Mk-VA Mk-RO Mk-BI Mk-LY Mk-MI Mk-LL Mk-MY Mk-CG Mk-CP Mk-AC Mk-AP Mk-AG

Species M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis M.fascicularis

Sex Male Male Male Male Female Female Female Female Male Female Male Female Male

Age at sacrifice (rounded to 0.5 years) 6 6 4.5 6 7.5 9.5 7.5 9.5 4 7 4 6.5 3.5

Age at lesion (rounded to 0.5 years) 5.5 5.5 4 5 7 9 7 9 3.5 6.5 3.5 6 3

Weight (at sacrifice or at lesion) 5.6 4.9 3.2 5 3.3 3.3 3.6 4.3 * * * * *

Lesion Type / Location  M1 hand area  M1 hand area  M1 hand area  M1 hand area PD PD PD PD SCI SCI SCI SCI SCI

Lesioned hemisphere/SC side Left Left Left Left Both Both Both Both Left Left Left Left Left

Type of lesion Ibotenic acid Ibotenic acid Ibotenic acid Ibotenic acid MPTP MPTP MPTP MPTP Surgical Blade Surgical Blade Surgical Blade Surgical Blade Surgical Blade 

Treatment
Anti-Nogo A 

antibody

Anti-Nogo A 

antibody
- - ANCE ANCE ANCE ANCE Control antibody Control antibody

Anti-Nogo A 

antibody

Anti-Nogo A 

antibody

Anti-Nogo A 

antibody

Tracer injected BDA BDA BDA BDA BDA BDA BDA BDA BDA BDA BDA BDA BDA

Side injected with BDA Left Left Left Left Right Right Right Left Right Right Right Right Right

BDA injection sites in: PMd/PMv PMd/PMv PMd PMd/PMv M1 M1 PMd/PMv PMd/PMv M1 M1 M1 M1 M1

BDA injected volume (µL) 10.8 5 4.8 7.2 9 9 9.7 11.5 24 24 20 24 28

Number of BDA injected sites 12 5 6 11 6 6 8 9 12 12 10 12 15

Number of labeled CST axons 1975 1312 543 1328 1671 1117 593 611 716 712 537 1024 1405

Total volume of lesion (mm3) in the gray matter (motor 

cortex + post-central gyrus)
41.8 20 14 20.13 - - - - - - - - -

Number of sites injected with ibotenic acid 20 11 12 29 - - - - - - - - -

Volume ibotenic acid (µL) or MPTP (mg/kg) 20 15.5 18 29.7 6.25 7.75 6.25 6.25 - - - - -

Volume lesion in post central gyrus (mm3) 0 5.8 0 0 - - - - - - - - -

Number of sites injected with ANCE - - - -
6 (3 in each 

hemisphere)

6 (3 in each 

hemisphere)

6 (3 in each 

hemisphere)

6 (3 in each 

hemisphere)
- - - - -

Loss of DA neurons in SNpc (%) - - - - 38.8 73.4 67.4 71.8 - - - - -

% decrease of 18F-DOPA uptake in striatum - - - - 17 79 84 81 - - - - -

Volume spinal cord lesion (mm3) - - - - - - - - 1.802 1.782 4.577 1.348 #

Extent of hemicord lesion (%) - - - - - - - - 51 45 85 58 78

Extent of gray matter cut (%) - - - - - - - - 73 77 100 85 81

ANCE=autologous neural cell ecosystems (autologous adult neural progenitor cells re-implanted bilaterally in caudate nucleus and putamen)

PD=Parkinson Disease

SCI=Spinal Cord Injury (Hemisection at C7 level)

(1) Derived from previous behavioral studies: Kaeser et al., 2010, 2011; Bashir et al., 2011; Hamdjida et al., 2012; Hoogewoud et al., 2013; Wyss et al., 2013

(2) Derived from previous behavioral studies: S. Badoud (Ph.D. thesis 2016; Badoud et al., 2017; Borgognon et al., 2017 

(3) Derived from previous behavioral studies: Freund et al., 2006, 2007, 2009; Wannier-Morino et al., 2008; Beaud et al., 2008, 2012; Hoogewoud et al., 2013

Cortical lesion (1) Parkinsonian lesion (2) Spinal cord lesion (3)
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Table 2: Number of corticobulbar boutons (en passant and terminaux) in the brainstem given in absolute values 
(top three rows) and in normalized values (bottom two rows) for animals with cortical lesion in M1 hand area. In 
bold is given the global percentages of boutons on the ipsilateral and contralateral sides. In all four monkeys, 
BDA was injected in PM. 

 

 

 
 

Table 3: Number of boutons (en passant and terminaux) in the brainstem given in absolute values (top three 
rows) and in normalized values (bottom two rows) in PD animals. In bold, the global percentages of boutons on 
the ipsilateral and contralateral sides. BDA was injected in PM in two monkeys (Mk-LL, Mk-MY) whereas it was 
injected in M1 in the other two monkeys (Mk-LY, Mk-MI). 
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Table 4: Number of boutons (en passant and terminaux) along the brainstem given in absolute value (3 top 
rows) and in normalized values (two bottom rows) for SCI animals. In bold is given the global percentages of 
boutons in the ipsilateral and contralateral sides. BFA was injected in M1 in all five monkeys. 
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Figure 1 (previous page) 
A: On lateral view of the left hemisphere, reconstruction of the BDA injection site in PM 

(green) and of the M1 lesion (red) for the MCI monkeys (data derived from Hamadjida et 

al., 2012). B: Lateral view of the hemisphere in PD animals with BDA injection site (green) 

in PM (top two monkeys) or in M1 (bottom two monkeys). C: Lateral view of the right 

hemisphere in SCI monkeys with BDA injection site (green) in M1. Next to each 

hemisphere, an inset illustrates the cervical cord lesion (blue or red area) in the same 

monkey, as seen on a frontal section of the cervical cord (derived from Freund et al., 2007; 

Beaud et al., 2008, 2012). In each panel (A, B, C), the treatment applied to each animal is 

indicated. 
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Figure 2 (previous page) 
Typical distribution of corticobulbar axonal boutons in PMRF in 6 representative 

histological sections taken from a MCI monkey (panel A), from a PD monkey (panel B) and 

from a SCI monkey (panel C). Boutons in the ipsilateral PMRF are depicted in green 

whereas those in contralateral PMRF are depicted in blue. In addition, BDA-labelled stem 

axons are shown in blue on the ipsilateral side and in purple contralaterally. For each 

monkey, the applied treatment is indicated between parentheses. On each section, the 

pyramid (Py) when outlined in red corresponds to the ipsilateral side with respect to the 

hemisphere injected with BDA (see Fig. 1). See list of abbreviations. 
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Figure 3 (previous pages) 
Scatter plots of the numbers of corticobulbar boutons observed in the different groups of 

monkeys subjected to motor cortex lesion (MCI), spinal cord injury (SCI) or MPTP 

intoxication (PD). For comparison, the data in intact monkeys (Fregosi et al., 2017) are 

represented by the range (yellow or light blue area) and the mean value (dashed 

horizontal line). The yellow area is for data in intact monkeys as a result of BDA injections 

in PM whereas the blue area is for data in intact monkeys as a result of BDA injection in 

M1. In the monkeys subjected to MCI, SCI or PD, the BDA injection site (PM or M1) is 

indicated below the graph. Panel A is for the absolute numbers of corticobulbar boutons 

whereas the panel B is for normalized numbers of corticobulbar boutons. Different symbols 

display the total number of boutons or separately for the ipsilateral or contralateral PMRF 

(see legend on top of the Figure). The presence/absence of treatment is indicated by filled 

or open symbols, respectively: filled symbols for anti-NogoA antibody in MCI or SCI 

monkeys as well as ANCE treatment in PD monkeys; open symbols for untreated MCI 

monkeys or control antibody treated SCI monkeys. Asterisks above the circle symbols 

indicate that the numbers of axonal boutons in PMRF were significantly different between 

the ipsilateral and contralateral sides of PMRF: * is for p<0.05, ** is for p<0.01, *** is for 

p<=0.001, ns is for non-statistically significant difference between the 2 PMRF sides. The 

statistical comparison between the 2 PMRF sides was made based on a paired t-test or 

Wilcoxon test applied on the consecutive histological sections (usually 12 sections in each 

monkey; see Fregosi et al., 2017). 
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Supplementary Figure 1 (previous pages) 

Distributions of BDA-labeled corticobulbar axonal boutons both en passant and terminaux 

across the brainstem nuclei in each monkey subjected to cortical lesion of the hand area in 

M1 (MCI, panel A), or to MPTP intoxication (PD, panel B) or to cervical cord injury (SCI, 

panel C). The graphs show the percentage of corticobulbar boutons ipsilateral (blue) and 

contralateral (orange), calculated on the total number of boutons found in the whole 

brainstem ipsilateral versus contralateral to the cortical injection site. In each graph, the 

sum of all blue bars is 100%; the same is true for the orange bars. The corresponding 

monkey ID is indicated on the top right of each graph. The cortical area injected (either PM 

or M1) is indicated in each panel. In panels A and C, the monkeys subjected to treatment 

(anti-NogoA antibody) or untreated (or control antibody) are indicated on the left. All PD 

monkeys were subjected to ANCE treatment. The asterisks indicate the brainstem nuclei 

in which there was a statistically significant difference between the two sides of PMRF: ipsi 

versus contra. Statistics were conducted using Paired t-test/Wilcoxon statistical test: 

*p≤0.05, **p≤0.01, ***p≤0.001. 
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Supplementary Figure 2 (previous pages) 

Rostro-caudal distribution of BDA labelled boutons in the brainstem (PMRF) after BDA 

injection in PM or in M1, in the three groups of lesioned animals (MCI in panel A, PD in 

panel B or SCI in panel C). Values along the rostro-caudal axis correspond to the analyzed 

sections’ numbers. The distribution is given separately for boutons in the ipsilateral versus 

contralateral PMRF with respect to the BDA injection site in PM or M1. The number of 

boutons was normalized according to the number of CS axons just above the pyramidal 

decussation. Notice of the different scale for Mk-RO and the SCI monkeys on the ordinate 

axis. 
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Supplementary Figure 3 (previous page) 

Plots showing the normalised numbers of BDA labelled axonal boutons in the ipsilateral 

versus contralateral PMRF (with respect to the BDA injection site in PM or M1) as a 

function of the size (in mm3) of the cortical lesion (MCI monkeys; panel A) or of the spinal 

cord lesion (SCI monkeys; panel C) or as a function of the % loss of dopamine (DA) 

neurons in the substantia nigra pars compacta (panel B). The latter was estimated based 

on TH immunohistochemistry. For comparison, the same plots also include data in intact 

monkeys (derived from Fregosi et al., 2017) also as a result of BDA injections in PM or 

M1. In intact monkey, the lesion size was set to zero (grey background zone of the graph). 

The volume of the cervical cord lesion could not be measured in Mk-AG due to loss of a 

few sections involving the lesion territory; as a result the data for Mk-AG is represented by 

horizontal lines in panel C. In the bottom graph of panel B, the filled black data circles for 

Mk-LY and Mk-MI were slightly shifted to the right in order to be distinguished from the 

open data circles.  
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Abstract 

The corticotectal projection from cortical motor areas is one of several descending 

pathways involved in the indirect control of spinal motoneurons. In non-human primates, 

previous studies reported that cortical projections to the superior colliculus originated from 

the premotor cortex and the primary motor cortex, whereas no projection originated from 

the supplementary motor area. The aim of the present study was to investigate and 

compare the properties of corticotectal projections originating from these three cortical 

motor areas in intact adult macaques (n=9). The anterograde tracer BDA was injected into 

one of these cortical areas in each animal. Individual axonal boutons, both en passant and 

terminaux, were charted and counted in the different layers of the ipsilateral superior 

colliculus. The data confirmed the presence of strong corticotectal projections from the 

premotor cortex.  A new observation was that strong corticotectal projections were also 

found to originate from the supplementary motor area (its proper division). The 

corticotectal projection from the primary motor cortex was quantitatively less strong than 

that from either the premotor or supplementary motor areas. The corticotectal projection 

from each motor area was directed mainly to the deep layer of the superior colliculus, 

although its intermediate layer was also a consistent target of fairly dense terminations. 

The strong corticotectal projections from non-primary motor areas are in position to 

influence the preparation and planning of voluntary movements. 
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Introduction 
The corticospinal (CS) projection, originating from multiple motor cortical areas, plays 

a major role in manual dexterity, a specialty of primates (see e.g. Lawrence and Hopkins 

1976; Lawrence et al., 1985; Lemon and Griffiths 2005; Courtine et al., 2007; Lemon 

2008). The motor cortical areas also influence other descending pathways via their 

corticobulbar (or corticoreticular), corticorubral and corticotectal projections (Kuypers 1981; 

Lemon 2008, 2016). In a recent study (Fregosi et al., 2017), the corticobulbar projection 

was characterized in intact adult macaque monkeys by visualizing the axonal boutons in 

the Ponto-Medullary Reticular Formation (PMRF) labelled with injections of the 

anterograde tracer BDA in either the primary motor cortex (M1), the premotor cortex (PM) 

or the supplementary motor area (SMA). The non-primary motor areas (PM and SMA) 

exhibited a stronger corticobulbar projection than that originating from M1 (Fregosi et al., 

2017). 

The goal of the present investigation was to assess the respective contribution of 

these three motor cortical areas to the corticotectal projection in adult macaques. An early 

degeneration study of Kuypers and Lawrence (1967) reported projections to the superior 

colliculus (SC) from premotor and motor cortical areas. Based on retrograde tracer (HRP) 

injections in the SC of macaque monkeys, a significant motor corticotectal projection 

originating from layer V of PM was observed, terminating in the intermediate and deep 

layers of SC (Fries 1984; 1985). The corticotectal projection from PM was confirmed by 

injections of the anterograde tracer BDA in the dorsal PM (Distler and Hoffmann 2015) or 

in the ventral PM (F5 area; Borra et al., 2010, 2014). Both studies reported that the 

projections from PM indeed terminate in the intermediate and deep layers of the SC. In 

addition to PM, corticotectal neurons were observed in M1 as a result of retrograde tracer 

injections in SC (Fries 1984, 1985). The corticotectal projection from M1 was confirmed 

with anterograde tracers injected in the orofacial region of M1 (Tokuno et al., 1995). 

Corticotectal neurons in M1 layer V were generally of small size whereas they were, on 

average, larger and more numerous in PM (Fries 1984, 1985). Interestingly, as a result of 

retrograde tracer injections in SC, there were no labelled neurons in SMA (Fries 1984, 

1985). The goal of the present analysis was to extend previous corticotectal anterograde 

tracing data of PM (Borra et al., 2010, 2014; Distler and Hoffmann 2015) to M1 and SMA, 

with the hypothesis of a projection strength gradient decreasing from PM to M1 and from 

M1 to SMA. 



190 

The primate SC is involved in multisensory and sensorimotor integration (Stein et al., 

2009; Wurtz, 2009 for review), and is comprised of seven concentric layers: the zonal, 

superficial grey layer (SCsup), optical zone (InSup), intermediate grey layer (SCint), 

intermediate white layer (InWh), deep grey layer (SCdeep) and deep white layer (DpWh; 

e.g. Gandhi and Katnani, 2011). The superficial grey layer receives inputs from the retina 

and visual areas (Lock et al., 2003) whereas its intermediate and deep grey layers receive 

more widespread corticotectal projections, involving sensory (vision, hearing, 

somatosensory) and motor functions (e.g. Fries, 1984, 1985; Tokuno et al., 1995; Lock et 

al., 2003; Collins et al., 2005; Borra et al., 2014; Distler and Hoffmann, 2015). In the deep 

layers of the SC, visual and auditory information are integrated to create a sensory map of 

the surrounding space (Squire et al., 2013). Furthermore, there are neurons in SC deep 

layers which were reported to be reach-related (Werner, 1993; Werner et al. 1997a,b) or 

hand-object related (Nagy et al., 2006); electrical microstimulation of the deep SC 

generates arm movements (Philipp and Hoffmann, 2014). The deep layers of SC are also 

the zone of origin of the tectospinal tract (Castiglioni et al., 1978; Nudo and Masterton, 

1988, 1989; Nudo et al., 1993; see also Abrahams and Rose 1975 for the cat). Besides 

comparing the strength of corticotectal projections originating from distinct motor cortical 

areas (PM, M1, SMA), the present anterograde tracing experiments are also suitable to 

determine whether the laminar distribution of axonal boutons in the SC varies between M1 

and PM, and possibly also SMA in case the latter is the origin of a corticotectal projection. 

Methods 
All experimental procedures were in compliance with European and applicable Swiss 

regulations. The experiments were conducted in respect of ethical guidelines (ISBN 0-309-

05377-3, 1996) and the Swiss legislation on animal care and protection, as evidenced by 

the corresponding animal experimentation authorizations delivered by the local (Canton of 

Fribourg) and federal veterinary authorities (No 156-08E, 156-02, 156-00, 44-92-3).The 

materials and methods are similar to those described in detail in a recent report on the 

corticobulbar projections from PM, M1 and SMA in intact adult macaque monkeys (Fregosi 

et al., 2017). In addition to the same seven monkeys (Macaca fascicularis) subjected to 

BDA (MW=10’000) injections in PM (n=3), in M1 (n=3) and in the caudal SMA (SMA-

proper; n=1), the present material was extended to two more animals (Macaca mulatta) 

one injected in SMA-proper and the other in the rostral SMA (pre-SMA). The individual 
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properties of these 9 macaques are listed in Table 1. The BDA injection sites were 

illustrated for the 7 cases used in the recent study of the corticobulbar projection (Fregosi 

et al., 2017). The injection site of the additional monkey with BDA deposited in SMA-

proper has been illustrated previously as well (Tanné et al., 2002a; their Figure 1: Mk3; 

also reported here in Fig. 4B). Finally, the second additional monkey was injected with 

BDA in pre-SMA (Fig. 1), without spread to SMA-proper as there was no connection with 

M1, in line with previous data for F6 (corresponding to pre-SMA: Luppino et al., 1993). 

All measures were taken to minimize pain and constraints on the animals, their 

number was also kept as low as possible, in particular by using the same cases (namely 

BDA injections in various motor cortical areas) to study distinct connection/projection 

systems (Rouiller et al., 1994, 1996, 1998, 1999; Liu et al., 2002; Tanné et al., 2002a,b; 

Freund et al., 2007; Schmidlin et al., 2009; Innocenti et al., 2017; Fregosi et al., 2017). 

The anesthesia, analgesia, surgical, injection, euthanasia and histological 

procedures were the same as reported in detail recently (Fregosi et al., 2017). Sections of 

the brain (including the midbrain) were cut at 50 m in the frontal plane using a freezing 

microtome and collected in 5 - 8 series (see Table 1). One series of sections was 

processed to visualize BDA (Rouiller et al., 1994) and sections of this series including the 

SC were analyzed using Neurolucida software (MicroBrightField Inc, version 11) on an 

Olympus light microscope interfaced with a computer (see Fregosi et al., 2017 for detail). 

The analyzed intersection intervals ranged from 250 to 400 m (Table 1). The BDA section 

outline was reconstructed at a magnification of 40x. Then the section was scanned at 100x 

for stem BDA labelled axons and finally re-scanned at 200x in order to chart axonal 

boutons en passant and terminaux. Boutons were defined as an enlargement of an axonal 

branch in a terminal field exhibiting a diameter of at least twice that of the axon segment 

preceding the bouton itself (Fig. 1; same criterion as in Fregosi et al. 2017 for the 

corticobulbar projection). The SC ipsilateral to the BDA injected hemisphere was scanned, 

in addition to parts of neighboring territories in the peri-acqueductal gray (PAG) medially 

and the mesencephalic reticular formation ventrally (as the precise border of the SC 

medially and ventrally did not appear on BDA stained sections). Axonal boutons were rare 

in the contralateral SC, which was scanned manually in order to count them. Each BDA 

analyzed section was then superimposed to an adjacent Nissl-stained section, used to 

delineate the nuclei of the midbrain, including the distinct regions of the SC, especially the 

superficial (SCsup), the intermediate (SCint) and the deep (SCdeep) layers. The 

intermingled zones Op, InWh and DpWh were identified at the same time, based on the 
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macaque brain atlas (Paxinos et al., 2000). The final superimposition of Nissl and BDA 

sections was performed using CorelDraw X7 software. The numbers of BDA labelled 

boutons were established in each of the 6 sublayers of the SC. As the section area to scan 

is restricted (mostly the ipsilateral SC), and the axonal terminal fields labelled with BDA 

are usually of small extent, it was possible to visualize and chart every individual axonal 

bouton, en passant or terminal. This quantification method based on exhaustive plotting 

was used instead of stereology to allow comparison with a previous study on 

corticoreticular projections using the same cases and the same quantification method 

(Fregosi et al., 2017). 

As the brains were cut at 50 m and collected in a variable number of series of 

histological sections across monkeys (ranging from 5 to 8; see Table1), the numbers of 

axonal boutons were corrected (Fig. 5A), taking as reference brains cut in 5 series of 

sections (PM-1, PM-2 and PM-3). The other monkeys with a higher number of series (7 or 

8) were under-quantified and therefore, the numbers of axonal boutons were multiplied by

1.4 or 1.6, respectively. 

Due to variability in BDA injection volume, precise position, tracer uptake and 

transport, the data were further normalized according to the number of CS axons counted 

in most cases on one section just above the pyramidal decussation (Table 1). However, in 

a previous study (Rouiller et al., 1996; including the monkeys M1-3 and SMA-1), we had 

performed repeated counts of CS axons in adjacent sections, yielding comparable 

numbers. As both the CS and corticotectal projections arise from layer V in the frontal lobe 

(Fries 1984, 1985), a normalization based on the CS axons’ number represents a fairly 

reliable indicator of how much of the BDA injection indeed involved cortical layer V in PM, 

M1 and SMA. Therefore, the normalization consisted of dividing the number of BDA 

labelled axonal boutons by the corresponding number of BDA labelled CS axons in the 

same animal, multiplied by 1000 (Table 1; Fig. 5B). One thousand corresponds to an 

approximate order of magnitude of the number of CS axons obtained across our monkey 

population (range 703 to 3’195: see Table 1). 

Results 
In 3 monkeys, we found a significant corticotectal projection from PM to the SC (PM-

1, PM-2 and PM-3). As illustrated for PM-1 (Fig. 2), following the injection of BDA in both 

PMd and PMv, most axonal boutons were observed caudally in the intermediate layer of 
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SC (SCint: sections 1-5). Going more rostrally (sections 6-16), the SCint remained a dense 

target, and axonal boutons were numerous in the deep layer of SC (SCdeep) as well. 

Table 1 indicates the number of axonal boutons charted in SCint and SCdeep, with a 

predominance of SCint. PM-3 also received BDA injections in PMd and PMv, and showed 

a topographically comparable distribution of axonal boutons along the rostrocaudal axis 

(data not shown), although there were more boutons in SCdeep than in SCInt (Table 1). 

The third BDA injection in PM (restricted to PMd; monkey PM-2) yielded a pattern of 

bouton distribution (not shown) comparable to PM-3, with more boutons in SCdeep than 

SCint (Table 1). Overall, the corticotectal projection from PM covers the entire rostro-

caudal extent of SC (Fig. 2). 

Following BDA injections in M1 (cases M1-1, M1-2 and M1-3), the corticotectal 

projection appeared less strong than that for PM and covered a more restricted 

rostrocaudal extent of SC, with few or no axonal boutons in the most caudal part of SC 

(Fig. 3 illustrating case M1-1). Although some boutons were present in SCint, most of them 

were found in SCdeep. The difference between SCdeep (numerous boutons) and Scint 

(few boutons) was even more prominent in M1-2 and M1-3 (not shown, but see Table 1). 

Note that in one (M1-3) of the 3 monkeys injected in M1, BDA was deposited specifically in 

the hand representation, as identified with ICMS (Table 1). 

An unexpected finding, based on the literature, was the presence of a significant 

corticotectal projection originating from SMA-proper as illustrated for SMA-2 in Figure 4. 

As for PM, the distribution of axonal boutons covered most of the rostro-caudal extent of 

SC. They were found mostly in SCint and SCdeep, with a predominance of the latter 

(Table 1) in a proportion of 1:3 approximately in both SMA cases. A topographically similar 

distribution of BDA labelled axonal boutons in SC was found in a second monkey (SMA-1) 

also injected in SMA-proper (not shown; see however Fig. 6). Note that in these two 

monkeys (SMA-2 and SMA-1) the BDA injection was targeted to the hand area identified 

with ICMS (Table 1). In sharp contrast, BDA injection in pre-SMA (monkey Pre-SMA) did 

not give rise to corticotectal or corticospinal projections (Table 1). 

The numbers of axonal boutons counted in the SC for each motor area are 

compared in Table 1 and Figure 5. The raw numbers of axonal boutons were corrected 

according to the interval of section sampling across monkeys (see Methods). The 

corrected numbers of axonal boutons in SC were highest for the PM, somewhat lower for 

the SMA-proper and much lower for M1 (Fig. 5A).  
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To further compare the strength of the corticotectal projections originating from PM, 

M1 or SMA-proper, the total corrected numbers of axonal boutons in SC were normalized 

based on the number of CS axons obtained for the same BDA injection (see Methods). 

After normalization, the conclusions based on the corrected numbers of axonal boutons 

(Fig. 5A) were largely validated (Fig. 5B). The corticotectal projection from M1 is 

considerably weaker than those originating from the two premotor areas (PM and SMA-

proper). Furthermore, the normalized data along with the inter-individual variability among 

animals suggest that the strength of the corticotectal projections from the PM and SMA 

(Fig. 5B) are comparable. 

SCdeep was the main laminar target in all monkeys, except PM-1 (Fig. 6, Table 1). 

In most cases, there was also a substantial projection terminating in SCint.  This 

projection, however, was quite variable from one animal to the next, especially for the 

projections originating from M1 and to a lesser extent for those from PM. Axonal boutons 

were also found in the 3 intermingled zones of SC Op, InWh and DpWh, most often in the 

latter two (Fig. 6). In contrast, the superior layer of SC (SCsup) exhibited axonal boutons 

very rarely following BDA injection in PM or SMA and none following injection in M1. 

Irrespective of the cortical area of origin, the BDA labelled axonal boutons were found 

mostly laterally in SCint (though with some extension medially in some sections) and in the 

ventrolateral sector of SCdeep (Figs. 2-4). Note also that BDA labelled axonal boutons 

were observed in the neighboring peri-acqueductal gray matter (medial to SC) and in the 

mesencephalic reticular formation (ventral to SC), but they were not systematically charted 

and counted. 

The corticotectal projections from PM, SMA-proper or M1 appeared to be mostly 

restricted to the ipsilateral SC. Although of few BDA labeled axons were found in the SC 

contralateral to the injected hemisphere, most of these axons were passing stem axons 

that did not emit boutons, en passant or terminaux. However, rare axonal boutons were 

observed in SCint and SCdeep contralaterally. When present, these corticotectal axonal 

boutons in the contralateral SC were located in regions that mirrored the main projection 

territories in the ipsilateral SC. The percentage of the total number of axonal boutons 

observed in the contralateral SC ranged from 0.0% to 1.6% in all but one monkey (SMA-1) 

where the contralateral percentage was 4.8%. 
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Discussion 
The present analyses demonstrate that the PM, SMA-proper and M1 have 

significant projections to the ipsilateral superior colliculus. The major new finding is that the 

SMA-proper gives rise to a substantial corticotectal projection (Fig. 4; Table 1).  This SMA 

projection is similar in strength to that of the PM and considerably stronger than that 

originating from M1 (Fig. 5). The presence of corticotectal projections from the SMA was 

unexpected since a prior retrograde tracing study failed to observe labeling in the SMA 

after HRP injections into the superior colliculus (Fries 1984, 1985). Our observations are 

consistent with and extend prior studies (Borra et al., 2010, 2014; Distler and Hoffmann 

2015) that examined corticotectal projections from PM. Our quantitative analysis, like 

those prior qualitative studies, found that SCint and SCdeep are the major targets of the 

corticotectal projection originating from PM whereas there was only a very weak 

corticotectal projection originating from motor cortical areas to SCsup. Overall, our 

observations demonstrate that corticotectal projections originate from more widespread 

regions of the cortical motor areas in the frontal lobe than previously recognized and that 

these projections target the deep layers of the superior colliculus.  

 The failure of prior studies (Fries 1984, 1985) to detect projections from the SMA to 

the superior colliculus may result from two factors. First, Fries used HRP as retrograde 

tracer, which is a less sensitive tracing method than BDA. Second, most of his HRP 

injections in superior colliculus did not include the deepest layers of the SC where we 

found the heaviest projections from the SMA (Figs. 4, 6). Thus, his injections sites may 

have largely avoided the sites with the densest SMA terminations. 

The present study, like recent reports (Borra et al., 2010, 2014; Distler and Hoffmann 

2015) took advantage of the BDA tracing technique which allows visualization of axonal 

boutons within axon terminal fields. Furthermore, we could quantify the numbers of 

corticotectal boutons due to the spatially limited and relatively sparse terminal fields. 

Possible limitations of this quantitative analysis reside in variations of BDA injection sites, 

uptake and transport as well as the different sampling intervals of histological sections 

across monkeys. We attempted to attenuate these possible limitations by correcting for 

section sampling intervals and by normalizing the data based on CS axon counts (Fig. 5; 

see Fregosi et al. 2017 for a more complete discussion of the normalization procedure). 

One limitation of our normalization procedure is that the corticotectal projections originate 

from limited territories of PM or M1 (Fries 1984, 1985) whereas the BDA injection may 

spread beyond the cortical territories projecting to the SC. This would result in an elevated 
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CS axons count that comprised CS axons originating both within and outside of the SC 

projection territory.  Consequently, the normalized number of boutons in SC would be 

decreased.  In addition, the PM and SMA tend to emit a slightly lower number of CS axons 

than M1 (Dum and Strick, 1991), which would increase the normalized number of boutons 

from PM and SMA as compared to M1.  

In the interpretation of the normalized data, there are three possible scenarios: i) the 

raw data do not show any difference between the cortical areas of origin, but the 

normalized data do. In such a case, concerns about conclusions based on normalized 

data only are fully legitimate; ii) the raw data show a difference between the cortical areas 

of origin, but not the normalized data. In such a case, variability among injections sites 

may be a concern; iii) both the raw data and the normalized data go clearly in the same 

direction, as it is the case in the present study. The normalized data then represent an 

additional and consistent approach to the raw data. The trend in the normalized number of 

boutons among the motor areas is the same as the trend in the corrected raw data (Fig. 5). 

Therefore, normalized data support the conclusion derived from the raw data, namely that 

the PM and SMA have stronger projections to the SC than does M1. 

Although the BDA labelling in the contralateral SC was restricted to a few passing 

stem axons, rare axonal boutons were also observed, representing around 1% of the total 

corticotectal projection. This is in line with a previous study reporting a contralateral 

corticotectal projection from PM, based on retrograde tracing data (Distel and Fries 1982). 

Borra et al. (2014) also reported a contralateral projection to SC from the area F5. The 

present study extends these data to a contralateral projection to SC originating from SMA 

and, to a lesser extent, from M1. As far as bilaterality is concerned, the motor corticotectal 

projection appears to be highly lateralized (vast predominance of ipsilateral projection to 

SC: around 99%), in contrast to the corticobulbar (corticoreticular) projection (Fregosi et 

al., 2017). The latter is clearly more bilateral, although there was some ipsilateral bias 

when originating from PM or SMA (50-67%), whereas the contralateral projection 

predominated when originating from M1 (58-71%). With respect to laterality, the 

corticospinal projection, containing  about only 10% of uncrossed (ipsilateral) axons, 

sharply contrasts with the motor corticotectal projection mostly limited to the ipsilateral 

side. 

The corticotectal projection from M1 remains somewhat controversial, at least with 

respect to its strength, which is certainly lower than that coming from PM. The corticotectal 

projection from M1 may vary depending on the body territory of origin. It was reported to 
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be clearly stronger from the orofacial region of M1 than from the forelimb and hindlimb 

territories of M1 yielding “very sparsely detected” labeled fibers in SC (Tokuno et al., 

1995). Such sparse labelling in SC was interpreted by Borra et al. (2014) as a lack of 

projection from the M1 hand area to the SC, in line with previous reports (e.g. Monakow et 

al., 1979; Shook et al., 1990). The present study confirms the existence of a corticotectal 

projection from M1, previously reported by Fries (1984, 1985), with evidence that it applies 

to the hand/arm territory as well, though less strong than from the face region (Tokuno et 

al., 1995). Nevertheless, the corticotectal projection from M1 remains fairly modest in 

comparison to that arising from non-primary motor areas (PM and SMA). Note however 

that Tokuno et al. (1995) reported a corticotectal projection from the orofacial region of M1 

terminating mostly in the intermediate layer of SC, whereas the present study shows a 

corticotectal projection mostly from the forelimb M1 area terminating predominantly in the 

deep layer of SC (Table 1). This layer difference argues in favor of a somewhat distinct 

role played by the SC with respect to the control of movements, involving either the face or 

the arm/hand. 

The corticotectal projection from SMA-proper is derived from two cases (SMA-1 and 

SMA-2), exhibiting different numbers of boutons in SC, about 6 times more in SMA-2, 

although the BDA injections were targeted in both monkeys to the hand representation. 

However, the rostro-caudal extent of the BDA injections sites in SMA-2 is larger than in 

SMA-1, possibly explaining this difference, especially if BDA spread from the hand area to 

the head representation in SMA-2, considering the functional significance of the SC in the 

control of the head movements. 

The strength gradient of corticotectal projections observed here (Fig. 5), namely PM 

= SMA > M1 is reminiscent to that observed for the corticobulbar projection to PMRF 

(Fregosi et al., 2017), at least for the weak projection originating from M1. In both cases, 

the terminal zones of the corticofugal (corticotectal and corticobulbar) projections match 

the location of the tectospinal neurons (Castiglioni et al., 1978; Nudo and Masterton, 1989; 

Nudo et al., 1993) and of the reticulospinal neurons in PMRF (Kneisley et al., 1978; Nudo 

and Masterton, 1988; Sakai et al., 2009; Borra et al., 2010; Fregosi et al., 2017), 

respectively. As a result, the corticotectal and corticobulbar projections originating from 

PM, SMA and M1 are in a position to indirectly influence spinal motoneurons via the 

mesencephalon and brainstem, in parallel to the direct corticospinal components 

originating from the same 3 motor cortical areas (e.g. Dum and Strick, 1991, 1996; He et 

al., 1993, 1995; Rouiller et al., 1996). However, the CS component from M1 outnumbers 
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that coming from the PM or SMA (Dum and Strick, 1991, 1996; Rouiller et al, 1996), 

whereas the projection strength is reversed (stronger projections from the PM and SMA 

than from M1) for the corticotectal (present study) and corticobulbar projections (Fregosi et 

al., 2017). The gradient of corticotectal and corticoreticular (Fregosi et al., 2017) 

projections in terms of strength with respect to their origin (PM >= SMA > M1) interestingly 

matches further gradients across premotor versus primary motor areas. In particular, the 

corticocortical connections of PM and SMA are more widespread than those of M1 

(Morecraft et al., 2012, 2015). Furthermore, the cytoarchitecture of PM – SMA – M1 

exhibits gradual changes in laminar organization through premotor, supplementary motor 

and primary motor areas (Morecraft et al., 2012, 2015; Barbas and Garcia-Cabezas 2015). 

These anatomical and connectional gradients are likely to also reflect functional gradients 

(Markov et al., 2014), corresponding to largely segregated functions in the control of 

voluntary movements across the premotor areas and the primary motor area. 

Functionally, as the non-primary motor cortical areas are more specialized than M1 

for preparation and programing of voluntary movements, both the corticotectal and 

corticobulbar projections from PM and SMA may send an early and fairly prominent 

information regarding the intended action, possibly useful to elaborate posture adaptation 

from the mesencephalic (SC) and brainstem (PMRF) motor centers, which belong to the 

ventromedial descending projection group (Lemon, 2008), biased towards proximal and 

trunk muscles. M1 appears to be more involved in the output via the CS projection, 

although small components are present in the corticotectal and corticobulbar projections, 

but most likely are related to movement execution. 

Although they belong to the ventromedial descending projection system (Lemon, 

2008), the corticotectal and corticobulbar projections are interfaced with the tectospinal 

and reticulospinal projections, which are not only involved in the control of posture, but 

also in reaching movements (e.g. Werner, 1993; Werner et al., 1997a,b; Stuphorn et al., 

1999, 2000; Philipp and Hoffmann, 2014; Buford and Davidson, 2004; Davidson and 

Buford, 2004, 2006; Davidson et al., 2007). Furthermore, these two systems of descending 

projections were found to be involved in the control of distal (hand) muscles such as during 

grasping (Nagy et al., 2006; Riddle et al., 2009; Riddle and Baker 2010; Soteropoulos et 

al., 2012). For the corticotectal projection and the related tectospinal projection, due to the 

known multisensory and sensorimotor integrative properties of the SC (see e.g. Stein et 

al., 2009; Wurtz, 2009 for review), their main functional contribution may well remain in the 

task of coordinating movements of arm/hand with those of eyes and head (including the 
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neck), in order to generate complex and well controlled behaviors to interact with objects 

of interest in a constantly changing environment. In the cat for instance, it has been shown 

that afferents from neck muscles and from extraocular muscles converge in the SC on 

cells of origin of the tectospinal tract (Abrahams and Rose 1975). 

From an evolutionary point of view (Nudo and Masterton, 1989), the tectospinal 

projection in the non-human primate represents quantitatively a minor descending 

projection in comparison with the more massive corticospinal and rubrospinal projections. 

The size of the tectospinal projection does not correlate with good vision, manual dexterity 

or hand-eye coordination (Nudo and Masterton, 1989). As a consequence, the moderate 

number of corticotectal axon terminals observed in the present study suggest that these 

projections may contribute to a motor based regulation of intrinsic neuronal circuits in the 

deeper layers of the SC. One may speculate that the motor corticotectal projection 

provides the SC with an efferent copy of the voluntary movement programs. This efferent 

copy could be used locally for sensorimotor integration in the SC rather than as an indirect 

route from the cerebral cortex to spinal motoneurons via the tectum. For M1, such motor 

influence on the SC appears to be focused on the orofacial representation (Tokuno et al., 

1995), whereas it may involve more extensive body part representations from the PM and 

SMA (Borra et al., 2010, 2014; Distler and Hoffmann 2015; present study). 
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Figure 1 (previous page) 

A and B. Photomicrographs showing typical BDA anterogradely labelled axonal terminal 

fields in the ipsilateral superior colliculus (SC) after injection of BDA in PM (taken from 

monkey PM-1), and at 2 magnifications. The terminal field illustrated is located in the 

intermediate layer of the SC, as indicated in the inset on the bottom left of panel A (arrow; 

s=superior layer of SC; i=intermediate layer of SC; d=deep layer of SC). The rectangle in 

panel A shows the zone illustrated at higher magnification in panel B, where a few axonal 

boutons are pointed by arrows as example. 

C. Reconstruction of the BDA injection site in monkey Pre-SMA, located in pre-SMA, as 

shown on a top view of the brain: hatched zone on the left hemisphere adjacent to the 

midline (other injection sites reported in earlier studies, as mentioned in the methods 

section). In the bottom, drawing of a frontal section taken in the middle of the injection site, 

which appears as a black spot. 
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Figure 2 
Serial sections of half of the midbrain (ipsilateral to the BDA injection in PM; monkey PM-

1) arranged from rostral to caudal (1 to 17). The most rostral section (#1) shows both 

sides. The intersection interval is 250 m. The green dots represent the location of the 

charted BDA labelled axonal boutons in the superior colliculus (SC). SCs=superior layer of 

SC; SCi=intermediate layer of SC; SCd=deep layer of SC. See Figure 3 for location of the 

3 intermingled zones of SC (Op, InWh and DpWh). See also list of abbreviations. 
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Figure 3 
Serial sections of half of the midbrain (ipsilateral to the BDA injection in M1; monkey M1-1) 

arranged from rostral to caudal (1 to 9). The most rostral section (#1) shows both sides. 

The intersection interval is 400 m. The green dots represent the location of the charted 

BDA labelled axonal boutons in the superior colliculus (SC). SCs=superior layer of SC; 

SCi=intermediate layer of SC; SCd=deep layer of SC. This Figure shows the location of 

the 3 intermingled zones of SC (Op, InWh, DpWh). See also list of abbreviations. 
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Figure 4 
Serial sections of half of the midbrain (ipsilateral to the BDA injection in SMA; monkey 

SMA-2) arranged from rostral to caudal (1 to 13). The most rostral section (#1) shows both 

sides. The intersection interval is 400 m. The green dots represent the location of the 

charted BDA labelled axonal boutons in the superior colliculus (SC). SCs=superior layer of 

SC; SCi=intermediate layer of SC; SCd=deep layer of SC. See Figure 3 for location of the 

3 intermingled zones of SC (Op, InWh and DpWh). See also list of abbreviations. 
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Figure 5 (previous page) 

Panel A: Comparison of the corrected numbers of BDA labelled axonal boutons in SC (see 

Table 1) across monkeys and motor cortical area of origin. The identity of each monkey is 

given along the abscissa. 

Panel B: Same data but after normalization with respect to the number of BDA labelled CS 

axons (see Table 1 and as explained in the methods section). 

SMA reads here for SMA-proper (the caudal SMA). Pre-SMA is not represented (monkey 

Pre-SMA) as there was no corticotectal projection in that monkey. 
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Figure 6 (previous page) 

For each motor cortical area injected with BDA, the scatter plots show the percentage 

distribution of the BDA labelled axonal boutons across the 6 sub-regions of the superior 

colliculus (listed along the abscissa). In each monkey, the sum of all values is 100%. The 

distribution is based on the corrected numbers of boutons (Table 1). The bottom graph 

includes the data for SMA-proper (SMA-1 and SMA-2) and for Pre-SMA. See list of 

abbreviations. 
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Table 

PM-1 PM-2 PM-3 M1-1 M1-2 M1-3 SMA-1 SMA-2 SMA-3 
Mk-R13 Mk-R12 Mk-CH Mk-Z182 Mk-M310 Mk-M93-80 Mk-M93-81 Mk-BS Mk-IU 

BDA injection in PMd/PMv PMd PMd/PMv M1 M1 M1 SMA SMA Pre-SMA 
Age at sacrifice 4.5 6 10 7.5 8.5 4 4 6 9 
Weight 4 4 6 10 10 4 4 7 9 
Sex Female Female Male Male Male Male Male Male Male 
Species Fasc. Fasc. Fasc. Fasc. Fasc. Fasc. Fasc. Mul. Mul. 
Nb. of series of sections 5 5 5 8 8 7 7 7 8 
Intersection interval (m) 250 250 250 400 400 350 350 350 400 
BDA volume injected (L) 8.8 7.2 8 25.5 22.5 10 10 4 8 
Nb. of BDA sites injected 11 9 10 17 15 7 6 4 8 
Body territory injected * Large Large Large Forelimb Forelimb Hand Hand Hand - 

Raw Nb. boutons in SC 10’401 4’469 3’034 361 257 470 1’625 4’224 0 
Corrected Nb. boutons in SC** 10’401 4’469 3’034 578 411 658 2’275 5’914 0 
Corrected Nb. boutons in SCint 6’358 1’762 912 206 32 22 325 1’116 0 
Corrected Nb. boutons in SCdeep 3’284 1’938 1’684 272 336 547 1’044 2’965 0 

Nb. labelled CS axons 1’802 1’473 1’201 950 703 3’195 2’160 908 0 
Normalized Nb. boutons in SC*** 5’772 3’034 2’526 608 585 206 1’053 6’513 0 

Table 1: Individual data for the nine monkeys included in the present study. SC=Superior Colliculus; SCint=intermediate nucleus of SC; SCdeep=deep nucleus of SC. 

In the top row, the IDs of monkeys are as in Fregosi et al. (2017) for seven of them (seven left most columns), with two newly inserted monkeys (two rightmost 
columns). The second row gives original IDs used in the laboratory, as well as in earlier reports. 

Fasc.= Macaca fascicularis; Mul.= Macaca mulatta. 

* In PM, the BDA injections covered most of the targeted areas (see Fregosi et al., 2017), namely PMd in Mk-R12 and PMd/PMv in the other two monkeys (Mk-R13 and
Mk-CH). In M1, in two monkeys (Mk-Z182 and Mk-M310) BDA was injected in absence of ICMS (based on sulci) in territories including most likely the hand and the arm 
territories; In Mk-M93-80, BDA was injected in the hand area delineated with ICMS (intracortical microstimulation). The hand area, also identified by ICMS, was injected 
with BDA in SMA-proper (Mk-M93-81 and Mk-BS). In pre-SMA (Mk-IU), BDA was deposited in the area as defined in Liu et al. (2002) as the rostral part of SMA. 

** The raw number of axonal boutons in SC was corrected to take into account the differences in intersection interval, as explained in the methods (no corrections for 
terval). 

*** In each monkey, the number of axonal boutons in SC was normalized according to the number of corticospinal labelled axons, as explained in the methods. 
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Abstract 
 

The corticotectal projections, together with the corticobulbar projections, work in 

parallel with the corticospinal tract to influence motoneurons in the spinal cord both directly 

and indirectly via the brainstem descending pathway. One of these is the tectospinal tract 

originating in the deep layers of the superior colliculus. 

In the present study we analysed the corticotectal projections from two motor areas, 

namely the premotor cortex (PM) and the primary motor cortex (M1) in eight non-human 

primates subjected to either a cortical lesion of the hand area in M1 (n=4) or PD (n=4). A 

subgroup of monkeys with cortical lesion was subjected to anti-NogoA antibody treatment 

whereas all PD monkeys were treated with ANCE. The anterograde tracer BDA was used 

to label the boutons both en passant and terminaux in the ipsilateral superior colliculus. 

Individual axonal boutons were charted in the different layers of the superior colliculus with 

the software Neurolucida. 

In intact animals (chapter 3.3) we observed that corticotectal projections were denser 

when originating from PM than from M1. In the present study we found that these 

proportions were maintained, however after lesion or pathology affecting the CNS, 

corticotectal projections from PM undergo some density changes depending on the 

presence and type of the treatment used.   
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Introduction 
 

In the CNS there are several parallel descending projection systems originating from 

either the cerebral cortex or the brainstem. The cerebral cortex informs the spinal cord 

about the desired voluntary movements both directly via the corticospinal tract (CST) 

and/or indirectly via the corticorubral, corticotectal and the corticobulbar (corticoreticular) 

projections which connect the cerebral cortex with different levels of the brainstem that in 

turn projects to the spinal cord (Lemon, 2008).  

Corticotectal projections originate in layer V of the cerebral cortex and act on the 

superior colliculus (SC; Fries, 1984, 1985). Motor areas have been shown to send 

projections to the SC mainly to the intermediate and deep layers. The premotor area (PM), 

both dorsal (PMd) and ventral (PMv), projects to the intermediate and deep layers of SC in 

intact animals (Fries, 1984, 1985; Distler and Hoffmann, 2015; Borra et al., 2010, 2014). 

Projections from M1 have also been found although less dense than those from PM (Fries, 

1984, 1985; Tokuno et al., 1995). In chapter 3.3 of the present thesis we confirmed with 

the use of BDA as anterograde tracer the existence of corticotectal projections from PM 

and M1 preferentially to both the intermediate and deep layers. Furthermore, earlier 

retrograde tracing studies (HRP) did not find any projection to SC from SMA. As an 

original finding, we reported in chapter 3.3, the existence of corticotectal projections from 

SMA to SC as strong as those originating from PM.  

The intermediate and deep layers of SC have been proposed to be a centre of 

sensorimotor integration (Sparks and Hartwich-Young, 1989). These layers receive 

projections from the lateral grasping network (Borra et al., 2014), together with projections 

from motor areas (Borra et al., 2010, 2014; Fries, 1984, 1985; Distler and Hoffmann, 2015; 

chapter 3.3), and are thus well placed to integrate visuomotor information of the object 

and action goal (Borra et al., 2014). Furthermore, the intermediate and deep layers of SC 

have been shown to possess neuronal populations that are related to reaching movement 

(Werner, 1993; Werner et al., 1997a, b) as well as to hand-object interaction (Nagy et al., 

2006). Moreover, intracortical stimulation of SC has been shown to produce arm 

movements (Philipp and Hoffmann, 2014). Furthermore, from the intermediate and deep 

layers of SC originates the tectospinal tract (TST) that descends to the cervical upper 

spinal cord (Castiglioni et a., 1978; Nudo et al., 1993). Therefore the presence of neurons 

related to reaching and hand movements approaching an object and also projections from 

various motor areas make the SC a likely player in movement control. 
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Our goal was to investigate on eight lesioned monkeys how corticotectal projections 

arising from PM and M1 are affected either by cortical lesion in M1 hand area or by 

Parkinson’s disease (PD). The present study has been conducted on the animals used to 

study corticobulbar projections from PM and M1 after different lesion/pathology (see 

chapter 3.2). The aim of the present analysis was to fill the gap on how corticotectal 

projections rearrange, if they do, their density and laminar distribution after M1 hand area 

cortical lesion or PD. 

 

Materials and Methods 
 

The materials and methods used in the present investigation are the same as those 

already reported in the previous chapters. The monkeys involved are the same as those 

reported in chapter 3.2, with the exception that in the present investigation it was not 

possible to analyse spinal cord injury (SCI) monkeys for corticotectal projections as we did 

for corticobulbar projections due to the unavailability of the histological material at midbrain 

level. The methods used in the present study to analyse the histological sections are the 

same as those reported in chapter 3.3 for corticotectal projections in intact monkeys.  

In the present study, eight animals received BDA injections in either PM (n=6) or M1 

(n=2) after being subjected to either cortical lesion of M1 hand area (n=4) or PD (n=4). For 

five out of six monkeys injected in PM the injection comprised both PMd and PMv, 

whereas for one monkey (MK-RO) the injection was restricted to PMd only. Furthermore, 

in Mk-RO 5 sections located in the middle of SC were not available and thus were not 

quantified. BDA injections in M1 were not precisely located on a body region in particular 

although including the hand area. The injection sites of BDA are the same as those 

reported in chapter 3.2, Figure 1. Furthermore, six out eight monkeys were subjected to 

post-lesion treatment: two monkeys with cortical lesion of M1 hand area were treated with 

the anti-NogoA antibody whereas PD monkeys were subjected to the autologous neural 

cell ecosystem (ANCE; Table 1; protocols are the same as those reported in chapter 3.2; 

additional information is found in chapter 2. General Materials and Methods). Two 

monkeys subjected to M1 lesion were not treated (Table 1). For individual information on 

the 8 monkeys see Table 1 whereas for further general information on the monkeys see 

chapter 2. General Materials and Methods, Table 2 and Table 3.  

All monkeys were previously involved in behavioural tasks (Schmidlin et al., 2011; 

Kaeser et al., 2010, 2011, 2014; Badoud et al., 2017; Wyss et al., 2013; Hoogewoud et al., 
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2013; Bashir et al., 2012). All surgical experimental procedures, experiments and animal 

care were conducted in respect to the ethical guidelines (ISBN 0-309-05377-3, 1996) and 

authorized by the local (Canton of Fribourg) and federal (Switzerland) veterinary 

authorities (for authorizations see chapter 3.2). All procedures for anaesthesia, surgery, 

treatments as well as euthanasia are the same as those reported in chapter 3.2 and in 

chapter 2. General materials and methods. Histological preparation of the tissue is the 

same as that recently reported in Fregosi et al. (2017). As for intact animals in chapter 
3.3, the present analysis was restricted to the ipsilateral SC with respect to the tracer 

injection (Table 1) and was performed according to the same criteria as previously 

reported (see also chapter 2. General material and methods). Furthermore, the 

subdivision of the SC in layers was performed according to the Paxinos atlas (Paxinos et 

al., 2000).  

In order to allow a direct comparison of corticotectal projections between monkeys 

due to the difference in BDA injection size and volume the data were normalized according 

to the number of CS projections calculated just above the pyramidal decussation (Table 
1). Moreover, the midbrain was cut at 50µm in a variable number of series across animals 

(5 or 10, see Table 1). To avoid under-quantification due to the distance between the 

analysed sections we corrected the data as was previously done for intact animals in 

chapter 3.3. Here we took as reference sectioning in 5 series (cortical lesion) as we did for 

intact animals injected in PM in chapter 3.3. Brain sections of PD animals were collected 

in 10 series and therefore the normalized and corrected numbers of boutons was 

multiplied by a factor of 2.  
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 Mk-MO Mk-VA Mk-RO Mk-BI Mk-LL Mk-MY Mk-LY Mk-MI 

BDA injection in PMd/PMv PMd/PMv PMd PMd/PMv PMd/PMv PMd/PMv M1 M1 

Age at sacrifice 6 6 4.5 6 7.5 9.5 7.5 9.5 

Weight 5.6 4.9 3.2 5 3.6 4.3 3.3 3.3 

Sex Male Male Male Male Female Female Female Female 

Species Fasc. Fasc. Fasc. Fasc. Fasc. Fasc. Fasc. Fasc. 

Lesion M1 M1 M1 M1 PD PD PD PD 

Treatment 
Anti-

NogoA 

Anti-

NogoA 
None None ANCE ANCE ANCE ANCE 

Nb. of series of sections 5 5 5 5 10 10 10 10 

Intersections interval (m) 250 250 250 250 500 500 500 500 

Volume lesion with ibotenic acid (mm3) 41.8 20 14 20.13 - - - - 

Loss DA neurons in SNpc (%) - - - - 67.4 71.8 38.8 73.4 

BDA volume injected (L) 10.8 5 4.8 7.2 9.7 11.5 9 9 

Nb. of BDA sites injected 12 5 6 11 8 9 6 6 

Body territory injected * Large Large Large Large Large Large Large Large 

Nb. labelled CS axons 1975 1312 543 1328 593 611 1671 1117 

Nb. boutons in SC 207 1372 3802 2799 543 3323 318 170 

Nb. boutons in SCint 23 138 2242 1409 126 1255 12 112 

Nb. boutons in SCdeep 129 1081 992 902 322 1736 212 52 

Norm. Nb. boutons in SC** 105 1046 7002 2108 916 5439 190 152 

Corrected Nb. boutons*** 105 1046 7002 2108 1832 10878 360 304 
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Table 1 (previous page): Individual data for the eight monkeys included in the present study. SC=Superior Colliculus; SCint=intermediate layer of SC; SCdeep=deep 
layer of SC. Fasc.=macaca fascicularis. 
* In both PM and M1, the BDA injections covered most of the targeted areas (see Fregosi et al., 2017) and were not preceeded by  ICMS (intracortical microstimulation).  
** In each monkey, the numbers of axonal boutons in SC were normalized according to the number of corticospinal labelled axons, as explained in the methods. 
*** The normalized number of axonal boutons (line above) was finally corrected to take into account the differences in intersections interval (9th row from top), as 
explained in the methods (no corrections for the 4 monkeys with the injections in PM with 5 series taken as reference). 
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Results 
 

Corticotectal projections to SC from PM in monkeys with lesion of M1 hand area 

The anterograde tracer BDA was injected in both PMd and PMv in Mk-MO, Mk-VA 

and Mk-BI, whereas MK-RO was injected in PMd only. Mk-MO and MK-VA were treated 

with anti-NogoA antibody post-lesion whereas both Mk-RO and Mk-BI remained untreated. 

Injection sites are the same as those presented in chapter 3.2., Fig. 1. Since all animals 

had 5 series of brain sections, which has been used as reference, no correction was 

necessary. Therefore we reported only the amount of normalized boutons in the SC (Fig. 
2). Furthermore, data are compared to those in intact monkeys (see chapter 3.3.) for 

clearer observation of the changes occurring after the lesion. 

Figure 1 shows the distribution of boutons in the SC ipsilateral to the BDA injection 

site in PM in one monkey treated with anti-nogoA antibody (Fig. 1A) and one monkey 

without treatment (Fig. 1B). Projections were located in the intermediate (SCint) and deep 

(SCdeep) layers in both monkeys (Figs.1A and 1B) throughout the entire SC. Mk-BI (Fig. 
1B) shows stronger corticotectal projection than Mk-VA (Fig.1A); furthermore Mk-BI shows 

the boutons in both ventro-lateral and dorso-medial sectors of the SC with a majority of 

boutons in its ventro-lateral part whereas for Mk-VA there is no clear preponderance for 

ventro-lateral or dorso-lateral part of SC. 

 
Figure 1 (next page): Serial sections of half of the midbrain (ipsilateral to the BDA injection in PM) for Mk-VA (A) 
and Mk-BI (B) arranged from rostral to caudal (1 to 10 or 12 for Mk-VA and Mk-BI, respectively); Mk-VA was 
treated with the anti-NogoA antibody. The most rostral section (#1) shows both sides. The intersection interval 
is 250 µm. The green dots represent the location of the charted BDA labelled axonal boutons in the superior 
colliculus (SC). SCs=superior layer of SC; SCi=intermediate layer of SC; SCd=deep layer of SC. See list of 
abbreviations. 
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First we compared in SC the amount of normalized boutons after BDA injections in 

PM in monkeys (n=4) subjected to cortical lesion of the M1 hand area and in intact animals 

(Fig. 2; see chapter 3.3. for corticotectal projections in intact animals). Of the four 

animals, two received the anti-NogoA antibody treatment (Mk-MO and Mk-VA) whereas 

two did not (Mk-RO and Mk-BI). Mk-MO and Mk-VA showed a decreased corticotectal 

projection as compared to intact animals, with the strongest decrease in Mk-MO (Fig. 2). 

 

 
 

Figure 2: Bargraph showing the normalized numbers of boutons in the SC after BDA injection in PM in intact 
monkeys and in monkeys subjected to cortical lesion of the hand area in M1. Mk-MO and Mk-VA were subjected 
to treatment with anti-NogoA antibody, whereas Mk-RO and Mk-BI remained untreated after the lesion. * 
indicates that in Mk-RO 5 sections in the middle of SC were unavailable. Data in intact animals are derived from 
chapter 3.3. 

 

The situation in untreated monkeys was different compared to the treated one. Mk-BI 

did not show any change as compared to the intact animals whereas there was an 

increase of corticotectal projections to the SC after the M1 lesion in Mk-RO (Fig. 2). 

Moreover, we should take into account that 5 sections in Mk-RO were unavailable. It is 

thus possible that, if these sections would had been included in the analysis the amount of 

boutons would have been even higher than that observed.  
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Figure 3: Bargraphs showing the percent distribution of corticotectal boutons both en passant and terminaux in 
the layers of the SC after BDA injections in PM for monkeys with cortical lesion of M1 hand area. The upper 
panels show Mk-MO and Mk-VA both subjected to anti-NogoA antibody treatment. The bottom panels show the 
two untreated monkey Mk-RO and Mk-BI. For every monkey the exact location of the PM injection is reported in 
brackets. “n” indicates the absolute number of boutons found in SC. In each bargraph, the sum of all bins is 
100% 

 

We further analysed the distribution of corticotectal axonal boutons in the SC layers 

(Fig. 3). The two monkeys treated with anti-NogoA antibody, both with BDA injection in 

both PMd and PMv, had the lower absolute number of boutons across the SC as 

compared to the untreated animals where the number was more than the double. In Mk-

MO and Mk-VA (treated animals) the large majority of boutons were located in SCdeep 

whereas a small percentage of them was found in SCint. In contrast, Mk-RO and Mk-BI 

(untreated animals) the boutons were located mainly in both SCint and SCdeep, though 

more in SCint (Fig. 3). Absent or only sparse corticotectal projections were found in the 

superficial layer of SC (Fig. 3). 
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Figure 4: Graph representing the number of normalized corticotectal boutons in the ipsilateral SC (according to 
the number of BDA labelled corticospinal axons observed above the pyramidal decussation) as a function of the 
volume of the M1 lesion. All animals were injected in PMd/PMv, except Mk-R12 and Mk-RO with injections 
restricted to PMd. The grey background includes the intact animals (lesion volume = 0). Data in intact monkeys 
are derived from chapter 3.3. 

 

Figure 4 shows the normalized numbers of boutons in the ipsilateral SC after BDA 

injection in PM as a function of the lesion volume in intact monkeys (chapter 3.3.) 
compared to the monkeys with cortical lesion. The two untreated monkeys (Mk-RO and 

Mk-BI) show similar (Mk-BI) or increased (Mk-RO) corticotectal projections as compared to 

the intact monkeys. The two monkeys treated with anti-NogoA antibody (Mk-MO and Mk-

VA) show a decreased corticotectal projection. Furthermore, the decrease of corticotectal 

projections appears to be dependent on the treatment and also linked to the lesion size. 

 

Corticotectal projections to SC from PM and M1 in PD monkeys 

In PD animals the tracer BDA was injected in both PMd and PMv in Mk-LL and Mk-

MY, whereas it was injected in M1 in Mk-LY and Mk-MI. All the four PD monkeys were 

treated with ANCE (see 2. General materials and methods). Injection sites are the same 

as those presented in chapter 3.2., Fig. 1. Since all animals had 10 series of brain 

sections the normalized numbers of bouton were further corrected by a factor of 2.  
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Figure 5 (previous page): Serial sections of half of the midbrain ipsilateral to the BDA injection in PM in Mk-MY 
(A) or in M1 in Mk-LY (B) arranged from rostral to caudal (1 to 9 or 7 in Mk-MY and Mk-LY, respectively). Both 
monkeys were treated with ANCE. The most rostral section (#1) shows both sides. The intersection interval is 
500 µm. The green dots represent the location of the charted BDA labelled axonal boutons in the superior 
colliculus (SC). SCs=superior layer of SC; SCi=intermediate layer of SC; SCd=deep layer of SC. See list of 
abbreviations. 

 

Figure 5 shows the distribution of corticotectal boutons in the SC ipsilateral to the 

BDA injection site in either PM (Fig. 5A; Mk-MY) or M1 (Fig. 5B; Mk-LY). Projections were 

stronger when originating from PM (Mk-MY ; Fig. 5A) rather than from M1 (Mk-LY; Fig. 
5B) as in intact monkeys. Furthermore, there is no clear predominance in either the 

ventro-lateral or medio-dorsal parts of SC: corticotectal boutons are located in both SCint 

and SCdeep with a majority of corticotectal projections to SCdeep (Fig. 5A and 5B). 

Corticotectal boutons were found in the rostral part of SC but not in the caudal-most 

sections (Fig. 5A and 5B). 

The amount of normalized corticotectal boutons and of corrected boutons in PD 

animals are shown in Fig. 6A and 6B, respectively. Furthermore, as we did for monkeys 

with cortical lesion, we compared the PD data to those in intact monkeys (see chapter 
3.3.) for assessment of the changes occurring after the MPTP injection. For the two 

monkeys injected in M1 no change of density was observed as compared to intact animals 

(Fig. 6A and 6B). In contrast, in monkeys injected in PM there was a different situation: 

Mk-LL showed no change as compared to intact animals (Fig 6B) whereas Mk-MY 

showed a strong increase of projections to SC, almost the double than in Mk-R13, the 

intact one with the highst number of boutons (Fig. 6B). 
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Figure 6: A: Bargraph showing the normalized numbers of boutons in the SC after BDA injection in either PM or 
M1 in PD monkeys. B: Bargraph showing the corrected numbers of boutons in SC. Mk-LL and Mk-MY were 
injected in both PMd and PMv, whereas Mk-LY and Mk-MI were injected in M1. All PD animals were treated with 
ANCE. Data in intact monkey are derived from chapter 3.3. 

 

The corticotectal boutons in both PM and M1 injected animals were found in SCint 

and SCdeep layers of SC (Fig.7). In both Mk-LL and Mk-MY (PM injection) the majority of 

boutons was found in SCdeep. The same was true for Mk-LY (M1 injection) which in turn 

showed very small projection to SCint. On the contrary, Mk-MI showed a denser 
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corticotectal projection to Scint as compared to SCdeep. Absent or only sparse projections 

were found to the superficial SC layers (Fig. 7). 

 

 
 

Figure 7: Bargraphs showing the distribution of boutons both en passant and terminaux in the layers of the SC 
after BDA injections in either PM or M1 in PD monkeys. The upper panels show PM injected monkeys Mk-LL and 
Mk-MY. The bottom panels show M1 injected monkeys Mk-LY and Mk-MI. All animals were treated with ANCE. 
For every monkey the exact location of the PM injection is reported in brackets. “n” indicates the absolute 
number of boutons found in SC. In each graph, the sum of all bins is 100%. 

 

Figure 8 shows the corrected numbers of corticobulbar boutons in the ipsilateral SC 

after BDA injections in either PM or M1 as a function of the loss of DA neurons in the SNpc 

in intact animals (chapter 3.3.) as compared to the monkeys with PD. The two monkeys 

injected with BDA in PM (Mk-LL and Mk-MY; Fig. 8A) show a comparable (Mk-LL) or an 

increased (Mk-MY) corticotectal projection as compared to the intact monkeys. In the two 

PD monkeys injected in M1 (Fig. 8B) the corticotectal projections remained comparable to 

that in intact monkeys. Projections from both PM and M1 (Fig. 8A and 8B) appear not 

affected by the lesion, with the exception of Mk-MY whose corticotectal projection from PM 

shows a strong increase, almost two times the number of boutons found in Mk-R13. An 
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enhancement of corticotectal projection possibly due to the treatment in this monkey is 

likely. 

 

 
 

Figure 8: Graphs representing the numbers of corrected boutons in the ipsilateral SC as a function of the 
percentage loss of DA neuron in the SNpc. The data were first normalized according to the number of CST 
labeled with BDA and then corrected by a factor of 2 to take into account the number of sections series. A: All 
animals were injected with BDA in PMd/PMv, except Mk-R12 in which the injection was restricted to PMd. B: All 
animals were injected with BDA in M1; only Mk-M93-80 was injected in the hand region only. The grey 
background includes the intact animals (% loss = 0). Data in intact monkeys are derived from chapter 3.3. 

 

Discussion 
 

Our aim was to investigate whether and how corticotectal projections rearrange 

following a lesion (M1) or a pathology (PD) affecting the CNS. To the best of our 

knowledge this is the first study assessing the possible rearrangement of corticotectal 

projections after lesion or pathology of the CNS. Our data demonstrate that the 

corticotectal projections from PM rearrange (decrease) following M1 hand area cortical 

lesion and subsequent anti-NogoA antibody treatment; this was not the case when the M1 

lesion was not followed by a treatment (Fig. 2). In contrast, in PD monkeys the 

corticotectal projections from M1 and PM did not substantially change their density as 

compared to intact animals (Fig. 6). 

Corticotectal projections to the SC are directed mainly to the intermediate and deep 

layers (Figs. 3 and 7) as in intact animals (Fries, 1984, 1985; Distler and Hoffmann 

2015,). However, there was a difference in the distribution across the SC layers between 

treated and untreated animals injected with BDA in PM and subjected to M1 lesion: in 
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monkeys injected in both PMd and PMv and receiving a treatment (anti-Nogo-A antibody), 

the majority of boutons were found in SCdeep whereas in untreated monkeys the majority 

of boutons were located in SCint (Fig. 3). Projections to SC from M1 ended in PD 

monkeys generally in the deep layers (Fig. 7), except in one monkey (Mk-MI). 

 

Limitations 

The animals presented in this chapter are the same monkeys reported in chapter 3.2 

and therefore the limitations of the present study are similar to those already presented in 

that previous chapter. Briefly, the present study involves a limited number of monkeys 

(n=8) subjected either to cortical lesion (n=4) or to pathology (PD; n=4). Furthermore, in 

each group of monkeys there was a further subdivision in two subgroups: for the cortical 

lesion (n=4) only 2 monkeys received the anti-NogoA antibody treatment whereas 2 

monkeys remained untreated; for PD monkeys (n=4; all treated with ANCE) 2 monkeys 

were injected with BDA in PM and 2 animals in M1. Thus each subgroup was composed of 

2 monkeys only. Furthermore, as there was no PD monkey without the ANCE treatment 

we miss the information on how the corticotectal projections would have evolved in PD 

untreated monkeys. 

Unfortunately, the SC was not available in the group of spinal cord injured (SCI) 

monkeys (analysed in chapter 3.2 for their corticobulbar projections) and as a 

consequence we could not investigate how their corticotectal projections were rearranged 

following the lesion. SCI anti-NogoA antibody treated monkeys showed increased 

corticobulbar projections from M1 after cervical cord hemi-section (chapter 3.2.). The 

question now remains whether the corticotectal projections would also be enhanced as the 

corticobulbar projections in anti-NogoA antibody treated monkeys or not. A more general 

view of the subcortical rearrangements following spinal cord lesion is therefore needed to 

have a full survey of the post-lesion changes. 

In addition, in cortical lesioned monkeys (M1) as well as in PD monkeys, corticotectal 

projections from SMA still need investigation. SMA has been shown to be involved in the 

functional recovery after large cortical lesions (McNeal et al., 2010). We could thus 

speculate that its corticotectal projections, which we demonstrated to be as strong as 

those from PM in intact animals (see chapter 3.3.), may have played a role in the 

functional recovery.  

A further limitation of this study, as we already reported in chapter 3.2., is the time 

point of the anatomical analysis. The data show the plastic changes at about 3-8 months 
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post-lesion when the monkey reached a post-lesion plateau of performance (for monkeys 

with cortical lesion see Kaeser et al., 2011; Wyss et al., 2013). Thus we cannot exclude 

that during the immediate (early) recovery phase following the lesion there was a different 

density pattern of corticotectal projections than that obtained in the present study. This 

suggestion is linked with the fact that it has been shown in rodents that after a lesion there 

is first sprouting and then subsequent pruning of the projections (for review see Pernet and 

Schwab, 2012). This suggests that different patterns might be found at different time points 

during the post-lesion period. 

 

M1 cortical lesion change the corticotectal projection from PM in anti-NogoA antibody 

treated monkeys 

We observed a strong decrease of the corticotectal projections from PM in monkeys 

subjected to M1 lesion and treated with anti-NogoA antibody, but not in untreated animals 

(Fig. 2). Similarly, we observed in chapter 3.2 that the corticobulbar projections from PM 

in cortical lesioned monkeys (M1) were strongly decreased but, in this case, both in 

presence or absence of the treatment. In other words, in anti-NogoA antibody treated 

monkeys both corticobulbar and corticotectal projections from PM decreased after M1 

lesion. In contrast, in the two untreated monkeys, the corticotectal projection from PM did 

not change whereas the corticobulbar projection was decreased (chapter 3.2). As far as 

the corticotectal projection is concerned (Fig. 2), the untreated Mk-RO actually exhibited 

an increase of its corticobulbar projection, which was not the case in the other untreated 

monkey (Mk-BI), which did not change. At that step, this special observation in Mk-RO has 

to be put in perspective that this animal represents some sort of outlier: first, the M1 lesion 

was small (Fig. 4) and moreover its lesion was performed in several steps (infusion of 

ibotenic acid at multiple steps) in contrast to the other M1 lesioned monkeys in which 

ibotenic acid was injected at once. 

When comparing the corticotectal and corticobulbar projections, as a result of M1 

lesion and anti-NogoA antibody treatment both projections were modified in the same 

direction as expected, namely a decrease of the density of these two corticofugal 

projections as compared to intact monkeys. The net result would then be that after M1 

lesion and treatment, both the reticulospinal and tectospinal projections would become 

more independent from motor cortical areas, a condition which may be favourable for the 

enhancement of functional recovery observed in the treated monkeys (Hamadjida et al., 

2012; Wyss et al., 2013). Surprising is the discrepancy in M1 lesioned monkeys and 
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untreated: no change of corticotectal projection (Fig. 2) but decrease of the corticobulbar 

projection (chapter 3.2). More monkeys would be needed to assess whether this 

difference is related to different mechanisms of spontaneous functional recovery in 

absence of treatment. 

 

Corticotectal projections from PM or M1 in PD monkeys and in presence of ANCE 

treatment 

As shown in Figure 6, one is tempted to conclude that the corticotectal projection in 

PD monkeys and treated with ANCE was not modified when originating from M1 and most 

likely also from PM. In the latter case, the situation is a bit less clear as one animal (Mk-

LL) rather showed a moderate decrease of density of corticotectal projection as compared 

to intact animals whereas the other monkey showed an increase (Mk-MY). The latter 

observation in Mk-MY cannot be explained neither by a particular extent of DA neurons 

loss in the substantia nigra nor by a special degree of functional recovery from the MPTP 

lesion (personal communication Badoud and collaborators). It may be considered that the 

corticotectal projection from PM may be strongly variable from one animal to the next, as 

this actually appears in the group of the 3 intact monkeys (Fig. 6: Mk-R13 with a clearly 

denser corticotectal projection than the other 2 intact monkeys). 

The laminar distribution of corticotectal boutons in SC originating from PM in Mk-LL 

and Mk-MY was similar to that found in intact animals, with projections mainly in SCdeep 

(Fig. 7). In contrast, the laminar distribution was distinct in the two monkeys injected with 

BDA in M1: mainly in SCdeep in Mk-LY and mainly in SCint in Mk-MI. Notice that these 

two monkeys are quite different in terms of the extent of DA neurons loss (Fig. 8) and 

furthermore Mk-MI was functionally much more affected by the MPTP lesion than Mk-LY 

(personal communication Badoud and collaborators). Whether this change of laminar 

distribution in SC in Mk-MI is related to specific mechanisms of functional recovery in case 

of severe PD symptoms remains speculative at that step, although plausible. 

 

Functional meaning 

The SC contains reach-related as well as hand-related neurons (Werner, 1993; 

Werner 1997a, b; Nagy et al., 2006), it elicits arm movements when electrically stimulated 

(Philipp and Hoffman, 2014) and it is also a site for visuomotor/sensorimotor integration 

(Borra et al., 2014). These influences can be sent to the upper cervical spinal cord via the 

tectospinal tract, which originates from the intermediate and deep layers of SC (Castiglioni 
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et al., 1978;  Nudo et al., 1993), with in addition an influence from the motor cortical areas 

via the corticotectal projections reported here in chapters 3.3 and 3.4. In addition, the 

tectospinal projections from the SC and corticospinal projections from PMd to the cervical 

spinal cord terminate in the same regions of the ventral horn, indicating that the SC may 

have a role in the modulation of arm and head movements (Distler and Hoffmann, 2015). 
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4. General Discussion 
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The present PhD thesis is focused on an original topic rarely studied in non-human 

primates: corticobulbar and corticotectal projections from motor cortical areas in intact and 

injured monkeys. Together with having increased and strengthen the current knowledge 

on the state of corticobulbar and corticotectal projections in intact monkeys, this study has 

quantitatively analysed for the first time the extent of corticobulbar and corticotectal 

projections changes after CNS lesion, such as M1 lesion, SCI or PD and depending on the 

presence or absence of a treatment (anti-NogoA antibody or ANCE). The originality of the 

topic opens a window into an unexplored territory of motor control given that, at least for 

the corticobulbar projection, these projections may be important for motor recovery but 

were never investigated in non-human primates and only little in rodents. Corticotectal 

contributions to motor control have never been studied in non-human primates or in other 

models to the best of our knowledge. The reticulospinal and tectospinal projections 

systems have been the topics of a fair amount of studies both anatomical and 

physiological, but the influences exerted on them by the motor cortical areas via the 

corticobulbar (corticoreticular) and corticotectal projections remain somewhat more 

mysterious. The present thesis contributes to fill this gap, at least to some extent and on 

the anatomical point of view. 

 

Here we will discuss together the results obtained for both corticobulbar and 

corticotectal projections. We will try to give possible functional interpretations on the 

anatomical data we obtained in intact monkeys and in lesioned ones in relation to the type 

of lesion and the presence/absence of treatments. 

 

4.1. PM and SMA send denser corticofugal (corticobulbar and corticotectal) 

projections than M1 in intact monkeys 

 

In intact monkeys we hypothesized that corticobulbar projections show different 

density and distribution depending on the motor area of origin namely PM, SMA or M1. In 

addition, we expected that corticotectal projections would behave similarly with a density 

gradient of PM>M1>SMA on the basis of available research reports (Fries, 1984, 1985; 

Borra et al., 2010, 2014; Kuypers and Lawrence, 1967; Distler and Hoffmann, 2015; 

Tokuno et al, 1995). Furthermore for corticobulbar projections (bilateral) we expected 

differences in the laterality and rostro-caudal gradient of termination as well as the 
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termination pattern in PMRF itself. For corticotectal projections (ipsilateral) we expected 

differences in the laminar distribution. Our hypothesis for corticobulbar projections were all 

confirmed with PM and SMA showing denser projections than M1 to PMRF. In addition, 

PM and SMA projects to PMRF mainly ipsilaterally whereas M1 projects mainly 

contralaterally with respect to the BDA injection side; PM and SMA project mainly to the 

entire mPMRF whereas M1 projects mainly laterally on the medullary RF. Contradicting 

our hypothesis on the corticotectal projections, we found a gradient PM=SMA>M1. 

Therefore, the previously thought inexistent corticotectal projection from SMA (Fries, 1984, 

1985) was demonstrated in this thesis, and to be as strong as that from PM, both stronger 

than the projection originating from M1 (in line with previous studies for PM-M1: Fries, 

1984, 1985). Furthermore, we did not observe different terminal patterns in the SC across 

projections from different motor cortical areas: all motor areas: they all terminate in the 

intermediate and deep layers of SC, overall stronger in SCdeep, albeit with some 

individual variability (Schema 1). 

 

 
 
Schema 1: Schematic representation of the main results obtained in intact monkeys for motor corticobulbar and 
corticotectal projections (see chapter 3.1 and 3.3, respectively). The thickness of the arrows corresponds to the 
density of the projections, whereas the solid lines versus the dashed lines represent the laterality. 

 

Taken together the obtained data for both corticofugal projections show consistency 

on the fact that both PM and SMA give rise to stronger corticobulbar and corticotectal 

projections than M1. PM and SMA are premotor areas involved in planning of movements 

and strongly related to M1 (Luppino and Rizzolatti, 2000). In their review about the 
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organization of the motor cortex they proposed that PM and SMA-proper participate in 

movement execution activating spinal cord circuits although their main role remains in 

movement planning and sensorimotor integration for forelimb movements.  

Our data show common properties of ipsilateral corticobulbar and corticotectal 

projections originating from PM and SMA (Schema 1). PM and SMA-proper are known to 

be involved in movement planning and act on subcortical descending pathways (such as 

RST and TST) more strongly than M1, known to be the main motor execution area due to 

its rich direct access to spinal cord motoneurons (Luppino and Rizzolatti, 2000; Lemon, 

2008; Lemon and Griffiths, 2005; Courtine et al., 2007). These connections might be 

related with their roles in movement: PMd-c is involved in planning and execution of arm 

movements as well as in bimanual movements, reaching and hand-preshaping (Kermadi 

et al., 1998, 2000; Luppino and Rizzolatti, 2000), SMA-proper in postural adjustments and 

bilateral movements (Luppino and Rizzolatti, 2000; Kermadi et al., 2000, Rouiller et al., 

1994) and finally PMv in both arm movements and hand grasping for preparation in hand-

object interaction (Luppino and Rizzolatti, 2000; Gentilucci et al., 1988; Gerbella et al., 

2011; Majdandzic et al., 2009); thus these are all roles related to reaching and grasping 

movements. PMRF has been shown to be involved in both reaching and hand movements 

(Davidson and Buford, 2004, 2006; Buford and Davidson, 2004; Davidson, 2007; Riddle 

and Baker, 2010, Riddle et al., 2009; Baker, 2011, Soteropoulos et al., 2012, Honeycutt et 

al., 2013) as does the SC which possesses reach-related neurons and neurons 

responding to hand-object interaction (Philipp and Hoffmann, 2014; Nagy et al., 2006). 

Common strong projections from PM and SMA to PMRF and SC are thus consistent with 

their role in grasping and reaching network and coordination of bilateral movements. 

Furthermore, we found bilateral corticobulbar projections on the reticular formation 

(schema 1): PM and SMA project bilaterally to the brainstem, but their projection is 

directed mainly to the ipsilateral side. M1 gives rise to a bilateral corticobulbar projection 

too but mainly to the contralateral PMRF. The reticular formation appears thus to be a site 

for motor integration from the two hemispheres: each side of the brainstem integrates 

predominant motor information coming from the ipsilateral PM and SMA and from the 

contralateral M1. PM and SMA terminate mainly on the medial portion of the PMRF 

whereas M1 on the medullary reticular formation mainly laterally but some terminations are 

present in the medial part too, corresponding to the Gi nucleus. The latter is the larger 

nucleus of the medial reticular formation and is located in the medulla oblongata (Sakai et 

al., 2009; Paxinos et al., 2000; 2012; Angeles Férnandez-Gil et al., 2010), it receives 
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bilateral projections but stronger from the ipsilateral PM and SMA and the contralateral M1 

(Fregosi et al., 2017). PnO and PnC in the pons (Sakai et al., 2009; Paxinos et al., 2000) 

similarly receive also bilateral information stronger ipsilaterally from PM and SMA, 

whereas those from M1 are weaker (Fregosi et al., 2017) making of PM and SMA main 

areas acting on the pontine portion of the reticular formation. Consequently Pn nuclei, 

whose inputs are thus stronger from the ipsilateral side for PM and SMA, might be more 

involved in motor preparation and coordination of arm movements and postural 

adjustments. In contrast, since Gi receives inputs from PM and SMA, as well as from M1, it 

might be involved in motor preparation as well as in motor control too since it can integrate 

information from motor preparation areas (PM and SMA) with the execution copy from M1. 

In addition, Gi is likely to receive an efferent copy of the on-going motor action from LRt 

which sends collaterals to the medial reticular formation too (Angeles Férnaned-Gil et al., 

2010). LRt is a relay site for information coming from the interneuronal system of the spinal 

cord which then is sent to the cerebellum as well as to the motor cortex (contralateral M1 

principally and weakly PM) and supraspinal centres (Alstermark and Ekerot, 2013, 2015; 

Alstermark et al., 1981M Alstermark and Isa, 2012; Fregosi et al., 2017; Wiesendanger 

and Wiesendanger, 1987). 

 

4.2. The anti-NogoA antibody treatment acts differently depending on the 

lesion type 

 

After a lesion of the hand area in M1 both corticobulbar and corticotectal projections 

from PM do respond similarly to the lesion in presence of the anti-NogoA antibody 

treatment but differently when absent. As shown in Schema 2, corticobulbar projections 

from PM decrease bilaterally but maintain an ipsilateral predominance in presence as well 

in absence of the anti-NogoA antibody treatment. In contrast, the corticotectal projections 

from PM responded differently across the individuals to the M1 lesion: when the anti-

NogoA antibody was present the density of corticotectal boutons slightly or strongly 

decreased, whereas in absence of the treatment the corticotectal projection remained 

comparable to intact animals (see schema 1). Therefore our data confirmed our 

hypothesis that corticobulbar and corticotectal projections change in response to a cortical 

lesion. Moreover, for both corticofugal projections after M1 lesion and treatment with anti-

NogoA antibody the modifications went in the same direction with a density decrease from 
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PM. Anti-NogoA antibody might thus paradoxically lead to a decrease of these corticofugal 

projections so that the decreased influence of motor cortex on the PMRF and SC leads 

both the RST and TST to exert a more independent action. However, we cannot rule out 

the possibility that, as we already reported in the discussion of chapter 3.2 and 3.4, 

different rearrangements have occurred at some earlier points of the recovery and then 

eliminated or reduced once they are no longer needed. The observed decrease of cortical 

action from PM on both the PMRF as well as on the SC in presence of the anti-NogoA 

antibody treatment is in contrast with its role played on other brainstem nuclei such as the 

red nucleus (midbrain) where the corticorubral projections have been shown to be 

increased following stroke and anti-NogoA antibody treatment (Seymour et al., 2005). In 

addition, a study conducted in our laboratory has reported that, following M1 lesion the 

anti-NogoA antibody treatment increased callosal projection to PM from the homotopic PM 

(Hamadjida et al., 2012). Thus the anti-NogoA antibody could act selectively on different 

pathways to increase or decrease their density depending on the lesion type. 

Functionally we suggested in subchapter 4.1 that the strong projection of PM on the 

midbrain and brainstem might be linked to its multiple role in reach and grasp, in motor 

planning as well as in sensorimotor integration. It is possible that, following a lesion of the 

M1 hand area and following decreased direct projections of M1 to the spinal cord, PM 

which is involved in reaching (PMd) and grasping (PMv) networks adapts its corticofugal 

projections. PM probably acts as modulator of the brainstem and possibly of the midbrain 

too. Consequently, changes in the strength of both corticofugal projections in presence of 

the anti-NogoA antibody treatment lead to a more independent action of the descending 

brainstem pathways such as RST and TST. The corticotectal projections from PM are 

maintained as in intact animals in monkeys with M1 lesion and without the treatment, 

whereas the corticobulbar projections from PM were decreased. This may be a way for the 

CNS to compensate the loss of direct access to hand motoneurons: first it gives greater 

independence to the RST known to have direct and indirect access to motoneurons 

controlling intrinsic hand muscles and for arm movements; second, it maintains the control 

on the SC to better coordinate and integrate sensorimotor/visuomotor information and 

consequent motor output from TST with projections down to maximum C4-C5 (Castiglioni 

et al., 1978; Fries, 1984).  
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Schema 2: Schematic representation of the results obtained in monkeys subjected to M1 lesion of the hand area 
for corticobulbar and corticotectal projections (see chapter 3.2. and 3.4, respectively). The thickness of the 
arrows corresponds to the density of the projections, whereas the solid lines versus the dashed lines represent 
the laterality, for comparison with schema 1 (intact monkeys) 

 

Unfortunately we did not have the possibility to analyse the changes of corticotectal 

projections following SCI at the level of cervical segment C7. For SCI, as for M1 lesion, we 

observed changes in the density of corticobulbar projections following the lesion. However, 

in this case the treatment with anti-NogoA antibody leads to an increase of projections 

from the contralateral M1 (Schema 3).  
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Schema 3: Schematic representation of the results obtained in monkeys subjected to SCI for corticobulbar 
projections (see chapter 3.2.). The thickness of the arrows corresponds to the density of the projections, 
whereas the solid lines versus the dashed lines represent the laterality, for comparison with schema 1 (intact 
monkeys). 

 

Following hemi-section C7 level and treatment with anti-NogoA antibody, the 

corticobulbar projections from M1 are strongly increased, mainly contralaterally. 

Functionally, a hemi-section of the spinal cord leads to a damage of the CST and 

subsequent loss or decrease of manual dexterity (Schmidlin et al., 2004; Galea and 

Darian-Smith, 1997) due to the lost access to hand motoneurons located at C8-Th1. 

It is well known that the CST is a crossed system (Lemon, 2008). Thus the lesion 

cuts the access of the contralateral hemisphere to directly influence motoneurons. The 

RST has been shown to possess both indirect and direct projections to intrinsic hand 

muscles (Riddle et al., 2009; Riddle and Baker, 2010; Baker, 2011). Furthermore, the 

axons of the RST are highly collateralized reaching several segments across the spinal 

cord (Matsuyama et al., 1997, 1999a, b). The RST is a ventromedial descending pathway 
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and it gives rise to moderate bilateral projections and to a predominant ipsilateral 

projection (Nicholls et al., 2012). Furthermore, RST and CST projections converge on 

spinal cord interneurons (Riddle and Baker, 2010). Increased M1 projections to the PMRF 

lead to increased cortical control on the RST. Thanks to the high collateralization of RST 

axons (Matsuyama et al. 1999a, b), to their action on interneurons at several segmental 

levels and to the fact that it possesses bilateral and strong ipsilateral projections, the RST 

is well placed to get access to motoneurons controlling hand muscles both directly if the 

tract is not affected by the lesion or indirectly (majority) via spinal cord interneurons. 

Furthermore, the anti-NogoA antibody treatment has been shown in SCI animals to induce 

sprouting of the CTS caudal and rostral to the lesion site (Freund et al., 2007). It is 

possible that the same might have occurred for the RST to regain access to the intrinsic 

hand muscles’ motoneurons.  

The terminals of CST, RST and TST show superposition in the spinal cord. Riddle 

and Baker (2010) demonstrated that CST and RST send convergent inputs to spinal cord 

interneurons, as both project to lamina VII (Duane, 2002; Morecraft et al., 2013). Morecraft 

and colleagues (2013) demonstrated that CST projections to lamina VII are predominant in 

segments between C5 and C7 where they influence flexor muscles for the shoulder and 

the elbow. The RST is known to project to several motoneuronal pools along the entire 

spinal cord (Matsuyama et al., 1997; 1999a, b) and to have both direct and indirect access 

to intrinsic hand muscles (Riddle et al., 2009; Soteropoulos et al., 2012). Nowadays, there 

is only one study in monkey that has evaluated the role of the RST in the recovery 

following a unilateral CST lesion in the brainstem (Zaaimi et al., 2012). They found that the 

lesion induced a strengthening by the RST of the flexor forearm muscles as well as of the 

intrinsic hand muscles. Compared to the large spinal cord projection of RST, the TST 

projects not lower than C4-C5 of the spinal cord in macaques where shoulder muscles are 

located suggesting a role in combination of head movement and arm movements 

(Castiglioni et al., 1978; Fries, 1984). Furthermore, in C5 there are motoneurons for wrist 

and radial extensors (Jenny and Inukai, 1982). Thus since the TST terminates to 

maximum C5 it might have indirect access also to these motoneuronal groups to 

contribute in reaching and hand object interaction (preshaping). Therefore both the RST 

and TST are in the position to partially compensate the loss caused by lesions affecting 

the CST projection and to regain acess to muscles operating overall in reaching and hand 

preshaping and only in part to those for manual dexterity, in line with the general idea that 
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the RST helps the recovery of gross hand motor function rather than for independent 

finger movements (Isa et al., 2013; Zaaimi et al., 2012).  

 

4.3. PD leads to major changes in PM projections as compared to M1 

 

PD monkeys received BDA injections in either PM or M1 (two monkeys in each 

group) and all monkeys were treated with ANCE. As a consequence, we did not have any 

controls for PD monkeys without treatment. Data for corticobulbar projection as well as 

corticotectal projections are in line with those of M1 lesion in term of changes following the 

lesion. Schema 4 shows the changes occurring in the two corticofugal projections 

following PD. 

 

 
 

Schema 4: Schematic representation of the results obtained in monkeys subjected to PD for corticobulbar and 
corticotectal projections (see chapter 3.2. and chapter 3.4., respectively). The thickness of the arrows 
corresponds to the density of the projections, whereas the solid lines versus the dashed lines represent the 
laterality, for comparison with schema 1 (intact monkeys). 

 

PD is a bilateral lesion in contrary to the other analysed lesions (M1 lesion or SCI) 

which are asymmetric. The corticobulbar projections from PM in PD monkeys maintained 

an ipsilateral predominant laterality even though there was a strong decrease compared to 

the intact state. Projections from M1 were also decreased but to lesser extent due to the 

already moderate projection in intact animals. Furthermore there was a loss of 

contralateral lateralization. Similarly, in PD monkeys changes in corticotectal projections 

were observed from PM but not from M1. 
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Dopaminergic loss in SNpc leads to unbalance between the motor loops in the basal 

ganglia, resulting in resting tremors, bradykinesia, muscular rigidity and postural instability 

(Dauer and Przedborski, 2003; Frizpatrick et al., 2009). Decreased control of both PM and 

M1 on the PMRF makes the RST more independent, which might help to exert major 

control on posture since postural instability is one of the cardinal features of PD. In 

addition, the unchanged corticotectal projections on SC preserve with sensorimotor-

visuomotor integration and head adjustments impaired by muscular rigidity and postural 

instability.  

 

4.4. Nomenclature of corticobulbar projections 

 

Projections from the cortex to the brainstem are generally called corticobulbar 

projections. However, this term does not differentiate between the terminations in the 

brainstem. Since the brainstem possesses numerous nuclei (Paxinos et al., 2000), a more 

precise nomenclature of the corticofugal projections depending on the termination zone 

might be appropriate.  

Most of the studies use corticobulbar projections to refer to projections from the 

cortex to the nuclei of the cranial nerves located in the brainstem. However, across 

published papers, the terms corticobulbar and corticoreticular are sometimes 

interchanged, making difficult access to all existing information. In the present thesis we 

used the term corticobulbar projections since we observed the terminations from the motor 

cortex across the entire brainstem (see Annexes 1) and not on the nuclei of the reticular 

formation only. Furthermore, we also analysed the projections to the Raphe nuclei, which 

are located medially in the brainstem (Paxinos et al., 2000) but are not part of the reticular 

formation. Therefore our analysis was not purely on the reticular formation and 

consequently referring to corticobulbar projections may be more pertinent than 

corticoreticular projections. 

 

4.5. Future perspectives and Conclusion 

 

The data presented in this PhD thesis give an original insight on the changes of the 

corticofugal projections following lesions or pathology of the CNS. However, we could 



251 
 

provide only information about limited motor areas for every lesion: ipsilesional PM for M1 

lesion, PM and M1 for PD and contralateral M1 for SCI.  

The coticofugal projections from SMA after lesions of the CNS need to be assessed. 

It is known that SMA plays a role in functional recovery after M1 lesion (McNeal et al., 

2010) and furthermore we demonstrated in this work that it sends strong corticobulbar and 

corticotectal projections in intact animals (Fregosi et al., 2017; chapter 3.3.) to the PMRF 

and the SC, respectively.  

Furthermore, the respective role in functional recovery of all the motor areas in both 

hemispheres needs to be assessed in order to have a clear overview of the action exerted 

by the entire brain on the PMRF and on the SC. A clear identification of the modulatory 

action of the corticobulbar projection (excitatory or inhibitory) as well as of the corticotectal 

projection will help the understanding of how the motor cortex controls the brainstem and 

the midbrain in intact animals as well as in lesioned ones and might clarify why some 

projections decrease whereas others increase in presence of treatments. 

Finally, the same analysis needs to be extended to a larger number of animals 

involved in each lesion/treatment group to confirm these data. In addition, here we 

presented data for PD animals treated with ANCE but we still miss control animals without 

ANCE. Furthermore, the corticotectal projection in SCI injured monkeys needs to be 

investigated, which would give a clearer and more comprehensive survey of the changes 

of corticofugal projections.  
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5.1. Axonal boutons in the brainstem (Corticobulbar projections) 

 

Here we will present for all intact monkeys (5.1.1.) and monkeys subjected to lesion (M1 

lesion or SCI, 5.1.2. and 5.1.4, respectively) or pathology (5.1.3.) of CNS the distribution of 

the stem axons and of the boutons (en passant and terminaux) along the rostro-caudal 

axis (section 1 to 12). The side of the red pyramid (Py) is the ipsilateral side with respect to 

the injection of BDA. Ipsilateral stem axons are in blue whereas the contralateral ones are 

in bordeaux. Furthermore, ipsilateral boutons are represented with green circles, whereas 

contralateral ones with blue squares. The BDA injection site is indicated in the upper left 

corner. The treatment (when present) is indicated below the figures. The abbreviations 

used are the same as those presented in 2. General Materials and methods, Table 4. 
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5.1.1. Intact 
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5.1.2. M1 lesion 

 
Distribution of the boutons in the brainstem after M1 lesion in Mk-MO (anti-NogoA antibody treatment). 
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Distribution of the boutons in the brainstem after M1 lesion in Mk-VA (anti-NogoA antibody treatment). 
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Distribution of the boutons in the brainstem after M1 lesion in Mk-RO (untreated). 
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Distribution of the boutons in the brainstem after M1 lesion in Mk-BI (untreated). 
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5.1.3. PD 

 
Distribution of the boutons in the brainstem after PD induced by MPTP in Mk-LL (ANCE). 
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Distribution of the boutons in the brainstem after PD induced by MPTP in Mk-MY (ANCE). 
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Distribution of the boutons in the brainstem after PD induced by MPTP in Mk-LY (ANCE). 
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Distribution of the boutons in the brainstem after PD induced by MPTP in Mk-MI (ANCE). 
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5.1.4. SCI 

 
Distribution of the boutons in the brainstem after SCI in Mk-CG (control antibody). 
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Distribution of the boutons in the brainstem after SCI in Mk-CP (control antibody). 
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Distribution of the boutons in the brainstem after SCI in Mk-AC (anti-NogoA antibody). 
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Distribution of the boutons in the brainstem after SCI in Mk-AC (anti-NogoA antibody). 
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Distribution of the boutons in the brainstem after SCI in Mk-AC (anti-NogoA antibody). 
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5.2. Axonal boutons in the superior colliculus (Corticotectal projections) 

 

Here we will present for all intact monkeys (5.2.1.) and monkeys subjected to lesion (M1 

lesion, 5.2.2. or PD, 5.2.3.) of CNS the distribution of the stem axons and of the boutons 

(en passant and terminaux) along the rostro-caudal axis (section 1 to 16). Stem axons are 

in blue whereas the boutons are represented in green circles. The BDA injection site is 

indicated in the upper left corner. The abbreviations used are the same as those presented 

in 2. General Materials and methods, Table 5. Localizations for Mk-R13, Mk-Z182 and 

Mk-M93-80 are shown in chapter 3.3. 
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5.2.1. Intact 
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5.2.2. M1 lesion 

 
Distribution of the boutons in the superior colliculus after M1 lesion in Mk-MO (anti-NogoA antibody treatment). 
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Distribution of the boutons in the superior colliculus after M1 lesion in Mk-VA (anti-NogoA antibody treatment). 
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Distribution of the boutons in the superior colliculus after M1 lesion in Mk-RO (untreated). 
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Distribution of the boutons in the superior colliculus after M1 lesion in Mk-BI (untreated). 
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5.2.3. PD 

 
Distribution of the boutons in the superior colliculus after PD induced by MPTP in Mk-LL (ANCE). 
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Distribution of the boutons in the superior colliculus after PD induced by MPTP in Mk-MY (ANCE). 
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Distribution of the boutons in the superior colliculus after PD induced by MPTP in Mk-LY (ANCE). 
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Distribution of the boutons in the superior colliculus after PD induced by MPTP in Mk-MI (ANCE). 
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Abstract

Background: The present study aimed to determine and confront hand prefer-

ence (hand chosen in priority to perform a manual dexterity task) and hand dom-

inance (hand with best motor performance) in eight macaques (Macaca

fascicularis) and in 20 human subjects (10 left-handers and 10 right-handers).

Methods: Four manual dexterity tests have been executed by the monkeys, over

several weeks during learning and stable performance phases (in controlled body

position): the modified Brinkman board, the reach and grasp drawer, the tube

and the bimanual board tasks. Three behavioral tests, adapted versions from the

monkeys tasks (modified Brinkman board, tube and bimanual board tasks), as

well as a handedness questionnaire, have been conducted in human subjects.

Results: In monkeys, there was a large disparity across individuals and motor

tasks. For hand dominance, two monkeys were rather right lateralized, three mon-

keys rather left lateralized, whereas in three monkeys, the different parameters

measured were not consistent. For hand preference, none of the eight monkeys

exhibited a homogeneous lateralization across the four motor tasks. Macaca fasci-

cularis do not exhibit a clear hand preference. Furthermore, hand preference often

changed with task repetition, both during training and plateau phases. For human

subjects, the hand preference mostly followed the self-assessment of lateralization

by the subjects and the questionnaire (in the latter, right-handers were more later-

alized than left-handers), except a few discrepancies based on the tube task. There

was no hand dominance in seven right-handers (the other three performed better

with the right hand) and in four left-handers. Five left-handers showed left-hand

dominance, whereas surprisingly, one left-hander performed better with the right

hand. In the modified Brinkman board task, females performed better than males,

right-handers better than left-handers. Conclusions: The present study argues for

a distinction between hand preference and hand dominance, especially in maca-

que monkeys.

Introduction

How is handedness defined? Commonly, handedness

means hand preference. For most people, the preferred

hand is the hand which is most efficient to perform specific

manual dexterity tasks (e.g., writing, manipulating objects

or tools, etc.). In the present study, in line with a previously

proposed concept (e.g., Hopkins et al. 1992; Triggs et al.

2000), we propose to emphasize the distinction between

two hand attributes: hand preference and hand dominance.

The hand of preference is defined as the hand with

which subjects prefer to work on a specific task, instinc-

tively and without concern whether this hand is actually

the most efficient one. In bimanual tasks for instance

(e.g., tapping a nail with a hammer, knitting, eating with

a fork, and a knife, etc.), the preferred hand is the hand

which executes the most complex action or the manipula-

tive role, whereas the nonpreferred hand acts mainly as

postural support. In the above mentioned bimanual tasks,

they need to be learned, whereas other bimanual tasks are

ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. This is an open access article under the terms of

the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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more instinctive and they are also observed in nonhuman

primates (e.g., peeling a fruit, cracking a nut with a stone,

etc.). In contrast to hand preference, hand dominance

refers to the hand which shows the best efficiency to per-

form a particular unimanual action (Serrien et al. 2006),

thus reflecting an intermanual difference of motor perfor-

mance. The general aim of the present study was to assess

separately hand preference and hand dominance in eight

adult long-tailed macaque monkeys (Macaca fascicularis)

and in 20 young adult human subjects.

Population-level right-handedness (preference for the

right hand) was considered for a long time as a feature

of human being (Raymond et al. 1996). During the last

20 years, several studies demonstrated that handedness

for specific manual tasks is also present in nonhuman

primates, from prosimians to great apes (e.g., Masataka

1989; Ward et al. 1990, 1993; Fagot and Vauclair 1991;

Spinozzi et al. 1998; Lacreuse et al. 1999; Hopkins et al.

2011). Whereas 90% of humans are right-handed (Coren

and Porac 1977; Raymond and Pontier 2004), the per-

centage and the direction of the lateralization vary

among the nonhuman primates (see e.g., Papademetriou

et al. 2005; mainly for reaching tasks). Concerning the

great apes, a recent study by Hopkins et al. (2011)

showed population right-handedness, except for Orangu-

tans, which tend to use preferentially the left hand.

These results are consistent with other studies (Lacreuse

et al. 1999; Wesley et al. 2001; Hopkins et al. 2002,

2003, 2004, 2005; Sherwood et al. 2007). Baboons were

also found to be right-handed at population level (Fagot

and Vauclair 1988; Vauclair et al. 2005). However, some

divergent observations were reported (Pouydebat et al.

2010), concluding to the difficulty to establish a stable

handedness among Gorillas, based on different behavioral

tasks. In Old World monkeys, handedness seems to be

less consistent among the family (Westergaard et al.

1997, 2001a,b), as it appears to depend on the species,

especially in Macaques. Although some macaques, such

as Macaca mulatta, exhibited population-level left-hand-

edness when they performed a specific task (also Macaca

fuscata, see Murata et al. 2008), other species like

M. fascicularis did not exhibit any manual bias at the

population-level for the same tasks (tube task, reaching

to food morsel; Westergaard et al. 1997, 2001a,b; see also

Lehman 1980b). The above data for M. mulatta are not

consistent with previous observations derived from food

reaching tests (Lehman 1978a), which showed roughly

equal numbers of right- and left-handed individuals.

Furthermore, the latter author and others reported that

handedness was accentuated with monkeys’ age, as well

as with task repetition (e.g., Lehman 1978a,b, 1980a,b;

Westergaard and Suomi 1996; Westergaard and Lussier

1999; Zhao et al. 2012). Similarly, Hopkins (2004) found

a less prominent handedness among Old and New

World monkeys in comparison to the great apes. It is,

however, interesting to highlight that, for some investiga-

tors (e.g., Lehman 1980a, 1989; Hopkins et al. 1989;

Fagot and Vauclair 1991; Uomini 2009), these disparate

results may depend on the task used to determine hand-

edness (see also Spinozzi et al. 1998, 2007). Indeed, these

authors showed that the complexity of the task plays an

important role. A high-level manual activity involves,

most of the time, a manual bias at the population-level,

whereas a simple and low-level task does not. A typical

example of high-level manual performance is the preci-

sion grip (opposition of thumb and usually index finger

to grasp an object), requiring the cooperation of several

muscles of hand and arm, tendons, ligaments, and the

stabilization of the upper limb to ensure a better effec-

tiveness (e.g., Lemon 1993, 2008; Porter and Lemon

1993). Bimanual tasks are considered as high-level ones,

involving a coordination of different limbs and move-

ments. As demonstrated in squirrel monkeys, hand pref-

erence is correlated to an asymmetry in functional

topography of motor cortex between the two hemi-

spheres, with a greater distal forelimb representation in

the dominant hemisphere, opposite the preferred hand

(Nudo et al. 1992). Asymmetries in the primary motor

cortex related to handedness was reported in great apes

(Hopkins and Pilcher 2001; Hopkins et al. 2002,

2010; Hopkins and Cantalupo 2004; Dadda et al. 2006;

Sherwood et al. 2007) and in humans (e.g., Dassonville

et al. 1997).

Hand preference and hand dominance were each deter-

mined based on three adapted manual tasks, which

belong to high-level manual activities, for both human

subjects and monkeys (M. fascicularis). Two tests are

bimanual coordinated tasks: the bimanual Brinkman

board task (Mark and Sperry 1968) and the tube task

(Hopkins 1995), whereas the third test is the modified

Brinkman board task (original test: Brinkman and

Kuypers 1973; see also Brinkman 1984), performed either

unimanually or with both hands at the same time. Mon-

keys had to perform an additional task, the reach and

grasp drawer task, whereas humans had to answer a

handedness questionnaire, which allowed us to confirm

the self-assessment of each subject and, then, to compare

the self-assessment with the results derived from the man-

ual dexterity tests. More specifically, the aim of the study

was to test the hypothesis that, in M. fascicularis, hand

preference is variable across tasks and individuals, the

dominant hand does not systematically correspond to the

preferred hand, whereas human subjects exhibit more sys-

tematic lateralization (hand preference) and the preferred

hand generally corresponds to the most dexterous hand

(dominant hand).
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Material and Methods

Nonhuman primate subjects

The experiments were conducted on eight adult female

monkeys (M. fascicularis), aged between 6 and 7 years old

at the beginning of the tests (weight: 3–3.9 kg) and housed

in 45 m3 rooms with four other animals. The monkeys

were neither food nor water deprived (see e.g., Kaeser et al.

2010; Schmidlin et al. 2011). None of the animals had exe-

cuted the different manual dexterity tasks before, so they

were totally na€ıve. The experimental protocol has been

approved by the local ethical committee on animal experi-

mentation and it was in accordance with the Guidelines for

the Care and Use of Laboratory Animals (ISBN 0-309-

05377-3; 1996), as well as authorized by local (Canton of

Fribourg) and federal (Swiss) veterinary authorities. The

present experiments were covered by the official authoriza-

tion numbers FR 192/07E, FR 206/08, FR 17/09, FR 18/10,

FR 22010. The experimental procedures were designed to

minimize pain and suffering for the animals. In the part of

the present study on monkeys, the protocol was restricted

to behavioral assessment, without any surgical or pharma-

cological intervention. The macaque monkeys originate

initially from an officially recognized breeding center in

China and were imported via a quarantine center in Eur-

ope (Harlan, Milano, Italy), where they stayed during a few

months within a large group of a couple of dozen animals

from the same origin. After arrival in our animal facility,

the animals were habituated during 1–2 months to the

new environment, before starting the habituation proce-

dure (2–3 months duration) aimed at transferring the

monkey on a free-will basis to the primate chair (see Sch-

midlin et al. 2011). The present behavioral experiments

were then initiated when the monkeys were comfortable

with the primate chair.

During each behavioral test, the monkey sat in a pri-

mate chair (see Schmidlin et al. 2011), made of Plexiglas�

(Transparent PVC, Notz Plastik AG, Biel, Switzerland),

with an adjustable opening on top allowing free head

movements although the monkey is restrained. The pri-

mate chair also comprises two independent sliding doors

at the front, allowing execution of manual dexterity tasks

with both hands, separately or simultaneously (Schmidlin

et al. 2011). Each experimental session was recorded with

one to three digital video cameras, depending on the task

(drawer, tube, and bimanual board tasks with one cam-

era; modified Brinkman board task with three cameras;

Schmidlin et al. 2011). The duration of a typical daily

behavioral session was about 60 min and the experiments

were conducted with background music to cover possible

disturbing, external noise. At the end of the session, the

animals received their daily ration of food, composed of

cereals, fruits, and vegetables, in addition to the rewards

(food pellets) received during the tests.

Human subjects

The human subjects were 20 persons (students) aged

between 18 and 30 years old. The human experiments

were conducted in the context of practical courses for

students at the University of Fribourg and the subjects

gave their full consent to the experimental protocol. They

agreed that the data may be used anonymously for the

present study. The human subjects first declared them-

selves either as left- or as right-handers and it corre-

sponded to the hand they used to write. Based on this

initial self-declaration, there were ten left-handers (six

men and four women) and ten right-handers (four men

and six women). The size of each of these two groups

(n = 10) was chosen as to approximately match the group

size of monkeys (n = 8). Given the human population

bias for right-hand preference (about 90%), self-declared

left-handers were deliberately recruited, thanks to a large

pool of students available on the campus. It is expected

that the self-declared left-handers are less lateralized than

the self-declared right-handers.

Each human subject was enrolled in a single behavioral

session (lasting about 60–90 min) and he/she executed

three manual dexterity tasks, before responding to the

handedness questionnaire at the end of the session. The

set-ups for the three manual dexterity tasks were posi-

tioned on a table and the behavioral session was recorded

with a digital video camera. The subjects began with the

modified Brinkman board task, followed by the bimanual

board task, and finally, the tube task. Before the begin-

ning of the tests, the subjects sat on a chair in the middle

and in front of the experimental table. They had to adjust

the height of the chair to feel comfortable.

Behavioral tasks

The assessment of handedness was based on a palette of

behavioral manual dexterity tasks, in which macaque

monkeys (n = 8) and human subjects (n = 20) were

enrolled. For both monkeys and human subjects, typical

video sequences illustrating the various behavioral tasks

described below can be visualized on the following website:

http://www.unifr.ch/neuro/rouiller/research/PM/pm1.html.

Modified Brinkman board task

The modified Brinkman board and its different adapted

versions from the original test of Brinkman and Kuypers

(1973) were used routinely for behavioral and motor

control studies in macaques (Brinkman 1984; Rouiller
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et al. 1998; Liu and Rouiller 1999; Freund et al. 2009;

Kaeser et al. 2010, 2011, 2013; Schmidlin et al. 2011).

The modified Brinkman board for monkeys (Fig. 1A, left

panel) is made of a rectangular board of Perspex� with

50 rounded rectangular slots: 25 slots are oriented hori-

zontally and 25 vertically. Each slot measures 6 mm deep,

14 mm long, and 7 mm wide. The board itself measures

22 cm length, 12 cm wide, and 1.2 cm thick. At the

beginning of the test, each slot is filled with a banana or

sugar flavored pellet (diameter 4 mm). The size of slots

permits the monkeys to grasp the pellets only by perform-

ing the precision grip, generally using the thumb and the

index finger (or rarely another finger, with a flexion of

the distal phalanx). Retrieval from the horizontal slots is

more difficult than from the vertical ones, because it

involves also a rotation of the wrist, either a radial devia-

tion or an ulnar deviation, depending on the position of

the corresponding slot on the board (Freund et al. 2009).

The board was positioned in front of the monkey with

40° of inclination from horizontal. During each daily ses-

sion, the animal has used firstly both hands, then each

individual hand successively by alternating daily the hand

used first. The daily protocol for this task thus comprises

three consecutive tests, with retrieval of 50 pellets in each,

lasting overall about 10 min, including the time interval

to refill the modified Brinkman board with pellets in

between the three tests. With respect to the board, the

monkey was placed in a middle position (when perform-

ing the task with both hand simultaneously), or slightly

at the left, or at the right, when using only the right or

the left hand, respectively, in such a manner that the

hand performing the task is aligned to the set-up. Video

sequences illustrating this task can be visualized on the

website: http://www.unifr.ch/neuro/rouiller/research/PM/

pm1.html (video sequences 1–3) or in a recent visualized

experimental report (Schmidlin et al. 2011).

The Brinkman board model, adapted for human subjects

(Fig. 1A, right panel), is made of a wooden board of 58 cm

long and 28.5 cm wide and it comprises 50 rounded rect-

angular slots of 4.3 cm long, 2.2 cm wide, and 1.8 cm deep

(25 oriented vertically and 25 oriented horizontally). It is

tilted with a 30-degree angle from horizontal. Before the

beginning of a session, each slot is filled with a bolt (exter-

nal diameter: 1.8 cm, internal diameter: 1 cm). The bolts

replace the food pellets used for the same tests on monkeys.

The slots were designed in a manner that subjects have to

use the precision grip to retrieve the bolts, and their spatial

arrangement is identical to that of the modified Brinkman

(A)

(B)

(C)

(D)

Figure 1. Pictures illustrate the experimental set-ups used in the different behavioral tasks for monkeys and for human subjects. In panel (A), the

modified Brinkman board used for monkeys is shown on the left, with each slots filled with a banana pellet, whereas its version adapted for

human subjects is shown on the right with each slot filled with a bolt. See text for dimensions of the board and slots. Panel (B) shows the

bimanual Brinkman board used for monkeys (on the left) and for humans (on the right). Similarly, in panel (C), the tube used for monkeys is

shown on the left and the version adapted for humans on the right. See text for dimensions of the boards, slots, and tubes. In panel (D), the

bimanual reach and grasp drawer set-up (used for monkeys only) is shown in a front view (left picture) and from top (right picture). In the top

view, the slot in the drawer is clearly visible (with one white pellet inside), as well as the spring at the back of the drawer, imposing to hold the

drawer open with one hand while grasping the pellet with the other hand.
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board used for monkeys. In a single behavioral session, the

human subjects had to execute the grasping of the 50 bolts

as fast as possible, taking one bolt at a time, and putting it

into a plastic box located in front of the board in a middle

position. The human subjects were not allowed to throw

the bolt into the box. These rules contributed normalizing

the test. The subjects performed the task 20 times, using

alternatively 10 times the right hand and 10 times the left

hand (right, left, right, etc.). The experimenter determined

with which hand the subject had to begin (see http://www.

unifr.ch/neuro/rouiller/research/PM/pm1.html [video sequences

4–5]).

Bimanual Brinkman board task

This task was adapted from the bimanual coordinated

task of Mark and Sperry (1968). Our bimanual board is

made of transparent acrylic glass (PMMA or Plexiglas�);

Fig. 1B). The model for monkeys (Fig. 1B, left panel)

measures 15.8 cm long, 13.1 cm large, and has a thickness

of 2 cm. It comprises nine holes. Each hole has an upper

diameter of 9.5 mm and a lower diameter of 7 mm and

contains a sticky reward, like sultana or a little piece of

apple. The board is fixed with an inclination of 20–30°
from horizontal. The primate chair was placed in the

front of the board and the two sliding doors were opened

to allow access with both hands simultaneously. The

monkeys had to retrieve the reward using both hands at

the same time and following one or the other of two pos-

sible strategies (see below: analysis of data). One daily ses-

sion included three to five repetitions of the whole board,

with retrieval of each reward. Each hole represented an

individual trial (see http://www.unifr.ch/neuro/rouiller/

research/PM/pm1.html [video sequence 6]).

The model of the bimanual board adapted for human

subjects (Fig. 1B, right panel) is a transparent acrylic glass

board of 16 cm long, 13 cm wide, 2 cm thick, and com-

prising nine holes (diameter of 2.2 cm). The board is

fixed with 30° of inclination from horizontal. Before the

test started, each hole was filled with a pellet in modeling

clay. Using both hands, the human subjects had to take

only one pellet at a time and to put it into a plastic box

placed in the front of the board. In one session, the sub-

ject had to empty the board 20 times. Each hole repre-

sented an individual trial (see http://www.unifr.ch/neuro/

rouiller/research/PM/pm1.html [video sequence 7]).

The tube task

This bimanual task was inspired by the tube task of

Hopkins (1995), used to determine handedness in

Chimpanzees and later in Old World monkeys (Zhao

et al. 2012). Our tube, in transparent acrylic glass (PPMA

or Plexiglas�), was adapted to macaques with the follow-

ing dimensions: the handle measures 4 cm long and 2 cm

diameter, the tube itself is 9 cm long from the outside and

7 cm deep from the inside, with an external diameter of

6 cm and an internal diameter of 5 cm. At the bottom of

the tube, there is a slot of 0.5 cm in diameter and 0.7 cm

deep (Fig. 1C; left panel). The slot was filled with a sticky

reward like sultana or little pieces of apple. The tube was

attached to a rope by the handle and hung, in such a way

that it was placed in front of the primate chair, aligned

with the central bar between the sliding doors. The basis

of the tube was positioned at the level as the basis of the

sliding doors. The test was performed with the two sliding

doors open and the animal had to hold the suspended

tube with one hand while reaching the reward in the tube

with the other hand and bring it to the mouth. A daily

session comprised 10–20 trials (see http://www.unifr.ch/

neuro/rouiller/research/PM/pm1.html [video sequence 8]).

The model of the tube adapted for human subjects is

also made of acrylic glass tube (PPMA or Plexiglas�) with

the following dimensions (Fig. 1C, right panel): the tube

itself measures 14.7 cm long, 12.8 cm deep, with an

external diameter of 12 cm and an internal diameter of

11 cm. The handle is 9.5 cm long and has a diameter of

3 cm. The slot positioned at the bottom of the tube is

2.2 cm in diameter and 0.9 cm deep. The reward was a

candy (Yupi strawberry kiss or Yupi MarshMallow). A sec-

ond tube was available for human subjects with smaller

hands: the dimensions are the same, except the external

diameter of 9 cm and the internal diameter of 8 cm. The

tube was positioned vertically on the table, with the han-

dle upwards. Starting with the hands placed on the table

on each side of the tube, the human subjects had to col-

lect the reward from the tube using both hands. They had

the possibility to eat the reward or to give it to the exper-

imenter. Then, the human subjects had to put the tube

back on the table at its initial location. The task was per-

formed 20 times to complete the session. One trial was

achieved when the human subjects grabbed the tube with

one hand while, simultaneously, they took the reward

with the other hand (see http://www.unifr.ch/neuro/rouil-

ler/research/PM/pm1.html [video sequence 9]).

Reach and grasp drawer task

This bimanual task was used for the monkeys only and it

is a simplified version of the set-up previously described

(Kazennikov et al. 1994; Kermadi et al. 1998, 2000;

Schmidlin et al. 2011). The primate chair was placed in

front of the drawer with both sliding doors opened, so that

the monkey used both hands. Because of a spring mecha-

nism, once open, the drawer had to be maintained with

one hand to avoid that it closed back, while the monkey
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used the other hand to grasp the pellet, which was initially

placed in a slot dig inside the drawer. The dimensions of

the object are indicated on the Figure 1D. During one ses-

sion, the animal executed about five to 15 trials. One trial

was achieved when the monkey opened the drawer with

one hand, kept it open, and grasped the pellet with the

other hand (see http://www.unifr.ch/neuro/rouiller/

research/PM/pm1.html [video sequence 10]).

Handedness questionnaire

At the end of the manual dexterity tasks, the human sub-

jects were asked to answer a handedness questionnaire,

elaborated by MacManus (2009). It was chosen because it

fills several pertinent criteria to assess handedness in

human subjects (Oldfield 1971). The questions dealt with

actions of daily life such as: with which hand do you

write, do you hold a potato while you are peeling it, do

you throw a ball, etc.

Analysis of data

The data of the behavioral tasks were analyzed manually

from the recorded video sequences. The software Virtual-

DubMpeg2� (Developper Avery Lee, free software, www.

virtualdub.org) allowed visualizing the video sequences

frame by frame, corresponding to a time resolution of

40 msec (acquisition at 25 frames per second). The data

were processed first in Excel� worksheets, before they were

transferred to Sigmastat�/Sigmaplot� (Systat Software Inc.,

www.sigmaplot.com) and SPSS� (SPSS Inc., Chicago, IL)

allowing more elaborated graphic representation and sta-

tistical analysis.

The hand dominance was determined based on a single

task, the modified Brinkman board task performed with

one hand imposed at a time. Two types of data were ana-

lyzed for the monkeys (Schmidlin et al. 2011). (i) The

score, defined as the number of pellets correctly retrieved

during the first 30 sec; (ii) The contact time (CT),

defined as the time interval between the first contact of a

finger (most often the index finger) with the pellet and

the moment when the fingers left the slot with the

reward. The CT is a pertinent parameter in addition to

the score, as the latter can sometimes be biased. Indeed,

the animal may be disturbed by external noises, or may

exhibit a lack of motivation or concentration. In such

cases, the monkey may interrupt the test, leading to a dis-

tortion of the score. Moreover, the CT truly measures the

actual manipulation of the pellets with the fingers. The

CT was measured for the first five horizontal and the first

five vertical slots in the 20 last daily sessions at plateau,

whereas the score was calculated for every daily session.

The onset of the plateau was defined, when the learning

curve tended to saturate (as estimated by visual inspec-

tion), as the first value in the nearly flat curve of the

score that was not exceeded by one of the five following

score values. For human subjects, the analysis of hand

dominance was based mainly on the score in 30 sec,

although the CT was also established for comparison in a

sample of subjects.

The hand preference for monkeys was determined

based on four tests: the modified Brinkman board task,

when the animal was free to use both hands simulta-

neously, the reach and grasp drawer task, the tube task,

and the bimanual Brinkman board task. For human sub-

jects, two tests were considered, the tube task and the

bimanual Brinkman board task, as well as the question-

naire indicating their self-assessed hand preference. For

the tube task, the preferred hand was defined as the hand

used to grasp the reward into the tube, playing the

manipulative role, whereas the other hand, holding the

tube, played the postural role. The preferred hand (left

hand or right hand) was determined for each tube task

trial performed by the subject (humans and monkeys), in

order to calculate the handedness index (HI) (see below).

For the bimanual board task, the subjects (humans and

monkeys) used two different strategies to retrieve the

reward. In the first one, the hand above the board pushed

the reward while the other hand collected it below the

board. In the second one, the hand positioned below

the board pushed up the reward using one finger (usually

the index finger) and the other hand grasped it above the

board, performing the precision grip. In the first strategy

(adopted in more than 98% of trials in five out of eight

monkeys), the preferred hand is the one pushing the

reward. Indeed its role is manipulative, whereas the role

of the other hand is postural. For the second strategy, the

preferred hand is the one retrieving the reward, as its

action is more manipulative and more challenging (preci-

sion grip), as compared to the role of the other hand

(one finger used). Additionally, the board has an inclina-

tion, making this movement still more difficult. This sec-

ond strategy was used in about half of the trials in one

monkey (Mk-MI) and it was predominant in two other

monkeys (Mk-CA and Mk-AN; 68% and 98%, respec-

tively). For the reach and grasp drawer task (in monkeys

only), the preferred hand is the hand grasping the reward

(manipulative role) while the other hand, the postural

one, holds the drawer.

For these three tasks (bimanual Brinkman board task,

reach and grasp drawer task, tube task), we computed the

HI (Westergaard et al. 1997; Spinozzi et al. 1998; Hopkins

et al. 2004; Schmitt et al. 2008), defined as follows: the

number of trials the right hand (R) was used as preferred

hand minus the number of times the left hand (L) was used

as preferred hand, divided by the total number of trials:
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HI ¼ ðR – LÞ=ðR+LÞ

Consequently, a negative HI reflects a left bias whereas

a positive HI reflects a right bias. The HI (lateralization)

ranges between +1 (strongly right-handed) and �1

(strongly left-handed).

For the modified Brinkman board task, we measured

the score in 30 sec when the animal was free to use both

hands, and counted the number of pellets grasped with

each hand. The hand with the highest score is considered

as the preferred hand.

For the questionnaire, we calculated a handedness score

by using the criteria of MacManus (2009):

“Laterality scores (laterality indices):

Score all the items as �1 = Always left, �0.5 = Usually left,

0 = Either, +0.5 = Usually right and +1 = Always right. For

items 4 (dish), 6 (jar), and 9 (potato) a strong right-hander

would answer left. These three items should therefore be

reverse scored by changing the sign on the values given previ-

ously (i.e., +1 = Always left, etc.). Having done this, then one

can obtain the overall laterality score, an average of all 11

items.”

The score was then transformed into percentage

(�100% indicating strongly left-handed and +100%,

strongly right-handed).

The statistical analysis was conducted as follows. For the

tube task, the reach and grasp drawer task, and the biman-

ual Brinkman board task, we used a binomial test (SPSS�;

see Fig. 7). For the scores of the modified Brinkman board

task, we used either the paired t-test or the Wilcoxon

signed-rank test (Sigmastat�). Finally, for the CT derived

from the modified Brinkman board task, we used either the

unpaired t-test or the Mann–Whitney U test (Sigmastat�).

In order to limit the duration of the behavioral session

with human subjects to a reasonable extent, the modified

Brinkman board task using both hands simultaneously, as

well as the reach and grasp drawer task, were not per-

formed with human subjects. These tests, aimed in the

monkeys to determine their preferred hand, were consid-

ered redundant for human subjects with the handedness

questionnaire.

Results

Hand dominance: unimanual modified
Brinkman board task

Monkeys

For monkeys, the hand dominance was determined based

on the total score in 30 sec (sum of vertical and horizon-

tal slots in all behavioral sessions) and the CT (measured

for the first five horizontal and the first five vertical slots)

in the 20 last recorded sessions of the modified Brinkman

board task, at plateau. The performance of one hand was

compared to the performance of the other hand, mea-

sured in the two consecutive unimanual tests carried out

on the same day. The dominant hand is the hand exhibit-

ing a higher score, respectively, a shorter CT, than the

opposite hand. For this specific analysis of hand domi-

nance, only the score at plateau was taken into consider-

ation (see Fig. 2A). A typical example of the score data is

illustrated for one monkey (Mk-AT: left and right hand

for total, vertical and horizontal slots) in Figure 2A, with

a vertical dashed line separating the plateau phase from

the preceding learning phase.

The top panel of Figure 2B represents the distribution of

the scores for the left and the right hands for each monkey

at plateau, in the form of box and whiskers plots. In Mk-

DI, immediately after the end of the learning phase, there

was a transient period with a decrease in the number of

grasped pellets (most likely due to a temporary drop of

motivation), corresponding to a first plateau. Later, the

level of score corresponding to the end of the learning

phase reappeared, corresponding to a second plateau,

which was considered for the data of the top panel in Fig-

ure 2B. Overall, three monkeys exhibited a significant dif-

ference of manual dexterity reflected by the score between

the hands, namely Mk-AN, Mk-CA, and Mk-MA. The first

one performed better with the left hand (P = 0.036),

whereas Mk-CA and Mk-MA were more dexterous with

the right hand (P = 0.002 and P < 0.001, respectively).

Mk-AT, Mk-DI, Mk-LO, Mk-MI, and Mk-TH did not

show any significant difference of manual dexterity between

hands at plateau, as far as the total score is concerned.

The CT data are plotted in the two bottom panels of

Figure 2B. As the combination of movements required to

grasp pellets were different for the two slot orientations,

the CT was plotted separately for the vertical slots (middle

panel in Fig. 2B) and for the horizontal slots (bottom

panel in Fig. 2B). Overall, and as expected, the CTs for the

vertical slots tended to be shorter (less challenging task)

than the CTs for the horizontal slots. It is important to

recall that the shorter the CTs, the better the performance.

For the vertical slots, the CTs were significantly shorter for

the left hand in Mk-AN and Mk-DI (P = 0.002 and

P = 0.005, respectively), whereas they were significantly

shorter for the right hand in Mk-CA and Mk-LO

(P < 0.001 for both). For the other monkeys (Mk-AT, Mk-

MA, Mk-MI, and Mk-TH), there was no significant differ-

ence of CTs between the two hands for the vertical slots.

Considering the horizontal slots, the CTs were significantly

different between the two hands for seven out of the eight

monkeys, as only Mk-AN exhibited comparable CTs for

the left and the right hand. In four monkeys (Mk-AT, Mk-

CA, Mk-DI, and Mk-MA), the CTs were shorter for the
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right hand, whereas the CTs were shorter for the left hand

in three monkeys (Mk-LO, Mk-MI, and Mk-TH). Consid-

ering both the vertical and the horizontal slots, note that in

two monkeys (Mk-DI and Mk-LO) exhibiting a significant

difference of CTs between the two hands for both slot ori-

entations, surprisingly the hand with the shortest CTs was

not the same for the vertical and the horizontal slots.

Human subjects

The hand dominance was determined for the human sub-

jects by comparing the total score (sum of vertical and

horizontal slots visited in 30 sec) between each hand in

the unimanual modified Brinkman board task. Graphs

derived from one self-assessed right-hander (AG) and one

self-assessed left-hander (AH) are shown in Figure 3A,

with the total score for each hand in the ten consecutive

trials. Generally, there was a training effect along the ses-

sions, as most subjects increased their performance (total

score) after a few trials. In two human subjects, the learn-

ing effect was rapid (plateau reached after two trials) but

of limited extent (small increase of score). In the other

human subjects, the learning phase was longer, 4–6 trials

in most cases. The gain in total score was for most sub-

jects in the order of 10 additional bolts collected in

30 sec at plateau as compared to the score observed for

the first trial, although overall the gain in total score ran-

ged from about 5–15 additional bolts collected in 30 sec.

Moreover, most subjects developed strategies (motor hab-

its) to increase their performance: for instance, they began

to grasp bolts from the vertical slots and then bolts from

the horizontal ones, or they began each trial on one side

and systematically scanned the board to the other extrem-

ity. Additionally, in this sample of 20 human subjects, the

right-handers performed significantly better than the left-

handers (P < 0.001; Mann–Whitney test) and women

exhibited higher total scores than men (P = 0.009;

Mann–Whitney test).

The hand dominance was determined by comparing

the total scores between the left hand and the right hand

in each subject (Fig. 3B). Generally, the total score ranged

between 15 and 40. Out of the twenty subjects, only nine

showed a significant hand dominance. In the left-handed

subjects (ID initials in blue in Fig. 3B; n = 10), five peo-

ple exhibited a significant left-hand dominance: AB, AH,

AP, MF, and VC (P = 0.038, P = 0.002, P < 0.001,

P = 0.045, and P < 0.001, respectively), whereas one self-

declared left-hander surprisingly showed a significant

right-hand dominance (SB with P = 0.015). In the other

four left-handers, there was no significant hand domi-

nance. In the population of right-handed subjects (ID ini-

tials in red in Fig. 3B; n = 10), three of them showed a

right-hand dominance (AG, JG, and MS, with P = 0.025,

P = 0.004, and P = 0.005, respectively), whereas there was

no significant hand dominance in the other seven self-

declared right-handed subjects.

The CT was assessed in the human subjects as well,

separately for the vertical and horizontal slots and illus-

trated in Figure 4 for four representative subjects. The

subjects AP and MS were representative of lateralized

humans, self-declared as left-hander and right-hander,

respectively, and showed a dominance of the correspond-

ing hand (left in AP and right in MS), with statistically

shorter CTs as compared to the opposite hand. The CTs

of two other subjects are displayed in Figure 4, one fast

subject (AG) and one slow subject (MB), as exhibited in

Figure 3B by their high and low scores, respectively. The

fast subject (AG), declared as right-hander, also exhibited

shorter CTs with the corresponding hand (the difference

with the opposite hand was statistically significant only

for the vertical slots). In contrast, the slow subject (MB),

declared as left-hander, exhibited comparable CTs for

both hands. As compared to monkeys (Fig. 2B), the

human CT data (Fig. 4) reflect a somewhat shorter time

interval needed to successfully grasp the object from the

slots, especially for the horizontal slots. This species dif-

ference may be explained by the object properties, as the

bolt with its angular contour and surface with a hole in it

is easier to grasp than the round shape of the pellets pre-

sented to the monkeys.

Figure 2. Hand dominance analysis for monkeys. An example of scores (Mk-AT) for the left and the right hand when the use of the hand was

imposed in the modified Brinkman board task is shown in panel (A). Along the abscissa, the values refer to the consecutive daily session numbers,

incremented by one for each individual session, irrespective of the actual date of the session. The regular interval between two consecutive

sessions is thus not representative of the number of actual days separating the two sessions. In panel (B), three graphs in the form of box and

whiskers plots represent for each monkey the distribution of the total scores (sum of horizontal and vertical slots) at the plateau (top graph), the

distribution of contact times (CT, in seconds) for the vertical slots (middle graph) and for the horizontal slots (bottom graph), for the left hand

(blue) and the right hand (red). These data concern the results when the use of one hand was imposed in the unimanual modified Brinkman

board task. The statistical comparisons between the two hands in each daily session were performed using the paired t-test (normality test

passed) or the nonparametric Wilcoxon rank signed test (normality test failed) for the score data (paired for the left hand and the right hand in a

given daily session). In contrast, the CT data (five values per daily session for each slot orientation) are not paired and therefore the statistical

comparisons between the two hands were performed using the unpaired t-test (normality test passed) or the nonparametric Mann–Whitney test

(normality test failed) on the CT values pooled from 20 daily sessions.
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Hand preference

Monkeys

As reminder, the hand preference in monkeys was deter-

mined based on the results of the modified Brinkman

board, when the use of the two hands was free, as well as

on the results of three other specific tasks: the bimanual

board, the tube, and the drawer tasks.

For the modified Brinkman board task (executed with

both hands simultaneously), we made a distinction

among the scores according to different phases, each

characterized by distinct patterns of manual use. Indeed,

the monkeys evolved in their manner to execute the task

and in the choice of one hand to the detriment of the

other along the daily sessions. There were mainly three

different behavioral profiles exhibited by the animals

(Fig. 5). In the first profile (for instance Mk-AN in

Fig. 5A), the monkey used nearly always the same hand

in phase I, whereas in phase II (to the right of the vertical

dashed line), both hands were used more or less at the

same frequency. In the second profile (for instance

Mk-LO in Fig. 5B), one of the hands was less used than

the other hand along all daily sessions. However, two

phases were distinguished, phase I corresponding to a

minimal use of one hand followed, in phase II, by an

increased contribution of the less used hand. The third

profile (for instance Mk-MA, Fig. 5C) is the opposite to

the first one: both hands were used more or less at the

same frequency during phase I, whereas one hand was

then less used than the other hand during phase II.

After determining the different phases corresponding to

different profiles (manual patterns), we compared the

score for the right hand with the one for the left hand,

separately in the vertical (Fig. 6A) and in the horizontal

slots (Fig. 6B), in each phase in each monkey. In the ver-

tical slots in phase I, four monkeys exhibited a significant

preference to use one hand over the other (left-hand pref-

erence in Mk-AN and Mk-TH; right-hand preference in

Mk-DI and Mk-LO), whereas the other four monkeys did

not show any significant hand preference (Mk-AT,

Mk-CA, Mk-MA, and Mk-MI). In phase II, most of the

scores for the vertical slots did not exhibit a significant

(A)

(B)

Figure 3. Hand dominance analysis for

human subjects (women in italic), derived

from the unimanual modified Brinkman

board task. Examples of the total score

(sum of the number of horizontal and

vertical slots visited in 30 sec) for a left-

handed subject (AH) and a right-handed

subject (AG) are shown in panel (A). In

panel (B), the box and whiskers plots

represent the distribution of the total

scores observed for the left hand (blue)

and the right hand (red), for each human

subject tested (n = 20, indicated by their ID

initials). The ID initials of the subjects are in

blue versus red, when the subjects

presented themselves as left-hander versus

right-hander, respectively. The ID initials of

males and females are shown with normal

and italic type, respectively. The statistical

comparisons of total score between the

two hands in each of the 10 trials were

performed using the paired t-test

(normality test passed) or the

nonparametric Wilcoxon rank signed test

(normality test failed). In each subject, a

yellow line connects the median values of

the left and the right hands, in order to

emphasize the intermanual comparison.
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difference between both hands, except for Mk-LO and

Mk-MA, with a significant preference for their right hand.

In the horizontal slots (Fig. 6B), in phase I, all monkeys

but Mk-MA showed a significant hand preference. Four

monkeys (Mk-AN, Mk-AT, Mk-MI, and Mk-TH) used

preferably their left hand, whereas three monkeys

(Mk-CA, Mk-DI, and Mk-LO) used more often their

right hand. In phase II, five out of eight monkeys showed

a preference for one hand over the other, with a left-hand

preference in Mk-AT and Mk-MI, whereas Mk-CA,

Mk-LO, and Mk-MA exhibited a right-hand preference.

Overall, there were clearly more significant hand

preferences observed for the horizontal slots than for the

vertical slots (Fig. 6).

The HI, derived from the three other tasks performed

by the monkeys (the bimanual board task (Fig. 1B), the

tube task (Fig. 1C), and the drawer task (Fig. 1D), were

plotted on the same bar graph (Fig. 7A, rightmost part of

the graph, separated from human subjects by a vertical

black line). In most cases, these three tasks were lateral-

ized (large positive or negative HI). Mk-TH was the only

monkey to exhibit a coherent hand preference for all

three tasks, with a systematically positive HI, correspond-

ing to a significant right-hand preference (P < 0.05; bino-

mial test). In the other seven animals, there was an

absence of systematic consistency across tasks.

Three monkeys (Mk-AN, Mk-CA, and Mk-DI) exhib-

ited a preference for the right hand in the bimanual

board and the tube tasks (positive HI) and a preference

for the left hand in the drawer task (negative HI). These

HI values were statistically significant (meaning lateral-

ized; binomial test P < 0.05), except in Mk-CA for the

tube task (Fig. 7A).

Mk-LO and Mk-MI shared a comparable general pat-

tern of HI distribution among the three tasks (Fig. 7A),

namely a clearly positive HI (>0.5) for the bimanual board

and the drawer tasks, whereas the HI was strongly negative

for the tube task (Fig. 7A). In these two animals, all HI

values were statistically significant (lateralized; P < 0.05).

The last three monkeys had each a unique general pat-

tern of HI distribution among the three tasks. Mk-AT

exhibited a significant preference for the right hand in the

bimanual board task (P < 0.05), whereas a significant

left-hand preference was present for the tube and the

drawer tasks (P < 0.05). In Mk-MA, there was a signifi-

cant left hand preference for the first two tasks

(P < 0.05), whereas for the drawer task the right hand

was preferred (P < 0.05).

Human subjects

Two tasks, namely the tube and the bimanual Brinkman

board tasks, as well as the handedness questionnaire were

used to assess the hand preference in human subjects. The

observed HI values obtained for the bimanual board and

for the tube tasks were plotted on the same graph for all

subjects (Fig. 7A, left and middle parts of the graph, sepa-

rated from the rightmost part concerning monkeys by the

solid vertical black line). Most human subjects exhibited a

HI near to �1 or 1. The P-value for each test and for each

subject was statistically significant (P < 0.05; binomial

test), except for the tube task in the subject FL (P > 0.05).

The results for both tasks (Fig. 7A) showed that most

self-declared left-handers indeed used their left hand as the

preferred hand (HI negative), and similarly most self-

Figure 4. Hand dominance analysis for human subjects, derived from

CTs obtained in the unimanual modified Brinkman board task, for

four representative human subjects (see text), when the use of one

hand was imposed. Both graphs, in the form of box and whiskers

plots, represent the distribution of CTs in seconds, for the vertical

slots (top graph) and for the horizontal slots (bottom graph), and

separately for the left hand (blue) and the right hand (red). The CT

data (five values per daily session for each slot orientation) are not

paired and the statistical comparisons between the two hands were

performed using the unpaired t-test (normality test passed) or the

nonparametric Mann–Whitney test (normality test failed) on the CT

values pooled from the 10 sessions. Same ID initial code as in

Figure 3.
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(A)

(B)

(C)

Figure 5. Hand preference in monkeys: distinction between different phases in the modified Brinkman board task, when the use of both hands

was free. Different behaviors appear among monkeys. In panel (A), the scores for the vertical and horizontal slots for Mk-AN are shown. The

vertical dotted line separates two phases: phase I in which the right hand (in red) was hardly ever used and phase II during which both hands

were used more or less at the same frequency (see the corresponding statistical tests in Fig. 6). In panel (B), scores for vertical and horizontal slots

for Mk-LO are shown. The vertical dotted line also separates two phases, but the distinction is here less marked. In phase I, the left hand was

hardly ever used, whereas it was used more in phase II. However, the right hand seems to be more used in the two phases than the left one (see

statistical tests in Fig. 6). In panel (C), scores for vertical and horizontal slots for Mk-MA are shown. The vertical dotted line separates two phases

as well: phase I in which both hands were used more or less at the same frequency, and phase II, in which conversely the left hand was less used

than the right hand (statistical tests in Fig. 6). As emphasis was put on the comparison between the two hands in each condition, the ordinate

maximal values were variable among conditions.

586 ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Hand Dominance and Hand Preference in Primates P. Chatagny et al.

308



declared right-handers indeed used their right hand as the

preferred hand (HI positive). Only three left-handers

exhibited a preference for the right hand in the tube task

(subjects AP, CC, and MB). One of these three left-handed

subjects (CC) furthermore showed a preference for the

right hand in the bimanual board task. In the population of

self-declared right-handers (Fig. 7A), four of them (sub-

jects AC, GS, JG, and NF) showed a preference for their left

hand in the tube task, whereas another right-handed sub-

ject (MS) exhibited a preference for the left hand in the

bimanual board task. Statistical comparisons (t-test or

Mann–Whitney) between the groups of right-handers ver-

sus left-handers for the tube task (blue bars in Fig. 7A) did

not reveal any significant difference (P > 0.05) for both the

real HI values and the absolute HI values. On the other

hand, for the bimanual board task (gray bars in Fig. 7A),

there was a significant difference for the real HI values

between the right-handers and the left-handers (P = 0.002),

but not for the absolute HI values (P = 0.33), indicating

that the degree of lateralization is comparable in both

groups.

The scores derived from the handedness questionnaire

was calculated and transformed into percentages (Fig. 7B).

The overall questionnaire scores for the self-announced

right-handers (ID initials in red in Fig. 7B) were clearly

positive, ranging between 53.85% and 100%. The question-

naire scores derived from the self-announced left-handers

(ID initials in blue in Fig. 7B) were mostly negative, ranging

between �30.77% and �73.08%. The exception was the

subject AB, who surprisingly showed a positive question-

naire score (26.92%). The absolute values of laterality score

were significantly larger in the right-handers than in the

left-handers (P = 0.007), confirming the well-established

notion that right-handers are more lateralized.

An overview of all results is available in Table 1, sepa-

rately for the monkeys (Part A) and for the human subjects

(Part B). Generally, it can be concluded that comparable

numbers of left- and right-handed occurrences appeared

(A) (B)

Figure 6. Hand preference statistical analysis for monkeys, applied to the modified Brinkman board task data, with free use of the two hands

simultaneously, as illustrated in Figure 5, and represented by box and whiskers plots. Scores for vertical slots for phases I and II are shown for all

monkeys in panel (A) and scores for the horizontal slots for phases I and II are displayed in panel (B).
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among monkeys, concerning both the hand dominance

and the hand preference (Table 1, Part A). However, there

was no general consistency in hand dominance or in hand

preference in monkeys, neither between individuals nor

within each individual. On the contrary, as far as human

subjects are concerned, the hand preferences revealed by

the two manual tests and the questionnaire were largely

coherent with the self-assessment by the subject (Table 1,

Part B), although the tube task revealed a few more discrep-

ancies. There were less systematic occurrences of hand

dominance (assessed with the unimanual modified Brink-

man board task; Table 1, Part B) although, when present, it

was consistent with the lateralization of the hand preference

(except in the subject SB). We also observed that hand

dominance was somewhat more frequent in left-handers

than in right-handers.

Discussion

At least to the best of our knowledge, the present study

introduced several new aspects of handedness assessment

in primates, with emphasis on manual dexterity (use of

precision grip). First of all, the data support the concept

of separation of two hand attributes, namely the hand

dominance and the hand preference. In monkeys, these

two attributes were not systematically consistent, and in

(A)

(B)

Figure 7. Hand preference analysis for monkeys and human subjects. In panel (A), the bar graph displays the handedness index (HI) for the

bimanual Brinkman board and the tube tasks in human subjects and for the bimanual Brinkman board, the tube and the reach and grasp drawer

tasks in monkeys. The solid vertical black line separates human subjects (left) from monkeys (right) and the vertical dotted line separates the

human subjects who presented themselves as left-handers (left) from the subjects who presented themselves as right-handers (right). For each

task and for each subject, the stars indicate a P ≤ 0.05 obtained in a binomial statistical test (ns = not significant, P > 0.05), above or below each

corresponding bar graph. In panel (B), the bar graph represents the overall laterality score from the handedness questionnaire in percentage for

each human subject. The ID initials of the subjects are in blue versus red for the self-announced left-handers versus right-handers, respectively.

See text for statistical analysis. For human subjects, same ID initial code as in Figure 3 (women in italic).
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human subjects the hand preference was not systemati-

cally accompanied by consistent hand dominance, at least

for the modified Brinkman board task (Table 1). This

may be different for more challenging manual dexterity

tasks. Second, the present study is original in comparing

nonhuman primates and human subjects with respect to

their handedness, based on a set of comparable manual

dexterity tasks performed by macaque monkeys and

human subjects (see also Lacreuse and Fragaszy 1997; for

a comparison between capuchin monkeys and humans).

In particular, the modified Brinkman board task widely

and classically used in monkeys (e.g., Brinkman and

Kuypers 1973; Brinkman 1984; Liu and Rouiller 1999;

Kaeser et al. 2010, 2011, 2013; Schmidlin et al. 2011) was

tested in human subjects for the first time. Third, the

manual performance in nonhuman primates was con-

ducted here in well-defined conditions, such as reproduc-

ible posture and position of the animal with respect to

the behavioral set-up, thanks to the use of the primate

chair placed in the same position from one daily session

to the next (in contrast to observations in the wild or in

the detention cage). The primate chair offers also the

possibility to test separately the left hand from the right

hand, as needed to assess hand dominance for instance.

Finally, in monkeys, the assessment of manual perfor-

mance was not restricted to a single or very few time

points, but it was monitored in daily sessions over several

weeks or months.

Overall, the results confirmed our hypothesis that hand

preference in M. fascicularis is variable across manual

tasks and individuals (Table 1). Furthermore, the hand

preference in monkeys did not systematically correspond

to the hand dominance in the modified Brinkman board

task (four out of eight monkeys: see Table 1). In contrast,

human subjects are more lateralized and the correspon-

dence between hand preference and hand dominance was

systematic in the vast majority of cases (one exception

out of 20 subjects: see Table 1).

As expected, our results related to hand preference

show that left-handers are not a mirror image of right-

handers, at least based on the questionnaire (Fig. 7B).

Right-handers are clearly more lateralized, as laterality

scores (absolute values) were significantly larger in right-

handers than in left-handers. In monkeys, based on the

three tasks they performed (Fig. 7A), only one animal

exhibited a consistent lateralization (Mk-TH: right-han-

der), whereas in the others, the preferred hand was largely

task dependent.

The part of the present study focused on human sub-

jects, in spite of a relatively limited sample of subjects

(n = 20, comprising 10 men and 10 women distributed

in 10 right-handers and 10 left-handers based on their

self-assessment) revealed some interesting differences.

First, the questionnaire data showed that left-handers are

less lateralized than right-handers (Fig. 7B), as previously

reported (see e.g., Kastner-Koller et al. 2007) and in line

with our hypothesis (see Introduction and Methods).

However, this lateralization difference between self-

declared left- and right-handers reflected by the question-

naire was not found for the two bimanual tasks tested

here: as shown in Table 1, there was a comparable num-

ber of hand preference deviations in each group (four

right hand deviations in the left-handers and five left

hand deviations in the right-handers). Second, in the con-

text of hand dominance assessment based on the modi-

fied Brinkman board task, right-handers performed

significantly better than left-handers, in the 10 trials con-

ducted for each subject during the unique behavioral ses-

sion. Whether this difference would be maintained along

multiple sessions conducted at subsequent days remains

an open question. Third, women performed significantly

better than men in the modified Brinkman board task, as

reflected by a higher total score. This result is in line with

the previously reported notion that females perform

better than males in tasks requiring high levels of

manual dexterity (Kimura 2000). The gender difference

was opposite in a computer-pointing task (Rohr 2006),

with motor times shorter in men, favoring speed, than

women, highlighting accuracy.

In the present study, fairly comparable results were

obtained for human subjects and monkeys, as far as the

hand dominance is concerned. Indeed, 62% of monkeys

and 55% of human subjects did not show any statistically

significant hand dominance, as assessed by the score

derived from the modified Brinkman board task. Con-

cerning the CTs, the results are more difficult to interpret

in monkeys. The CTs were fully coherent with the score

in one case only (Mk-CA), whereas for the other mon-

keys, there was no, or less, consistency (Table 1). As

reminder, the CT is a parameter additional to the score,

which eliminates possible biases in the score, due to inat-

tention and/or lack of motivation of the monkey. In other

words, it does not take into account the time interval

between two slot manipulations. Moreover, we had taken

into consideration only the last 20 sessions at plateau, to

focus on the supposedly most stable daily behavioral ses-

sions. It may, however, be interesting to consider the CT

in more sessions in the plateau phase for a stricter com-

parison with the score for the very same sessions,

although, in previous studies (e.g., Kaeser et al. 2010,

2011), the CTs were largely stable during the entire pla-

teau phase. The discrepancy between score and CTs is

likely to be due to other parameters, such as diverted

attention in between the grasping of two consecutive pel-

lets. It may also originate from the different motor habits

reflected by the temporal sequence followed by the animal
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to visit the slots (e.g., the monkey scans the board sys-

tematically from one side to the other or from the middle

and then to the sides; see Kaeser et al. 2013). Moreover,

at a given time point, the animal may change prehension

strategy (e.g., collect two pellets at a time). As long as the

new strategy is not fully mastered, the hand dominance

may vary, although the CTs remain short. In human sub-

jects, as for the score data, the CT data showed that the

hand dominance is generally consistent with the hand

preference.

The present study offers the opportunity to compare

the hand dominance and the hand preference for both

human subjects and nonhuman primates. As reminder,

the human subjects exhibiting hand dominance showed,

most of the time, the same laterality for hand preference.

This was not the case for the monkeys, where the laterali-

ty of the hand dominance did not systematically corre-

spond to the one of the hand preference (Table 1). The

same conclusion was met in a study conducted on four

female M. fuscata Japanese monkeys (Kinoshita 1998).

Concerning the hand preference, the results in human

subjects are very consistent with their self-assessment.

Indeed, for most subjects, the preferred hand revealed by

the different tasks corresponded to the hand they used to

write, except for the tube task, where the results were

more disparate (Table 1). The tube task thus appears less

appropriate than the bimanual Brinkman board task and

the questionnaire to determine the hand preference in

human subjects. This raises then the question whether

this task is adequate to assess hand preference in mon-

keys. The results related to hand preference in monkeys

were highly disparate. Only two animals showed similar

results (Mk-DI and Mk-AN) and, for each monkey, there

was no systematic hand preference among all the tasks

performed. Considering the questionable suitability of the

tube task in human subjects (see above), it was tried to

eliminate the tube test from the monkey data: omitting

the tube task data did not modify substantially the results,

except for Mk-LO, which was a right-hander for each task

except the tube one. Two conclusions maybe drawn from

these results: either the tasks used here are not fully

appropriate to determine the hand preference in mon-

keys, or the M. fascicularis monkeys do not show a stable

and systematic hand preference for the present panel of

tasks. In human subjects, the bimanual Brinkman board

appears to be an adequate test, but is it also the case for

the nonhuman primates? This question highlights the

limits of our experiment. On the one hand, we compare

for the first time handedness in human subjects and in

nonhuman primates for the same tasks directly but, on

the other hand, these manual tasks may not be equally

relevant in both species. The complexity and the repre-

sentation of the different tasks may well be different for

nonhuman primates and for human subjects. A difference

is already present at the level of training. Clearly, human

subjects reached more rapidly plateau values than mon-

keys, especially for the modified Brinkman board task.

Human subjects are obviously more often engaged in

bimanual coordination tasks in their everyday life than

monkeys, a difference which may bias the comparison

between the two groups performing the same manual

tasks. At onset time of behavioral testing, the human sub-

jects were already strongly lateralized, whereas this was

most likely not the case in the nonhuman subjects. In the

monkeys, the present data demonstrate that hand prefer-

ence is more prominently revealed by a more challenging

task (horizontal slots) than an easier task (vertical slots in

the modified Brinkman board task, executed with both

hands simultaneously; see Table 1). In the comparison

between monkeys and humans, it has to be emphasized

that reinforcement is not of the same nature (food in

monkeys, a bolt in human) and therefore the motiva-

tional context is different. Furthermore, human subjects

were asked to perform the task as rapidly as possible,

whereas there was no such time constraint in monkeys.

However, as the task represented the first access to food

on that day, the monkeys were motivated and therefore

they were fast too.

As compared to previous studies available in the litera-

ture, several aspects deserve further comments. As already

mentioned above, few of the previous studies clearly dis-

tinguished hand dominance from hand preference, espe-

cially in nonhuman primates. Consequently, in previous

studies conducted in monkeys with the aim to investigate

the effect of different lesions of the central nervous system

on the manual dexterity, it is often mentioned that a uni-

lateral lesion was performed on the contralateral side with

respect to the “dominant” hand. From the present study,

such statement remains unclear as it is not obvious to

distinguish whether the hand was more proficient (better

motor performance reflecting hand dominance as defined

here) or selected in priority (preferred hand) by the

animal to perform a specific manual dexterity task. The

difficulty is even increased when considering the data

presented in Figure 5, demonstrating that the hand

preference may vary with time along the daily behavioral

sessions.

Focusing on hand preference (as defined in the present

report), several studies showed similar results to ours,

confirming an individual-level hand preference associated

to different tasks (Old World Monkey in Westergaard

et al. 2001a,b and Chapelain et al. 2006; Prosimians in

Leliveld et al. 2008 and Hanbury et al. 2010). For Chape-

lain et al. (2006), this individual preference is an evidence

of endogenous laterality, but to explain the differences

between the animals, they propose an influence of differ-
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ent factors dependent on the task specificity. Hopkins

(2006) reached similar conclusions in great apes. Linked

to this observation, several studies suggested dependence

between handedness and task complexity (Lehman 1989;

Fagot and Vauclair 1991; Hopkins 1995; Hopkins and

Rabinowitz 1997; Spinozzi et al. 1998; Hopkins and

Cantalupo 2005). Indeed, the more complex the task, the

more prominent the hand preference. This is in line with

the larger occurrences of hand preference observed here

in the horizontal slots of the modified Brinkman board

task, as compared to the less challenging vertical slots

(Table 1). Overall, in our study, all tasks in which the

monkeys were engaged may be considered as complex, so

it explains why, for most of them, we found an individual

manual laterality (hand preference; see Table 1). More-

over, previous studies emphasized the significance of the

body position in relation to the task in order to deter-

mine the manual laterality (Hopkins and Cantalupo 2005;

Meunier et al. 2011). In our study, the position of the

animal was highly reproducible and this parameter thus

did not influence our results.

Unlike to the first aforementioned studies, Hopkins

et al. (2002), Westergaard et al. (1997), and Wesley et al.

(2001) found a population-level handedness in macaques

and chimpanzees, but the methods used to assess hand

preference were a bit different. Indeed, Hopkins et al.

(2002) and Westergaard et al. (1997) tested the hand

preference using a lower number of tasks.

Concerning the different results obtained from human

subjects and monkeys, several explanations appear perti-

nent. Sociability plays an important role for the handed-

ness (Hopkins 2006). Indeed, pedagogical or cultural

pressures can influence the hand preference in humans,

which is not considered to be the case in nonhuman pri-

mates. The postural origin theory of handedness offers a

possible explanation for the monkey data (MacNeilage

et al. 1987). Indeed, several studies showed a right-hand

preference for more terrestrial species, whereas a left-hand

preference was found for more arboreal animals (Masa-

taka 1989; Singer and Schwibbe 1999; Hopkins et al.

2011; Meguerditchian et al. 2012; Zhao et al. 2012). In

our case, our animal model, the M. fascicularis, is consid-

ered to be both arboreal and terrestrial (Fooden 2006;

South Asian Primate C.A.M.P. Report, 2003; http://www.

zooreach.org/downloads/ZOO_CAMP_PHVA_reports/2003

%20Primate%20Report.pdf). Our results in M. fascicularis

monkeys, showing a right- or left-hand preference

depending on the tasks, is thus in line with the postural

origin theory, in the sense that our animals did not show

a clear right- or left-handedness, but an intermediate and

variable position, consistent with the mixed arboreal and

terrestrial status of M. fascicularis. These data are consis-

tent with hand preference observations derived from

simple food reaching task, also in cynomolgus (M. fascicu-

laris) monkeys (Lehman 1980b). In a longitudinal study

(from birth to weaning) conducted on a large number of

monkeys (M. fascicularis), and based also on a task using

a slot board but emphasizing more the attribute of hand

dominance than hand preference (Brinkman and Smith-

son 2007), it was found that the infant monkeys showed

a “dominant” hand at individual level (but bimodal dis-

tribution at population level). Their hand “dominance”

was the same as that of their mother and, moreover, their

pattern of grip movement resembled their mothers’, sug-

gesting imitation (Brinkman and Smithson 2007). In line

with Hopkins (2004), the present data in M. fascicularis

show that, as far as hand preference is concerned, they

considerably diverge from human subjects (highly lateral-

ized), whereas apes can be placed in between the two

groups, with intermediate hand preference characteristics.

This wide range of behavioral lateralization is consistent

with its multifactorial origin (see e.g., Rogers 2009;

Schaafsma et al. 2009; Uomini 2009; Forrester et al. 2013).
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hypothesis was verified for the performance of manual dexterity after consolidation, correlated
with the initial score before learning. Motor habit, reflected by the temporal order of sequential
movements executed in the modified Brinkman board task, was established very early during the
learning phase. As mostly expected, motor  learning led to an optimization of manual dexterity
parameters, such as score, contact time, as well as a decrease in intra-individual variability.
Overall,the data demonstrate the substantial inter-individual variability of manual dexterity in non-
human primates, to be considered for further pre-clinical applications based on this animal model.
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The goal of this study was to quantify the inter-individual and intra-individual variability of manual (digits) skill in adult macaque 
monkeys, over a motor learning phase and, later on, when motor skills were consolidated.  The hypothesis is that several attributes of 
the stable manual dexterity performance can be predicted from learning characteristics.  The behavioral data were collected from 20 
adult Macaca fascicularis, derived from their dominant hand, defined as the hand exhibiting a better performance than the other.  Two 
manual dexterity tasks were tested: (i) the “modified Brinkman board” task, consisting in the retrieval of food pellets placed in 50 slots 
in a board, using the precision grip (opposition of the thumb and index finger); (ii) the “reach and grasp drawer” task, in which the grip 
force and the load force were continuously monitored while the monkey opened a drawer against a resistance, before grasping a pellet 
inside the drawer.  The hypothesis was verified for the performance of manual dexterity after consolidation, correlated with the initial 
score before learning.  Motor habit, reflected by the temporal order of sequential movements executed in the modified Brinkman board 
task, was established very early during the learning phase.  As mostly expected, motor learning led to an optimization of manual 
dexterity parameters, such as score, contact time, as well as a decrease in intra-individual variability.  Overall, the data demonstrate the 
substantial inter-individual variability of manual dexterity in non-human primates, to be considered for further pre-clinical applications 
based on this animal model. 

In the common language, some people are described as clumsy whereas others have recognized talents 
to practice challenging motor tasks with great manual (digits) dexterity, such as musicians, top sports 
performers, as well as in some professional activities requiring high degree of precision in motor control (e.g.,  
handmade watchmakers).  Such inter-individual variability of motor skill is accompanied by some degree of 
intra-individual variability as the manual dexterity of a human being is subjected to variations from one day to 
the next, as well as to improvement resulting from motor practice.  Manual dexterity corresponds to the skill to 
control independently and precisely each finger. From an evolutionary point of view, exquisite manual 
dexterity is largely considered as a prerogative of primates, as other mammalian orders do not exhibit such a 
high degree of manual dexterity, in spite of some recent findings providing evidence in favor of some manual 
skill in rodents for instance (see e.g., Sacrey, Alaverdashvili, & Whishaw, 2009; Whishaw, Whishaw, & 
Gorny, 2008; Whishaw, Travis, Koppe, Sacrey, Gholamrezaei, & Gorny, 2010; but see also Klein, Sacrey, 
Whishaw, & Dunnett, 2012).  The specialty of primates for manual dexterity is based on the specific 
anatomical organization of the primate motor system, comprising the direct cortico-spinal projection called the 
cortico-motoneuronal (CM) system (see Lawrence & Hopkins, 1976; Lawrence, Porter, & Redman, 1985; 
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Lemon, 2008). The progressive evolution of the CM system across mammalian species is correlated with an 
increasing manual skill (see e.g., Courtine et al., 2007). Consequently, the non-human primates represent a 
unique animal model to study mechanisms involved in manual dexterity, which are also applicable to human 
subjects.  For instance, monkeys have been used extensively to investigate experimentally the consequences on 
manual dexterity of various types of lesions affecting the motor system (e.g., Bashir et al., 2012; Beaud et al., 
2008; Beaud et al., 2012; Bihel et al., 2010; Brinkman, 1984; Brinkman & Kuypers, 1973; Dancause & Nudo, 
2011; Dancause et al., 2005; Dancause et al., 2006; Darling  et al., 2009; Darling et al., 2010; Darling et al., 
2011; Darling et al., 2013; Eisner-Janowicz et al., 2008; Friel & Nudo, 1998; Friel, Heddings & Nudo, 2000; 
Frost, Barbay, Friel, Plautz & Nudo, 2003; Galea & Darian-Smith 1997; Glees & Cole, 1950; Hoogewoud  et 
al., 2013; Kaeser et al., 2010; Kaeser et al., 2013; Liu & Rouiller 1999; Marshall et al., 2003; McNeal et al., 
2010; Murata et al., 2008; Nishimura et al., 2007; Nudo & Milliken, 1996; Nudo, Wise, SiFuentes, & Milliken, 
1996; Ogden & Franz, 1917; Passingham, Perry, & Wilkinson, 1983; Pizzimenti et al., 2007; Roitberg et al., 
2003; Rouiller et al., 1998; Sasaki & Gemba, 1984; Schmidlin, Wannier, Bloch, & Rouiller, 2004; Schmidlin 
et al., 2005; Schmidlin et al., 2011; Travis, 1955; Wannier, Schmidlin, Bloch, & Rouiller, 2005) and, in some 
cases, also to test the potential of various treatments after such lesions (e.g., Freund et al., 2006; Freund et al., 
2007; Freund et al., 2009; Hamadjida et al., 2012; Kaeser et al., 2011; Plautz et al., 2003; Sugiyama et al., 
2013; Wyss et al., 2013). 

Numerous studies shed light on the anatomical, physiological and developmental aspects underlying 
manual dexterity in monkeys (e.g., Alstermark et al., 2011, Alstermark & Isa, 2002, 2012; Armand, Edgley, 
Lemon, & Olivier, 1994; Armand, Olivier, Edgley, & Lemon, 1997; Borra, Belmalih, Gerbella, Rozzi, & 
Luppino, 2010; Bortoff & Strick, 1993; Darian-Smith, Galea, & Darian-Smith, 1996; Darian-Smith et al., 
1996; Darian-Smith, Burman, & Darian-Smith, 1999; Flament, Hall, & Lemon, 1992; Galea & Darian-Smith, 
1994, 1995; Iwaniuk, Pellis, & Whishaw, 1999; Kinoshita et al., 2012; Lacroix et al., 2004; Lemon, Johansson, 
& Westling, 1996; Lemon, 1999; Maier et al., 2002; Manoel & Connolly, 1995; Ogihara & Oishi, 2012; 
Olivier, Edgley, Armand, & Lemon, 1997; Padberg et al., 2007; Rathelot & Strick, 2009; Rouiller, Moret, 
Tanné, & Boussaoud, 1996; Sasaki et al., 2004).  Furthermore, various aspects linked with manual dexterity 
were studied, such as manual coordination and strategies, handedness and tool use, as well as phylogenetic 
characteristics (e.g., Chalmeau, Visalberghi, & Gallo, 1997; Chatagny et al., 2013; Christel & Billard, 2002; 
Costello & Fragaszy, 1988; Falk, Pyne, Helmkamp, & DeRousseau, 1988; Fragaszy & Adams-Curtis, 1997; 
Gash et al., 1999; Fragaszy, 1998; Iwaniuk & Whishaw, 1999, 2000; King, 1986; King & Landau, 1993; 
Lacreuse & Fragaszy, 1999; Leca, Gunst, & Huffman, 2011; Lemon & Griffiths, 2005; Lindshield & 
Rodrigues, 2009; Nahallage & Huffman, 2007; Pouydebat, Laurin, Gorce, & Bels, 2008; Pouydebat, Gorce, 
Coppens, & Bels, 2009; Pouydebat, Reghem, Borel, & Gorce, 2011; Van Schaik, Deaner, & Merrill, 1999; 
Spinozzi, Castorina, & Truppa, 1998; Spinozzi, Truppa, & Lagana, 2004; Spinozzi, Lagana, & Truppa, 2007; 
Wiesendanger, 1999; Zhao, Hopkins, & Li, 2012). 

In the present study, our goal was to use two complementary manual dexterity tasks, namely the 
modified Brinkman board task and the reach and grasp drawer task, to quantify the inter-individual variability 
of manual skill in adult macaque monkeys, as well as the intra-individual variations along a motor learning 
phase and, later on, during motor skills consolidation.  More specifically, our main hypothesis is that manual 
dexterity performance and variability in the modified Brinkman board task, when acquired, can be predicted 
from the duration of the learning phase, and/or from the learning slope and/or from the initial score before any 
training took place.  For the two tasks, it is also expected that the learning phase contributes: (i) to significantly 
reduce the intra-individual variability of manual skills, when a plateau of performance is reached; (ii) to 
optimize several attributes of manual dexterity, underlying the better motor performance reached at plateau.  
Nevertheless, in line with the principle of motor equivalence (see Lashley, 1930), the same motor goals with 
comparable levels of performance can be achieved using highly different motor strategies, as reflected by a 
wide inter-individual variability in manual skill parameters exhibited by adult macaque monkeys. 
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Method 

Subjects 

The behavioral experiments were conducted on 20 adult macaque monkeys (see Table 1 for individual parameters related to sex, 
weight, age, etc).  Detailed information about the detention conditions of the monkeys, the veterinary authorizations, reward procedures 
and inclusion of the monkeys in previous studies can be found in the supplementary Methods and Results.  As illustrated previously in 
the form of a video sequence (Schmidlin et al., 2011), the first experimental step (lasting 1-3 months) was to habituate the monkeys to 
be transferred into a primate chair, without direct manipulation of the animals by the experimenters, a procedure reducing the stress on 
the animals and the risks for the experimenters.  Placed in the primate chair, the monkeys were weighed, and then transferred to the 
behavioral set-up in the laboratory.  

Procedure 

On each behavioral session (3-5 days a week), the monkeys systematically performed the modified Brinkman board task 
(derived from the initial task of Brinkman & Kuypers, 1973; Brinkman, 1984), representing the basic manual dexterity task on which 
the present data are based.  In addition, shifting from one session to the next, the monkeys performed additional tasks (rotating 
Brinkman board task; Brinkman box task; reach and grasp drawer task; as illustrated in Schmidlin et al., 2011).  In the present report, 
only the reach and grasp drawer task is considered as an additional behavioral test to the modified Brinkman board task and in a 
subgroup of the monkeys only as this quantitative test was introduced fairly recently. 

Taking advantage of two separate windows in front of the primate chair, each hand was tested separately and the first hand 
tested was alternated at each session.  Typically, a daily behavioral session lasted about one hour, to test separately each hand.  All 
behavioral tests were videotaped for off-line analysis.  The present report is however restricted to data derived from the dominant 
hand, defined as the hand exhibiting the highest score in the modified Brinkman board task at plateau, to be distinguished from the 
preferred hand defined as the hand preferably chosen to perform a task when the monkey had the choice to use one or the other hand, 
irrespective of the performance (see Chatagny et al., 2013). 

Materials and Measures 

The modified Brinkman board task requires the precision grip (opposition of thumb and index finger) to grasp food pellets from 
50 slots dug in a perspex board (see Schmidlin et al., 2011), placed in front of the monkey (see also Figure 5D).  The 50 slots are 
divided into 25 vertically oriented slots and 25 horizontally oriented slots, randomly distributed on the board.  Banana flavor 45 mg 
pellets were used (Bio-Serv, US and Canada: www.bio-serv.com). 

As previously reported (Schmidlin et al., 2011), the following 4 parameters were analyzed in the modified Brinkman board task: 
i) the score (number of food pellets retrieved during the first 30 seconds); ii) the contact time (CT = duration in seconds of contact
between the fingers and the food pellets in the slot), determined for the first 5 vertical slots and the first 5 horizontal slots; iii) the 
temporal sequence followed by the monkey’s hand to visit the 50 slots of the board; iv) the types of movements and strategies used 
to retrieve the pellets from the slots, as well as the quantification of errors of grasping. 

The reach and grasp drawer task also measures the ability to unimanually catch a food pellet in a well, but this action is 
preceded by the opening of a drawer, requiring to counteract a variable resistance opposing the pulling.  The test thus allows 
quantifying via sensors the force applied to hold the knob of the drawer in between the thumb and the index finger (grip force), as well 
as the load force (applied to pull the drawer).  Moreover, several other sensors allow quantifying distinct consecutive phases of the task 
(Figure 6A; Schmidlin et al., 2011).  In the reach and grasp drawer task, emphasis was put on aspects not covered by the modified 
Brinkman board task, namely the ability of the monkey to generate different levels of force to counteract the resistances opposing the 
opening of the drawer (load force), while precisely controlling the grip force between the thumb and index finger to prevent the loss of 
contact with the drawer knob (see Schmidlin et al., 2011).  The following parameters were specifically analyzed in the reach and grasp 
drawer task: i) the maximal grip force; ii) the maximal load force; iii) the duration of the grip force application; iv) the duration of 
the load force application.  The load force is believed to be initiated only when the grip force has reached a sufficient level to prevent 
sliding of the fingers on the knob due to the resistance opposing the opening of the drawer.  Further details about the behavioral set-ups 
were described earlier (Schmidlin et al., 2011). 

The behavioral data were represented graphically and analyzed statistically using the Sigmaplot 12.0 software package 
(www.sigmaplot.com).  Accordingly, group comparisons were based on parametric tests (paired or unpaired t-tests) when the normality 
criteria were satisfied or, if not, on non-parametric tests (Wilcoxon rank-sum test or Mann-Whitney U test).  Relationships between two 
behavioral parameters were assessed based on the Pearson correlation test. 

322



298 2
9
6

Results 

Modified Brinkman Board Task 

The modified Brinkman board task is largely intuitive in the sense that an experimentaly-naïve 
monkey placed in front of the board rapidly starts to grasp flavored food pellets, thus representing a fairly 
natural motor task.  However, as a result of practice, the performance measured by the number of pellets 
retrieved in 30 seconds (score) increased from one session to the next, during the learning phase (Figure 1 and 
Supplementary Figure 1).  The use of the precision grip to perform the task is also naturally adopted by all 
monkeys, although there may be subtle variations in the prehension pattern itself (see below).  Furthermore, as 
there is no time constraint imposed to visit the 50 slots, the monkeys perform the task at their own pace 
depending on their motivation, a task thus assimilated to a voluntary behavior.  In absence of strong constraints 
imposing a learning schedule and a level of performance on the monkeys, there is the possibility to assess the 
inter-individual variability related to manual skill, both during the learning phase and the plateau phase.  The 
data will be first, and mainly, described based on the total score. 

Learning phase: Total score.  The learning phase of the modified Brinkman board task appeared quite 
variable from one animal to the next.  A unique case is Mk-RO (Figure 1), exhibiting more a substantial 
decrease in variability along the 146 days of practice than a true increase in performance (modest regression 
line slope; see also Table 1).  Another particular case is Mk-MO (Figure 1), with an impressive score from 
beginning, maintained during more than 100 days, before a moderate enhancement of score taking place at day 
110, considered as the end of the learning phase.  The regression line with a slightly negative slope is 
meaningless (Table 1), reflecting the absence of progressive improvement of score during the first 110 days. 

All other monkeys exhibited a progressive increase in score, although the slope and the duration of the 
corresponding learning period were highly variable across animals (see Figure 1 and Supplementary Figure  1; 
Table 1).  Four monkeys were characterized by a very steep learning slope (Figure 2 panel A; Table 1): Mk-
AT (see also Figure 1), Mk-DI (see also Supplementary Figure 1), Mk-WI and Mk-CE.  In the rest of the 
monkeys, the learning slope ranged from low to medium values (Figure 2 panel A), as illustrated for instance 
by Mk-JO (Figure 1; Table 1). 

Another parameter of interest in relation to the learning phase is the intercept of the learning regression 
line with the y-axis (score), yielding an estimate of the initial performance at the onset of the training.  As 
shown in Figure 2 (panel B: filled circles), the intercept values are quite variable from one monkey to the next, 
without however forming separate clusters.  In Figure 1, three monkeys illustrate a low initial value (Mk-AN), 
a medium initial score (Mk-JA) and a high initial value (Mk-MO), respectively. 

Highly variable also was the duration of the learning phase (Figure 2 panel C).  With the exception of 
Mk-RO (as discussed above), the end of the learning phase was defined using the following criterion (as 
already used in a recent study on hand dominance/preference: Chatagny et al., 2013): when the progressive 
increase in score approached a plateau perceived by visual inspection, as observed in most monkeys, the first 
score value considered as the onset of the plateau is the score which is not exceeded by another value among 
the five next score values.  Consequently, the end of the learning phase, indicated by the vertical dashed line in
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Table 1 
List of monkeys and relevant parameters for the modified Brinkman board task 

Sex+ Weight* Age* 
Learning 

phase 
(days)& 

Plateau 
(days)& 

First 
score 

value& ç 

Median 
plateau 
value& 

Mean 
plateau 
value& 

SD 
plateau 
value& 

Slope 
learning 
phase& 

Score 
plateau# 

Comparison 
H vs V slots 

Median 
contact 
time at 
plateau 
V slots 

Median 
contact 
time at 
plateau 
H slots 

Mean 
errors 

(learning; 
plateau) 

Mk-AN f 1,b 3.2 6 151 44 8.894 22 21.889 1.987 0.0795 H>V 0.32 0.48 5; 0 (c) 
Mk-AT f 1,b 3.4 7 32 129 18.266 30 29.507 3.521 0.418 V>H  (W) 0.16 0.26 4.5; 1.2 (c) 
Mk-CA f 1,b 3.7 7 210 30 12.177 28 26.875 4.303 0.0598 V>H  (t) 0.2 0.36 3.8; 2.1 (e) 
Mk-LO f 1,b 3 7 97 92 12.302 22 21.528 2.408 0.0827 V>H  (t) 0.32 0.8 2.3; 0.4 (c) 
Mk-MA f 1,b 3.2 7 89 133 17.416 33 33.179 2.984 0.176 V>H  (t) 0.24 0.2 16; 0.7 (c) 
Mk-MI f 1,b 3.1 7 86 85 19.846 26 25.465 3.397 0.0611 V>H  (t) 0.2 0.36 9.8; 1.4 (c) 
Mk-TH f 1,b 3.9 6 101 26 16.77 31.5 30.938 4.389 0.15 V>H  (t) 0.2 0.32 7; 0.5 (c) 
Mk-DI f 1,b 3.4 7 41 109 20.516 31 31.154 3.294 0.410 H>V  (W) 0.2 0.2 4.8; 1 (c) 
Mk-EN m 3,a 4.2 5 213 216 27.816 33 32.78 2.339 0.0095 V>H  (W) 0.2 0.32 2; 0.4 (c) 
Mk-AV m 2,b 3.2 3 31 120 20.132 31 30.35 2.854 0.198 H>V 0.24 0.44 0; 0 (d) 
Mk-JO m 2,b 3.2 3 63 34 24.52 34.5 34.25 2.817 0.121 V>H  (W) 0.16 0.28 1; 0.7 (d) 
Mk-JA m 2,b 2.5 3 163 60 22.75 28 28.2 2.783 0.0199 V>H  (t) 0.333 0.867 0; 0.7 (d) 
Mk-WI m 2,b 2.7 3.5 16 234 30.116 35 34.95 3.306 0.409 V>H  (W) 0.24 0.32 3.8; 0.2 (c) 
Mk-VA m 2,a 3.4 3.5 64 404 24.12 26.5 26.875 4.463 0.0937 V>H  (W) 0.333 0.6 2.3; 0 (c) 
Mk-BI m 2,a 3.7 4.5 163 142 29.567 34.5 33.817 3.362 0.0336 V>H  (W) 0.18 0.32 0.7; 0.3 (d) 
Mk-MO m 2,a 4 4.5 110 114 33.318 35 34.424 2.681 -0.00370 V>H  (t) 0.133 0.267 1; 0.5 (c) 
Mk-GE f 2,a 3.5 5 70 447 17.751 21 20.955 4.817 0.0516 V>H  (t) 0.34 0.56 1.9; 0.1 (c) 
Mk-RO m 2,a 3.7 3 146 181 23.651 28 27.667 2.087 0.0288 V>H  (W) 0.44 0.52 6.1; 0.9 (c) 
Mk-CE m 2,a 3.5 4 21 77 21.75 25.5 23.5 4.468 0.274 V>H  (t) 0.667 0.8 0.8; 0.9 (d) 
Mk-DG m 3,a 5.2 4 107 64 20.58 31 31.68 4.13 0.119 V>H  (t) 0.23 0.32 2.3; 1.8 (e) 
Notes. + f = female; m = male. The following number (1, 2 or 3) indicates the housing conditions: 1 = 45 m3 housing facility; 2 = 15 m3 facility; 3 = transfer from 15 m3 to 45 m3 (data 
acquired however after transfer). The following letter (a, b) indicates whether the animal has been subjected to preliminary habituation to the behavioral set-up (a) or not (b), before data 
collection. 
* at beginning of training (age rounded 0.5).
& established for total score in the modified Brinkman board task (all monkeys). 
ç intercept of regression line with y-axis in score plot. 
# Bold characters are for statistically significant differences between H (horizontal slots) and V (vertical slots): paired t-test (t) or Wilcoxon (W) test; see also text for learning phase. 
In the rightmost column, c, d and e correspond to three different error profiles (see text).
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Figure 1 and Supplementary Figure 1, precedes the first score value defined as the onset of the plateau. Mk-
AV is representative of a very quick learning (Supplementary Figure 1), with a plateau reached after only 31 
days. At the other extremity, Mk-EN exhibited a very long learning phase, with a weak slope, completed after 
213 days (Supplementary Figure 1). An average duration of learning phase is illustrated by Mk-MA 
(Supplementary Figure 1), with a plateau reached after about 3 months. 

The difference between the average score at plateau and the initial score before training yields an 
estimate of the score enhancement obtained during the learning phase.  This value is represented for the total 
score by crosses in Figure 2 (panel B).  As one might have expected, there is a trend towards a larger 
improvement of score during the learning phase in the monkeys with a low initial score as compared to those 
with a higher initial score characterized by a limited score progression.  The two (interdependent to some 
extent) parameters of initial score and score improvement during learning appear to present a difference with 
respect to sex.  As shown in Figure 2 panel B, the nine females (identified by “f” the x-axis) exhibit lower 
initial values than most males.  The average initial score was 15.99 pellets in 30 seconds in females (SD = 
3.95) whereas, in males, it was 25.3 pellets in 30 seconds (SD = 4.3).  This difference between females and 
males is statistically significant (p < 0.001; unpaired t-test).  Consequently, females exhibited a larger margin 
of score progression during learning (average 10.84 pellets in 30 seconds; SD = 4.23) than males (average 5.47 
pellets in 30 seconds; SD = 3.42); this difference related to sex is also statistically significant (p = 0.006; 
unpaired t-test).  The other two parameters related to learning (learning slope and duration of training) did not 
differ between the sex groups (Figure 2 panels A and C). 

Plateau phase: Total score.  As illustrated in Figure 1 and Supplementary Figure 1, the plateau phase 
starts after the vertical dashed line.  The average and median score values reached at plateau were also variable 
among monkeys, ranging from 21 to 35 pellets (Figure 2 panels E and F; Table 1).  A relevant parameter at 
plateau is the intra-individual variability from one daily session to the next, estimated by the standard deviation 
(SD) of the score values during the entire plateau phase (Table 1).  The SD was highly variable across monkeys 
(Figure 2 panel D), ranging from 1.99 to 4.82.  A “typical” monkey is represented by Mk-AN (Figure 1), 
whereas a monkey exhibiting an atypical performance at plateau is illustrated by Mk-MI (Supplementary  
Figure 1). 

To assess whether the performance reached at plateau (score and variability) depends on learning 
properties, such as the duration of the learning phase, the slope of the learning regression line or the initial 
score before training, the average score at plateau and its SD were plotted for the 20 monkeys as a function of 
the corresponding learning parameters (Supplementary Figure 2).  There was correlation neither between the 
learning duration (in days) and the average score at plateau, nor between the learning duration and the SD of 
the score at plateau (top two panels in Supplementary Figure 2).  The same absence of correlations was found 
during the first five learning sessions. Similarly, the speed of learning, estimated by the slope of the learning 
regression line, was not correlated with the manual performance at plateau (score or SD; bottom two panels in 
Supplementary Figure 2).  In contrast, the initial score before training was to some extent a predictor of the 
score at plateau, as there was a statistically significant correlation between these two parameters (top right 
panel in Figure 3; Pearson correlation test).  On the other hand, there was no correlation between the initial 
score before training and the variability (SD) of the score at plateau (middle right panel in Supplementary 
Figure 2). 

Both the inter-individual and intra-individual variations of the total score can be better visualized when 
displayed in the form of box and whisker plots (Figure 3 top left panel).  Some animals exhibited a fairly small 
variability of their total score at plateau, from one daily session to the next (Mk-AN, Mk-CA, Mk-LO, Mk-JO 
and Mk-RO).  In these monkeys, the distance between the 25 and 75 percentiles was equal to or smaller than 
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3.6 pellets.  At the other extreme, some monkeys were characterized by a large variability across daily sessions 
(Mk-GE and Mk-WI), with a distance between the 25 and 75 percentiles equal to or larger than 10 pellets. 

Figure 1. Plots showing the score obtained by 6 monkeys (Mk-RO, Mk-AT, Mk-JO, Mk-AN, Mk-MO, MK-JA) in the modified 
Brinkman board task for the dominant hand (RH=right hand; LH=left hand). Yellow triangles represent the total score, whereas the 
separate scores in vertical and horizontal slots are displayed by blue diamonds and purple squares, respectively. The time in days from 
the first day of testing is represented on the x-axis. For instance, in absence of test during the weekend, there is a delta of 3 days 
between tests conducted on Friday and then on next Monday. The vertical dashed lines represent the end of the learning phase and 
consequently the onset of the plateau phase (see text). A learning regression line on the total score is displayed for each animal (see 
text). The regression lines for Mk-RO and Mk-MO are represented with dashed lines as they are special cases (see text). 

326



302 2
9
6

Figure 2. Plots showing relevant parameters for motor performance by all monkeys during the learning phase and the plateau phase of 
the modified Brinkman board task. The data concern the total score. The ID name of the monkeys appears below each bottom graphs. 
The 9 females monkeys are identified by “f” below the ID names. The other 11 monkeys are males. In panel B, crosses represent the 
progress of score obtained during the learning phase: it is the average score at plateau minus the initial score (also expressed as a 
number of pellets in 30 seconds; see text). 

Score in vertical and horizontal slots. Pellet retrieval from the horizontal slots is more challenging than 
from the vertical ones (see Chatagny et al., 2013; Freund et al., 2009; Hoogewoud et al., 2013; Schmidlin et 
al., 2011), as the precision grip is usually accompanied by a deviation of the wrist/arm, not necessary for the 
vertical slots, corresponding either to an ulnar deviation or a radial deviation (see below, Variable Patterns of 
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Food Pellet Grasping).  Below, the data are presented first at plateau, where they are more stable, and then, for 
comparison, during the learning phase. 

At plateau, the scores were in most cases lower in the horizontal slots than in the vertical slots (Figure 1 
and Supplementary Figure 1; Table 1): this difference was statistically significant in 17 monkeys (p < 0.001 in 
15 monkeys; p = 0.016 in Mk-CE and p = 0.011 in Mk-TH; see Table 1).  In contrast, in three monkeys, the 
horizontal scores  were higher  than the  vertical scores,  but the difference was  not statistically  significant    
(p > 0.05) in two monkeys (Mk-AN, see Figure  1; Mk-AV, see Supplementary Figure 1).  In the third monkey 
(Mk-DI), the horizontal score was significantly higher than the vertical score (p < 0.001; see Supplementary 
Figure 1 and Table 1).  At the plateau phase, there was no statistically significant difference between females 
and males in the median score for the vertical and horizontal slots taken separately, as well as for the 
variability of both of them (Figure 3). 

The variability of the scores at plateau taken separately for the horizontal and the vertical slots can be 
visualized when the scores are displayed in the form of box and whisker plots (Figure 3 bottom two panels).  In 
this way, the 20 monkeys can be distributed in three subgroups.  First, in eight monkeys the variability of 
scores at plateau was comparable for both slot orientations.  Second, the variability of scores at plateau was 
lower in the vertical slots in six monkeys.  Third, it was the other way around in six monkeys with a lower 
variability in the horizontal slots. 

In the learning phase, there was a positive correlation between vertical and horizontal mean scores 
(r = 0.79), indicating that the learning performance for one slot orientation is consistent with that for the other 
orientation.  Nevertheless, no significant correlation appeared neither between vertical and horizontal SDs, nor 
between mean and SD for both slots orientations.  However, differences between the scores observed in the 
vertical slots and in the horizontal slots at plateau were already visible during the learning phase (see all 
monkeys illustrated in Figure 1 and Supplementary Figure 1, except Mk-AT).  In the three monkeys (Mk-AN, 
Mk-AV and Mk-DI) with a higher score in the horizontal slots at plateau, this difference was already present 
during the learning phase.  However, it was only a trend as the differences were not statistically significant (p 
> 0.05, paired t-test or Wilcoxon rank-sum test).  In the 17 monkeys exhibiting higher scores in the vertical 
slots at plateau, this difference was already present and statistically significant in 13 of them during the 
learning phase (p < 0.05, paired t-test or Wilcoxon rank-sum test test); it was only a trend in two monkeys 
(Mk-CE and Mk-EN; p > 0.05, paired t-test or Wilcoxon rank-sum test); there was a statistically non-
significant trend towards a better score in the horizontal slots during learning in Mk-GE (p > 0.05, paired t-
test); surprisingly, in Mk-AT, there were statistically better scores in the horizontal slots during the learning 
phase (p = 0.023, Wilcoxon rank-sum test), whereas this was the opposite at plateau (Figure 1). 

Contact time (CT).  The score data of the modified Brinkman board task described above involve motor 
components that are not purely part of the precision grip itself, such as the time of transport of the arm first 
towards and then away from the board.  The contact time (CT) represents the time interval used by the 
monkey’s hand to retrieve the pellets from the slots (see Method).  As the precision grip movement is different 
with respect to slot orientation, the CT was measured separately in the horizontal and in the vertical slots in all 
20 monkeys during the plateau phase (Figure 4; same plateau phase as defined for the score data).  As 
expected, in the vast majority of monkeys (n = 18), the median CT at plateau was shorter in the vertical slots 
than in the horizontal slots (Table 1).  The median CT was equal in both slot orientations in Mk-DI (0.2 
second), and it was shorter in the horizontal slots in Mk-MA (Table 1).  At plateau, the median CTs ranged 
from 0.13 sec to 0.67 sec across the 20 monkeys in the vertical slots and from 0.20 sec to 0.87 sec in the 
horizontal slots (see Table 1 and left panels of Figures 4A and B).  The variability of the CTs at plateau (Figure  
4) was greater for the horizontal slots in all monkeys.  Three monkeys (Mk-CE, Mk-JA and Mk-RO) exhibited
consistent highly variable CTs at plateau in both horizontal and vertical slots (Figure  4). 
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Figure 3. Scores obtained by all monkeys at plateau phase in the modified Brinkman board task, represented in the form of box and 
whisker plots. The horizontal line in the boxes represents the median value. The top and bottom of the boxes are for the 75 and 25 
percentiles, respectively. The top and bottom of the whiskers represent the 90 and 10 percentiles, respectively. Black dots are for 
individual values above and below the 90 and 10 percentiles. The top left graph displays the total score, whereas the scores in the 
horizontal and vertical slots are shown in the bottom left and bottom right graphs, respectively. The ID names of females are shown in 
italics. The plot on the top right shows the statistically significant correlation between the average total score at plateau and the initial 
score before training, with the regression line. The corresponding coefficient of correlation (R) is given at the bottom right of the plot, 
followed by the p value (Pearson correlation test). 

The CTs established at plateau were compared with those at the onset of the learning phase.  The CT was 
assessed during the first four daily behavioral sessions (right panel in Figures 4A and B, for the horizontal and 
vertical slots, respectively), based on previous evidence that individual differences and intra-individual 
variations are greatest during the first four practice trials during motor learning (e.g., Carron & Leavitt, 1968; 
Marteniuk, 1974).  The median CT values at onset of learning are clearly longer than those measured at plateau 
(Figure 4), reflecting a decrease in CT during the learning phase, corresponding to an enhancement of 
precision grip performance.  An in-depth comparison of CTs at plateau with those at onset of learning is 
presented in the supplementary Methods and Results, together with supplementary Figure 3.  Moreover, how 
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the CTs progressively decrease during the first four days of learning is also reported in the supplementary 
Methods and Results. 

Temporal sequence of grasping (motor habit).  As the modified Brinkman board task is a voluntary 
motor task, there was no constraint on the monkey on how to perform the task, for instance in which temporal 
order to visit the 50 slots.  However, as previously reported (Kaeser et al., 2013; Schmidlin et al., 2011), most 
monkeys did not visit the 50 slots randomly at plateau, but they generally adopted a preferential temporal 
sequence, for instance starting to empty the slots at one extremity of the board (right side for instance) and then 
scanning the board progressively and systematically towards the opposite extremity (left side in this example), 
as illustrated by the bottom inset in Figure 5A. 

Such preferential temporal sequence, generally maintained at plateau from one daily session to the next, 
was considered as a motor habit and was found to be affected by a unilateral lesion of the dorsolateral 
prefrontal cortex (Kaeser et al., 2013; as assessed in five monkeys).  In the present study, these data were 
extended by investigating variability of motor habit across 20 monkeys and by assessing whether the motor 
habit was already introduced at the beginning of the learning phase. 

Overall, the comparison of the temporal sequence at the beginning of the learning phase with that at 
plateau yielded a distribution of the monkeys into four profiles (Figure 5 panels A and B). Profile 1, illustrated 
by Mk-AV, is characterized by variable temporal sequences to visit the 50 slots across daily sessions, without 
significant difference between the learning phase and the plateau phase. Several monkeys (n = 10 including 
Mk-AV) exhibited a similar sequence pattern (Mk-AT, Mk-BI, Mk-EN, Mk-GE, Mk-LO, Mk-MA, Mk-MI, 
Mk-RO, Mk-TH).  Profile 2, illustrated by Mk-MO, is shared by three monkeys (Mk-AN, Mk-CE, Mk-MO) 
also exhibiting variable daily temporal sequences to visit the 50 slots but, in addition to a daily variability, the 
general pattern during the learning phase appears different from the one adopted during the plateau phase. 
Profile 3 includes four monkeys (Mk-JA, Mk-JO, Mk-VA, Mk-WI), and is characterized by a systematic 
temporal sequence to visit the 50 slots, present already during the learning phase and maintained during the 
plateau phase (illustrated by Mk-JA in Figure 5A).  Finally, Profile 4 comprises three monkeys (Mk-CA, Mk-
DG, Mk-DI), in which there was also a systematic daily temporal sequence to visit the 50 slots, but the 
sequence was significantly different during the learning phase from the one during the plateau phase 
(illustrated by Mk-DG in Figure 5A).  The four profiles of motor habit are illustrated quantitatively in Figure 
5B, where the positions of the 50 slots were given increasing numbers going from the left extremity of the 
Brinkman board to the right.  Then, these numbers were subtracted from the temporal order (first slot visited, 
second, third, etc), cumulating their absolute values yielded a low cumulative value for a systematic scan from 
left to right; on the contrary, a systematic scan from right to left yielded a high cumulative value. 

In the above four profiles of temporal sequences to visit the 50 slots, Profiles 1 and 3 exhibited 
comparable patterns at both learning phase and plateau phase, corresponding quantitatively to an absence of 
statistically significant difference between the two phases (ns in Figure 5B for Mk-AV and Mk-VA for 
instance).  In contrast, the other two profiles (2 and 4) exhibited statistically significant differences in patterns 
of temporal sequences between the learning phase and the plateau phase (Figure 5B, stars, Mk-MO and Mk-
DG for instance; see legend for a description of the statistical tests used). 

Variable patterns of food pellet grasping.  Although the monkeys generally used the standard 
precision grip (opposition of thumb and index finger) to grasp the food pellets in the modified Brinkman board 
task, there was some subtle variability in the precise pattern of grasping.  For instance, already at the beginning 
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Figure 4. Contact times measured at plateau phase and at the onset of the learning phase for all monkeys in the modified Brinkman 
board task, in the horizontal (panel A) and vertical (panel B) slots, represented in the form of box and whiskers plots. The ID names of 
females are shown in italics. Same conventions as in Figure 3. 

of practice, Mk-EN did not grasp a single food pellet with the left hand at a time to bring it to the mouth, as 
seen in the other monkeys, but grasped a first pellet, stored it in the palm of the hand, and then grasped a 
second pellet, before transporting both of them together to the mouth (see video sequence at 
http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  Conversely, single pellets were transported to the mouth 
with the right hand at the beginning of the learning phase.  After about 10 months of practice, Mk-EN adopted 
frequently the strategy to collect two pellets at the same time with the left hand (Figure 5C).  At the same time 
point, this strategy was also present for the right hand, but less systematically than for the left hand.  Later, 
after two years of practice, Mk-EN systematically exhibited the prehension of two pellets at the same time with 
the left hand, extending it even to the grasping of three pellets together on a few trials 
(http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  This strategy to collect two pellets at the same time was 
also observed in few other monkeys, but more occasionally, for instance in Mk-JO and Mk-WI (Figure 5C) 
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during the plateau phase only, and in Mk-AV and Mk-JA, both during the learning phase and the plateau 
phase.  

The standard grasping from the vertical slots (one single pellet after the other) was highly stereotyped 
among the monkeys with the use of the standard precision grip (opposition of thumb and index finger).  The 
temporal sequence of movement was such that the monkeys first established contact between the index finger 
and the pellet, moved the pellet toward the bottom extremity of the vertical slot and finally put the thumb in 
contact with the pellet to perform the retrieval itself from the slot. 

The pattern of grasping was more variable for the horizontal slots.  The first contact might be performed 
with the index finger first (as for the vertical slots) but also sometimes with the thumb first (see a few 
examples in Mk-EN at http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  Seven monkeys used the strategy to 
contact the pellet only with index finger first (Mk-BI, Mk-CA, Mk-GE, Mk-JO, Mk-LO, Mk-MO, Mk-VA).  
Episodic first contacts with the thumb were observed in six monkeys (Mk-AV, Mk-CE, Mk-EN, Mk-JA, Mk-
MI, Mk-WI).  Finally, first contacts with the thumb were frequent in seven monkeys, amounting to about 30% 
of trials in Mk-DG, Mk-RO and Mk-TH; in the other four monkeys, first contact established with the thumb 
were as frequent (Mk-AN) or even more frequent (Mk-AT, Mk-DI, Mk-MA) than with the index finger.  In 
two of these seven monkeys with frequent first contacts with the thumb, this behavior appeared only at the 
plateau phase (Mk-MA, Mk-TH), whereas for the other five monkeys it was present already during the 
learning phase, with increasing frequency of occurrence over time. 

To retrieve pellets from the horizontal slots, in part depending on their position on the Brinkman board, 
the monkeys performed the precision grip with the wrist/arm either in a radial deviation posture or in an ulnar 
deviation posture (Figure 5D; nomenclature derived from Hoffman and Strick, 1986).  In 11 monkeys, the 
ulnar deviation was highly predominant (Mk-AN, Mk-AT, Mk-BI, Mk-GE, Mk-LO, Mk-MA, Mk-MI, Mk-
MO, Mk-RO, Mk-TH, Mk-WI; see Figure 5E for Mk-LO).  In one of them, the wrist/arm in radial deviation 
posture occurred only during the learning phase (Mk-MA), whereas in Mk-MI and Mk-RO the radial deviation 
posture was observed only at the plateau phase.  In the other nine monkeys, ulnar and radial deviation postures 
of the wrist/arm were mixed with usually fewer radial deviations (ranging mostly from 20 to 40%) than ulnar 
deviations in eight of them (Mk-AV, Mk-CA, Mk-DG, Mk-DI, Mk-EN, Mk-JA, Mk-JO, Mk-VA; Figure 5E 
for Mk-JA and Mk-DG), whereas radial deviations were as frequent as ulnar deviations in Mk-CE.  Overall, in 
the nine monkeys using a mix of radial and ulnar deviation postures, this behavior was in most cases already 
present during the learning phase (Figure 5E). 

Errors of food pellet grasping. In the modified Brinkman board task, the monkeys made episodic errors in 
the form of unsuccessful trials, for instance when the pellet was ejected from the slot instead of being grasped, 
or when the pellet was dropped before transport to the mouth.  Three profiles were identified among the 20 
monkeys.  The first profile (in 13 monkeys; see (c) in the rightmost column of Table 1) is defined by a 
progressive decrease in the number of errors from one day to the next during the few days at onset of learning 
followed by a further decrease at plateau, as expected.  The second profile was observed in five monkeys (see 
(d) in Table 1), with a surprising constant and low number of errors both at onset of the learning phase and at 
plateau. The third profile included two monkeys (see (e) in Table 1), in which the errors occurred randomly 
(low to moderate number of errors), irrespective of the phase (onset of learning or plateau).  As shown in Table 
1, the mean number of errors at the onset of the learning phase ranged across monkeys from 0 to 16 and at 
plateau from 0 to 2.  There was no correlation between the mean number of errors at onset of learning and the 
mean number of errors at plateau. 
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Figure 5. Panel A: Temporal sequence used by the monkeys to visit the 50 slots in the modified Brinkman board task. The picking 
sequence is shown by a color scale in the bottom inset, in which the first-visited slots are represented in blue, whereas the last visited 
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ones are represented in red (board scanning from right (blue slots) to left (red slots) in this example). In the top and 
middle displays, the temporal sequence was established for 4 monkeys, each representative of a behavioral profile (see 
text), both during the beginning of the learning phase (negative session numbers) and the plateau phase (positive session 
numbers). The x-axis displays the time in daily sessions, irrespective of the time interval (in days) between two 
consecutive sessions (different from the time scale in Figures 1 and Supplementary Figure 1). Each vertical column 
corresponds to a daily session of the modified Brinkman board task. Along each column, dots at the bottom are for slots 
located at the left extremity of the board, whereas dots at the top are for slots at the right extremity. RH=Right hand; 
LH=Left hand. Panel B: Quantitative assessment of the temporal sequence used to visit the 50 slots in the modified 
Brinkman board task for four monkeys, representative of the four profiles reported in the text. An index of systematic 
motor sequence (habit) was computed, indicating the extent of deviation from a systematic sequence starting from the left 
extremity of the board and terminating at its right extremity (corresponding to a low value for this precise sequence), and 
plotted in the y-axis as a function of behavioral daily sessions. The mirror sequence (systematic right to left scan) yields a 
high value. A small variability from one daily behavioral session to the next, indicating a reproducible motor sequence, 
reflects motor habit. The temporal sequence is shown qualitatively for the same monkeys Mk-AV, Mk-MO and Mk-DG 
in panel A. See text for detailed description of the results. The index of motor sequence was compared between the 
learning phase and the plateau phase with the non-parametric Mann-Whitney U test. The result of the statistical 
comparison is indicated at the top right of each graph: ns = statistically non-significant difference (p > 0.05); ** is for 
p ≤ 0.01; *** is for p ≤ 0.001. Panel C: Percentage of grasping patterns (at the beginning of learning and at plateau) in 
which two pellets were retrieved at the same time instead of a single one, in the modified Brinkman board task. In other 
words, the monkey grasped two pellets before transport to the mouth. In the other trials, the monkey retrieved a single 
pellet and brought it to the mouth. For this analysis, the vertical and horizontal slots were cumulated. Panel D: Usually, to 
retrieve pellets from the horizontal slots and depending on their position in the modified Brinkman board, the monkeys 
used a precision grip movement associated with a complementary wrist/arm movement. As illustrated for a right hand, on 
the left part of the Brinkman board, there was a trend to perform a radial deviation of the wrist/arm (top picture) whereas, 
on the right part of the Brinkman board, the trend was in favour of an ulnar deviation (bottom picture). Panel E: The 
distribution of wrist/arm radial deviation and ulnar deviation postures for pellet retrieval from the horizontal slots is 
illustrated for three monkeys over consecutive daily sessions, at the beginning of the learning phase and at plateau. For 
each daily session, the black bar and the gray one indicate the percentage of ulnar deviations and radial deviations, 
respectively. The sum of the radial and ulnar deviations is 100% in each daily session. Mk-LO is representative of 11 
monkeys exhibiting a clear prevalence of ulnar deviations, during both the learning phase and the plateau phase. Mk-JA 
and Mk-DG also preferred ulnar deviations, but to a lesser extent. 

Based on multiple correlation analyses (not shown), it turned out that the mean number of errors both at 
onset of the learning phase and at plateau was correlated with none of the following parameters: learning 
duration, slope of learning regression line, initial score value at onset of learning, median score value at 
plateau, SD of score at plateau, difference between the initial score at learning onset, or average score at 
plateau.  Nevertheless, there was a positive correlation between the gain of score performance during practice 
and the mean number of errors at onset of learning (p = 0.029): monkeys with larger mean numbers of errors at 
onset of learning exhibited a larger gain of performance provided by the learning phase. 

Reach and Grasp Drawer Task 

Typical traces of grip force and load force recorded during a single trial of the reach and grasp drawer 
task are illustrated in Figure 6A, in parallel to the displacement of the drawer and discrete events, such as touch 
knob, open onset, full open and picking.  Four monkeys were included in the analysis of the drawer task (Mk-
LO, Mk-TH, Mk-DI and Mk-AT).  Based on five daily sessions recorded both at the beginning of the learning 
phase and at plateau, the maximal grip force was measured for five correct trials at each resistance tested (R1 = 
0 Newton, R2 = 1.25 N, R3 = 2.75 N, R4 = 5N) and plotted in the form of box and whisker plots (Figure 6C). 
Two of the monkeys (Mk-DI and Mk-TH) exhibited a systematic and statistically significant increase in the 
maximal grip force applied on the drawer knob when the task was performed at plateau as compared to the 
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learning phase (Mann-Whitney U test).  A comparable result was obtained in Mk-LO for the lowest two 
resistances, whereas there was no statistically significant difference between the learning and plateau phases at 
higher resistances (R3 and R4).  A reverse behavior was found in Mk-AT, exhibiting in contrast a lower 
maximal grip force at plateau than during the learning phase at R1, R2 and R3, although the difference was 
statistically significant at R2 only (Figure 6C).  At R4, Mk-AT used a statistically higher maximal grip force at 
plateau than during the learning phase, as Mk-TH. 

The maximal load force was measured from the same trials, as shown in Figure 7A, and no difference 
between the learning and plateau phases appeared in Mk-AT and Mk-TH with the exception in the latter of the 
resistance R2, at which the maximal load force was significantly higher at plateau. Mk-DI used a lower 
maximal load force at plateau as compared to the learning phase (Figure 7A), but the difference was 
statistically significant only at the resistances R2 and R3. Mk-LO presented a more variable behavior, with a 
higher maximal load force at plateau at R1 and R2, but statistically significant at R1 only and a lower maximal 
load force at plateau as compared to the learning phase at R3 and R4, but statistically significant at R4 only. 
As illustrated for Mk-AT and for Mk-LO (Figure 7B), in the four monkeys enrolled in the reach and grasp 
drawer task the transition from the learning phase to the plateau phase was accompanied by a statistically 
significant decrease in both the grip force duration and the load force duration (Figure 7B), except at the 
highest level of resistance (R4).  In Mk-TH, at resistance R4 as well, both durations were also statistically 
shorter at plateau than at the beginning of the learning phase. 

The difference in grip force (solid lines in Figure 6B left column) and in load force (solid lines in Figure  
6B right column) between the beginning of the learning phase and the end of the plateau phase is illustrated in 
Mk-DI, together with their variability (dashed lines representing plus and minus SDs).  These data are 
representative of the observation (Figure 6C) that grip force was usually stronger at plateau phase than at the 
beginning of the learning phase, except in Mk-AT.  However, variability was clearly larger at the onset of the 
learning phase than at the end of the plateau.  Duration of grip application was shorter at plateau phase (as seen 
in Figure 7B).  There was less difference between the two phases in the amplitude of the load force (Figure 6B 
right column), as compared to the grip force.  However, load force duration was shorter and less variable at the 
end of the plateau than at onset of the learning phase, as shown in Figure 7B (right panel). 

Discussion

Survey of the Main Results 

Our main hypothesis that acquired manual (digits) dexterity performance and variability can be predicted 
from the duration of the learning phase, from the learning slope and from the initial score before any training 
was not verified for the most part, based on the modified Brinkman board data.  Indeed, both performance and 
variability of manual dexterity, precision grip in the present case, were not related to the duration of training 
and to the slope of the learning regression line (Supplementary Figure  2).  Only the performance of manual 
dexterity at plateau was correlated with the initial score before learning, the higher the initial score before 
training, the better the score at plateau (Figure 3, top right panel).  On the other hand, the initial score of 
manual dexterity before learning was a poor predictor of intra-individual variability at plateau (Supplementary 
Figure 2). 

As mostly expected, motor learning led to an optimization of manual dexterity parameters in the 
modified Brinkman board task, such as score, CT, as well as a substantial decrease in intra-individual 
variability, especially for the CT (Figures 1, 4 and Supplementary Figures 1, 3), in line with current theories 
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(see e.g., Marteniuk 1974).  The present study also demonstrates the considerable inter-individual variations in 
precision grip skills, reflected across monkeys both by wide ranges of motor parameters (score, CT, learning 
properties) and disparate qualitative characteristics of grasping patterns (e.g., grip type, hand posture, strategy, 
motor habit).  Such large inter-individual variability is in line with the theory of motor equivalence claiming 
that a given motor goal can be achieved via multiple strategies.  In relation to motor habit, reflected by the 
temporal order in which sequential movements were executed in the modified Brinkman board task, the data 
(Figure 5A and B) support the notion that motor habit is established very early during the learning phase in 
most animals.  These data suggest that macaque monkeys, as most human subjects would do, adopt motor 
habits early, reflecting the capability to organize motor sequences following a strategy perceived as optimal, as 
opposed to a random scan of the board augmenting the probability of neglecting a slot and requiring more 
attention to detect yet unvisited slots.  The early emergence of a preferential prehension sequence is present 
also in children (3-5 years old), as observed in the Pegboard with 12 pegs test (Kakebeeke, Caflisch, Chaouch, 
Rousson, Largo & Jenni, 2013; T. Kakebeeke, personal communication).  In adult human subjects performing 
the modified Brinkman board task, a preferential prehension sequence is most often already present at first trial 
and then maintained over 10 repetitions of the test (data derived from Chatagny et al., 2013). 

In the reach and grasp drawer task, the expectation that the monkeys would use exaggerated maximal 
grip and load forces to make sure to open the drawer during learning phase, then reduced at plateau to just 
exceed the minimal forces required, representing an energy conservation and behavioral optimization, was not 
verified, at least in three out of four monkeys tested (Figures 6 and 7: Mk-LO, Mk-TH and Mk-AT).  This 
principle of optimization was observed only in one monkey (Mk-DI), for the load force but not for the grip 
force.  On the other hand, the duration of application of both the grip force and load force was reduced at 
plateau as compared to the learning phase (Figure 7), as expected. 

Methodological Considerations and Limitations 

In the present study, emphasis was put on an individual analysis of 20 adult macaques. This individual 
(differential) strategy was prompted by the notion that “averaging data over participants (the experimental 
approach) can mask the actual individual participant and trial functions of change, as well as it can also 
produce learning curves that are not representative of any single individual in the group” (Adi-Japha, Karni, 
Parnes, Loewenschuss & Vakil, 2008; Newell, Liu & Mayer-Kress, 2001; Schmidt & Lee, 2011: Chapter 9).  
These concerns emitted in relation to the learning curves apply also most likely to the motor performance at 
plateau.  Indeed the data shown in all Figures of the present study emphasize the considerable inter-individual 
variability of manual dexterity performance across our population of 20 macaque monkeys, although they were 
housed for many years in groups in the same environment and performed the same motor tasks in well 
controlled and reproducible laboratory conditions. 

Our study presents weaknesses in the data gathering due to variations in the experimental protocol, 
inherent to this type of non-human primate study and its related constraints.  First, as expected for a study 
conducted over a long period of time (15 years), several conditions changed from one animal to the next. One 
example is the size of the housing facility and its degree of enrichment (Table 1), adapted over the years 
according to changes in the legislation dealing with the protection of animals involved in scientific research.  A 
second confounding factor is the supervision of the monkeys by different experimenters: a given experimenter 
is devoted to the very same monkeys every day and therefore cannot supervise more than two monkeys daily.   
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Figure 6. Panel A: Typical traces of the load force, grip force and drawer displacement as a function of time (from top to bottom) when 
a monkey executed a trial in the reach and grasp drawer task. The time occurrence of four discrete events is shown below (vertical tics). 
A schematic representation of the drawer set-up is shown on the top, with the four increasing resistances opposing the opening of the 
drawer (R1 to R4). The vertical dashed lines with numbers correspond to: onset of grip force (1), offset of grip force (2), maximal grip 
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force (3), onset of load force (4), offset of load force (5) and maximal load force (6). An artifact in the load force trace occurred when 
the drawer was blocked at its maximal opening. Panel B: Average traces (over 5 trials) and their variability (+/- 1 SD) in Newtons (N) 
for the grip force (left column) and load force (right column), recorded in Mk-DI. In each column, the two colors distinguish traces 
obtained at the beginning of the learning phase and at the end of the plateau phase. The traces are shown for three levels of resistances 
(R1, R2, R3; see panel A). For each curve, the variability is represented by the envelope in dashed lines. Panel C: Box and whisker 
plots (same conventions as in Fig. 3) of the maximal grip force recorded during the learning phase (L) and during the plateau phase (P), 
in the four monkeys involved in the reach and grasp drawer task, as a function of 4 increasing resistance levels opposing the opening of 
the drawer (R1, R2, R3, R4). The results of the statistical comparison between “L” and “P” are given with the corresponding p value or 
n.s when statistically non-significant (p > 0.05). Note that Mk-DI performed the task at resistance level R4 only during the plateau
phase, after learning. 

Moreover, the duration of the entire experiment on a given monkey may last up to two to three years and may 
consequently be conducted by several successive experimenters.  Equally important, each experimenter 
develops his/her own approach to train each animal, depending also on the personal traits of the latter. In 
particular, some monkeys required a longer preliminary habituation phase than others before being actively 
involved in the experiment, before collecting the behavioral data for subsequent analysis (Table 1).  Over the 
years, the monkeys originated from different sources, such as our own breeding colony (before 2010) or from 
different authorized suppliers (China, Mauritius Island, Vietnam), via various quarantine European centers.  In 
spite of these multiple parameters influencing our monkey data, which cannot be strictly controlled over a 15 
year period, it remains that they have most likely less impact than the even more numerous confounding 
factors associated with human studies, such as genetic variability, socio-cultural background, education, 
economical status, motivation, professional occupation, hobbies and so on. 

The vast majority of lesion studies dealing with manual dexterity in non-human primates (see introduction) 
provide behavioral data restricted to two time points, namely before a lesion of the motor system (after 
reaching a plateau of performance) and after the lesion.  In these studies, the data related to the learning phase 
of the motor tasks were rarely, if not at all, reported.  The originality of the present study was to compare the 
manual  dexterity  properties of  adult macaque  monkeys  at their  plateau  (before subsequent lesion)  with 
those derived earlier from the acquisition of manual performance for two motor tasks, in the same animals. 
Furthermore, as the behavioral sessions took place three to five days a week, it was possible to precisely follow 
progressive changes in each monkey in order to assess intra-individual and inter-individual variability over a 
very long time frame.  As the motor tests took place in the laboratory with the monkeys sitting in a primate 
chair, confounding factors such as the position of the monkeys with respect to the set-up and the separate use 
of each hand were well controlled. 

Initial Score Before Training 

The statistically significant correlation between the initial score before training and the score reached in 
the modified Brinkman board task at plateau (Figure  3, top right panel) suggests that there is a limited margin 
of progression during learning, meaning a ceiling effect.  When the initial score was high (above 25 pellets; in 
four monkeys, see Table 1), the increase in score during the learning phase was modest (1-5 pellets at most; 
Figure 2B: crosses), corresponding to the ceiling effect, with a maximal score in the most dexterous monkeys 
ranging from about 30 to 35 pellets in 30 seconds.  A few other monkeys (n = 5), in spite of a lower initial 
score before training (ranging from 18 to 24 pellets), also exhibited a limited gain of score during the learning 
phase (below 6 pellets; Figure 2B: crosses).  Overall, 10 monkeys improved relatively modestly during the 
learning phase. In the other 10 monkeys, the margin of score progression during learning was more prominent 
(ranging from 9 to 16; Figure 2B: crosses).  The latter monkeys were predominantly females (7 out of 10). In 
comparison with human subjects performing the modified Brinkman board task in 10 consecutive sessions on  
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Figure 7. Panel A: Box and whisker plots (same conventions as in Fig. 3) of the maximal load force during the learning 
phase (L) and during the plateau phase (P), in the same four monkeys as in Figure 6. Same conventions as in Figure 6. 
Panel B: Grip force duration and load force duration measured in 2 animals during the learning phase (L) and the plateau 
phase (P), as a function of the resistance levels opposing the opening of the drawer (R1, R2, R3, R4). Same conventions 
as in Figure 6. 

the same day, the training effect was less prominent than in monkeys (Chatagny et al., 2013), suggesting that 
humans started closer to the ceiling of performance. 
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The statistically significant lower scores in females than males (Figure 2B) is consistent with the lack of 
a few habituating sessions before collecting data in females, as opposed to the majority of males (Table 1). 
Moreover, other confounding factors might have played a role in this sex difference as well (e.g., size of 
housing facility, degree of enrichment; see Table 1).   However, later on, when females were more familiar 
with the new environment and the tasks, their score increased more than in males so that the two groups 
exhibited largely overlapping mean or median scores at plateau (Figure 2, panels E and F).  The absence of sex 
difference for the score at plateau in the macaque monkeys enrolled in the present study contrasts with the 
significantly better performance observed in women than in men in a human adapted version of the modified 
Brinkman board task (Chatagny et al., 2013). 

Application to Lesion Studies 

The large inter-individual variability of the average score at plateau (Table 1) may be considered as an 
inconvenience in comparing two groups of monkeys subjected to a lesion, one group receiving a treatment and 
the other not.  Nevertheless, this drawback is actually attenuated because, in such studies and in contrast to 
clinical trials (see e.g., Kaeser et al., 2010), the most relevant comparison is made within the same monkey, 
between the pre-lesion score and the post-lesion score at plateau after functional recovery (usually incomplete; 
see e.g., Freund et al., 2009; Hamadjida et al., 2012).  Thus, the comparison between two groups of animals is 
based on the percentage of functional recovery individually determined for each animal (see e.g., Freund et al., 
2009; Hamadjida et al., 2012; Hoogewoud et al., 2013; Kaeser et al., 2010, 2011), which is less affected by 
inter-individual variability than group comparisons in clinical trials. 

Learning Curves 

As reviewed by Newell and collaborators (2001), the forms of the learning curves, defined as “plots of 
the outcome performance as a function of practice”, can be highly variable: “learning curves of almost every 
conceivable shape can and have been found”, corresponding to various mathematical functions, such as 
exponential, power law, S-shaped, hyperbolic, accelerating functions, etc.  In the present case, one would have 
intuitively expected an exponential rise of performance (score) to a maximum (ceiling; see Schmidt & Lee, 
2011: Chapter 10, their Figure 10.8).  As illustrated in Figure 1 and Supplementary Figure 1 however, the 
majority of monkeys (n = 16 out of 20) exhibited a progression of performance during the learning phase that 
was rather better approximated by a regression line than by an exponential function.  The exceptions are Mk-
RO (Figure 1), Mk-DI, Mk-LO (Supplementary Figure 1) and Mk-TH (not shown).  This linear learning 
progression observed here may be specific to the modified Brinkman board task, as well as to each monkey, in 
line with the proposition that the “learning rate is individual and task dependent” (Newell et al., 2001). In the 
same line, unlike recent studies in humans (e.g., Rosenblatt, Hurt, Latash, & Grabiner, 2014 in locomotor 
tasks; Wu et al., 2014 in arm movements tasks) demonstrating that a greater variability at the beginning of 
practice allows a faster learning rate, no such correlation was found in our monkeys performing unconditioned 
voluntary tasks requiring fine manual dexterity. Individual differences in motor skill learning are likely to be 
related to variations in the function and structure of specific brain regions, such as prefrontal, premotor and 
parietal cortices, as well as basal ganglia and cerebellum (Tomassini et al., 2011). 

An important parameter here is the time scale when attempting to characterize the change in behavior 
resulting from motor learning (Newell et al., 2001).  In most cases, especially in human subjects, the time 
range of observation of the learning phase was narrow (an hour to a single day most often; e.g., Chatagny et 
al., 2013).  Longitudinal studies, though conducted in relation to infant motor development, are relatively rare 
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and therefore the present study is original thanks to the long time period of observation during the learning 
phase (over weeks to months).  Short daily sessions, during such a long time scale, may explain the very 
progressive and regular improvement of performance with practice observed in the majority of monkeys.  In 
the present learning data on macaque monkeys, the learning phase may appear rather long for a relatively 
natural motor task, such as the precision grip performed in the modified Brinkman board task, at least in some 
individuals (Table 1).  This underlies the fact that precision grip is an exquisite motor function subjected to 
very fine and progressive adjustments with practice.  For instance, it was reported that the even more 
sophisticated skill in rolling cigars may still improve after many years (up to seven) of practice (Crossman, 
1959). 

Comparison with Previous Studies 

Comparing the present behavioral data with the literature is limited to some extent, as the manual 
dexterity performance and variability strongly depends on the animal/primate species, on practice schedule 
(Stelmach, 1968), on expertise level (Schorer, Baker, Fath, & Jaitner, 2007), as well as on the type of task.  
Individual differences are indeed strongly task specific, corresponding to the theory of specificity (see e.g., 
Marteniuk, 1974).  Even close species such as Macaca fascicularis and Macaca mulatta have different hand 
size (e.g., finger length), larger for the latter, corresponding consequently to different manual dexterity abilities 
(see e.g., Darling et al., 2013 for more details).  A direct comparison of the present macaque data with rodent 
data (mainly rats) remains questionable, due to the strong difference between the pincer grasp (or precision 
grip) in primates and the arpeggio/power grasp in rodents (Klein et al., 2012).  In the context of motor 
specificity, a strong influence is exerted by the size and shape of the object to be manipulated, as well as by the 
size of the well containing the object, when applicable.   In a human study focused on precision grasps (Wong 
& Whishaw, 2004), it was shown that there was a high degree of variability of grasping pattern within and 
between subjects, like in our group of monkeys.  Wong and Whishaw (2004) reported up to seven grasp types 
in human subjects, involving the thumb and various combinations of other digits, depending on the size of the 
bead being held.  The proper precision grip (opposition of thumb and index finger only) was highly 
predominant when grasping the smallest beads, whereas the involvement of other fingers increased when 
progressively larger beads were grasped.  In the present study on monkeys, only the proper precision grip was 
observed (opposition of thumb and index finger) because the food pellet was small compared to the finger size. 
Wong and Whishaw (2004) reported also in human subjects a large variability of first contact strategy with an 
object, depending on which and how the first finger contacted the object.  This observation is in line with the 
large inter-individual variability observed here for the monkeys in the first digit used to contact the pellet in the 
horizontal slots (see results paragraph Variable Patterns of Food Pellet Grasping).  The large inter- and intra-
individual variability of grasping patterns observed in our monkeys and in humans (Wong & Whishaw, 2004) 
is consistent with the exquisitely complex somatotopic organization in mosaics of the primary motor cortex in 
primates (e.g., Schieber, 2001) as well as with complex movements synergies elicited in primates by 
microstimulation of the primary motor cortex (Graziano, Taylor, & Moore, 2002). 

In two studies conducted on Macaca fascicularis (Brinkman, 1984) and Macaca mulatta (Brinkman & 
Kyupers, 1973), using a very comparable task (the original Brinkman board task), the data were mostly 
reported in a qualitative manner (movement pattern), preventing a direct comparison with the present 
quantitative data.  The same limitation applies to other macaque studies using different manual tasks (e.g., 
Glees & Cole, 1950; Ogden & Franz, 1917; Passingham et al., 1983).  In several studies on non-human 
primates (as listed in the introduction) involving a lesion of the motor system followed by functional recovery, 
the pre-lesion behavioral data were often limited to very few baseline data points, if not a single one, thus 
strongly limiting the comparison with the present progressive training phase over weeks, followed then by a 
long period of performance stabilization at plateau. 
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An exception is the study by Pizzimenti et al. (2007) conducted on Macaca mulatta and using a 
somewhat different behavioral apparatus, modified from the often used dexterity Klüver board.  Although 
different from our modified Brinkman board, the wells A and B in the dexterity board used by Pizzimenti et al.  
(2007) had a size comparable to our slots.  The manual dexterity was assessed quantitatively in three monkeys, 
using the so-called performance ratio, defined as the average score divided by the SD of the score, derived 
from five pre-lesion sessions (plateau).  For the preferred hand, the performance ratios ranged from 2.5 to 3.0 
in well A and from 3.5 to 8 in well B, the latter being the least difficult.  Taking our data from the modified 
Brinkman board at plateau (Table 1) and computing similarly the performance ratio, values ranging from 4.4 to 
14.0 (average = 9.3) among the 20 monkeys were obtained, thus corresponding to a generally better manual 
dexterity performance in our monkeys.  However, such direct comparison may be biased due to important 
differences, such as species, manual task, duration of the considered plateau phase, scoring, as well as the time 
interval between the sessions (1-2 weeks in Pizzimenti et al., 2007 versus 1-3 days in our study).  Furthermore, 
the monkeys of Pizzimenti et al. (2007) worked from their home cage (in a primate chair here). 

As far as the reach and grasp drawer task is concerned, slightly different versions of the original set-up 
(Kazennikov et al., 1994) were used along the years (Kazennikov et al., 1998; Kazennikov et al., 1999; 
Kermadi, Liu, Tempini, & Rouiller, 1997; Kermadi, Liu, Tempini, Calciati, & Rouiller, 1998; Kermadi, Liu, & 
Rouiller, 2000), with special emphasis put on the issue of inter-limb coordination.  In the current report, the 
reach and grasp drawer task was used in its unimanual version only, with focus on the assessment of the grip 
and load forces, a situation more closely related to studies on human subjects performing the reach and grasp 
drawer task (e.g., Grichting, Hediger, Kaluzny, & Wiesendanger, 2000; Serrien & Wiesendanger, 1999; 
Serrien, Kaluzny, Wicki & Wiesendanger, 1999).  Interestingly, as compared to intact human subjects, 
cerebellar patients overestimated the proactive grip force requested to pull the drawer (Serrien & 
Wiesendanger, 1999).  It can thus be expected that the reach and grasp drawer task will also be pertinent in 
macaque monkeys to evaluate deficits related to various motor dysfunctions (e.g., Parkinson disease, cortical 
lesion, spinal cord lesion) and to follow the time course and extent of functional recovery.  In particular, it will 
be interesting to compare the properties of the initial learning phase of a motor task with those of the re-
learning phase of the same task in the same animals following a lesion, in absence (spontaneous recovery) or 
presence of a specific treatment (induced recovery). 
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Abstract In the context of an autologous adult neural cell

ecosystem (ANCE) transplantation study, four intact adult

female macaque monkeys underwent a unilateral biopsy of

the dorsolateral prefrontal cortex (dlPFC) to provide the

cellular material needed to obtain the ANCE. Monkeys

were previously trained to perform quantitative motor

(manual dexterity) tasks, namely, the ‘‘modified-Brinkman

board’’ task and the ‘‘reach and grasp drawer’’ task. The

aim of the present study was to extend preliminary data on

the role of the prefrontal cortex in motor habit and test the

hypothesis that dlPFC contributes to predict the grip force

required when a precise level of force to be generated is

known beforehand. As expected for a small dlPFC biopsy,

neither the motor performance (score) nor the spatiotem-

poral motor sequences were affected in the ‘‘modified-

Brinkman board’’ task, whereas significant changes

(mainly decreases) in the maximal grip force (force applied

on the drawer knob) were observed in the ‘‘reach and grasp

drawer’’ task. The present data in the macaque monkey

related to the prediction of grip force are well in line with

the previous fMRI data reported for human subjects.

Moreover, the ANCE transplantation strategy (in the case

of stroke or Parkinson’s disease) based on biopsy in dlPFC

does not generate unwanted motor consequences, at least as

far as motor habit and motor performance are concerned in

the context of a sequential grasping a small objects, which

does not require the development of significant force

levels.

Keywords Dorsolateral prefrontal cortex (dlPFC) �
Manual dexterity � Grip force control � Motor habits �
Precision grip

Introduction

During the last decades, the dorsolateral prefrontal cortex

(dlPFC) has been extensively studied, revealing its role in

the integration of multiple cognitive attributes in the con-

text of working memory, as well as its implication in risk

related decision making (e.g., Goldman-Rakic 1987; Pet-

rides 1994; Petrides and Pandya 1999; Watanabe and

Sakagami 2007; Barber et al. 2013). Several investigations

conducted on non-human primates also emphasized an

implication of dlPFC in the mental representation of spa-

tiotemporal motor sequences, where the subjects had to

reproduce a sequence of actions after a delay (Barone and

Joseph 1989; Pochon et al. 2001; Ninokura et al. 2004;

Shima et al. 2007; Berdyyeva and Olson 2010). Still in

relation to motor control, but in humans, evidence was

provided for a role of dlPFC, together with basal ganglia

(global neural circuit), in the control and prediction of grip

force contributing to manual dexterity (e.g., Ehrsson et al.

2000, 2001; Vaillancourt et al. 2007; Wasson et al. 2010;

Neely et al. 2013), complementing the expected major
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grip-related activities in the sensorimotor cortex (M1/S1),

the premotor cortex, the supplementary motor area, the

cingulate motor area, the posterior and inferior parietal

cortex and cerebellum (Ehrsson et al. 2000, 2001;

Kinoshita et al. 2000; Muley et al. 2001; Kuhtz-Buschbeck

et al. 2008, 2001). As pointed out by Ehrsson et al. (2000),

such dlPFC activity found in relation to precision grip may

also reflects parallel behavioral factors, such as spatial

attention, short-term memory of tactile information,

selection of motor response, and attentive auto-monitoring

of motor performance. However, while its role in motor

learning is well established, dlPFC’s activation seems to

progressively vanish when a motor task becomes more and

more ‘‘automatic’’, possibly reflecting delegation of

responsibility to ‘‘lower’’ brain structures (Eliassen et al.

2001; Halsband and Lange 2006).

More recently, Kaeser and colleagues reported original

data underlying the role of dlPFC in motor habit repre-

sentation (Kaeser et al. 2013). In this study, the authors

performed cortical biopsies in dlPFC on two macaque

monkeys (Macaca fascicularis) and assessed their impact

on sequential motor behavior (habit). More specifically, the

‘‘modified Brinkman board’’ task was used to quantify

‘‘free-will’’ spatiotemporal retrieval of pellets, performed

with precision grip movements executed unimanually

(Brinkman and Kuypers 1973; Liu and Rouiller 1999;

Schmidlin et al. 2011; Kaeser et al. 2013). In comparison

with control monkeys, dlPFC (area 46) lesioned animals

exhibited a significant impact on the spatiotemporal

sequences (order to visit the wells), whereas the motor

performance per se (score) remained unaffected (Kaeser

et al. 2013). Moreover, there was a first indication of a

relationship between the size of the dlPFC biopsies and the

extent of motor habit changes, as a small biopsy impacted

less on motor sequences than a larger biopsy (Kaeser et al.

2013). Nevertheless, due to their limited number of cases

(n = 2), clearly, more data are required to support this

hypothesis, both in terms of number of cases as well as

variability in precise location of dlPFC lesions. In addition,

functional magnetic resonance imaging (fMRI) investiga-

tions conducted on human subjects also emphasized a role

of dlPFC in the execution of motor tasks requiring some

control (prediction) of the grip force to be exerted (Wasson

et al. 2010).

The present report corresponds to the initial step of a

broader study aiming at testing a novel therapeutic strategy

based on autologous adult neural cell ecosystem (ANCE)

transplantation (e.g., Brunet et al. 2005; Kaeser et al. 2011;

Bloch et al. 2014) in a non-human primate 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of

Parkinson’s disease. In this context, unilateral biopsies in

dlPFC were performed in four intact adult female macaque

monkeys (several months before MPTP treatment) to

provide the cellular material needed to obtain the ANCE.

The monkeys were previously trained to perform quanti-

tative motor (manual dexterity) tasks, including the

‘‘modified Brinkman board’’ task and the ‘‘reach and grasp

drawer’’ task (see Schmidlin et al. 2011; Kaeser et al.

2014). The aim of the present study on non-human pri-

mates was thus to extend preliminary data on the role of the

prefrontal cortex (PFC) in motor habit and predominantly

test the hypothesis that dlPFC indeed contributes to predict

the grip force required when a precise level of force to be

generated is known beforehand, as recently reported in

humans (Wasson et al. 2010).

Materials and methods

Subjects

The data were collected from a group of four adult female

macaque monkeys (Macaca fascicularis) weighting from

3.0 5.0 kg (Mk-MY, Mk-LY, Mk-MI, and Mk-LL) and

aged between 4 and 8 years old at the beginning of the

behavioral training, which begun up to 3 years before the

present data collections. In other words, the monkeys were

highly trained for the two motor tasks considered here (see

below). The four monkeys were housed together in a 45 m3

room, in which they were free to move and interact with

each other. In addition, the room was equipped with dif-

ferent enrichment features, including an outdoor space and

free access to water (see www.unifr.ch/spccr/about/hous

ing). Each monkey worked every day with an experimenter

on one or two different behavioral tasks. Before being

transferred to the behavioral laboratory, each animal was

first transferred in a free-will manner into a primate chair

and was weighted to monitor its welfare. In addition, the

appetite, the social behavior and the fur state were con-

trolled daily during the entire experiment. After performing

the behavioral tests, the monkey received its daily ration of

food composed of complete primate cereal croquettes,

vegetables, and fruits. All surgical and behavioral proce-

dures were approved by the local ethical committee in

accordance with the guidelines for the Care and Use of

Laboratory Animals and approved by local (Canton of

Fribourg) and federal (Swiss) veterinary authorities (au-

thorization numbers 22010, 17/09, and 18/10).

Behavioral tasks

Manual dexterity assessment was based first on the

‘‘modified-Brinkman board’’ task (adapted from the origi-

nal task of (Brinkman and Kuypers 1973), which consisted

of pellets retrieval from 25 horizontal and 25 vertical wells,

randomly distributed in a Plexiglas board, each well
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containing a banana-flavored food pellet (Rouiller et al.

1998; Schmidlin et al. 2011). The size and the shape of the

wells forced the monkey to use the precision grip (oppo-

sition of the thumb and the index finger) to successfully

retrieve the food pellets. The task was performed for each

hand separately, 3 days a week. The number of pellets

correctly retrieved within the first 30 s corresponded to the

score, reflecting the motor performance (in Mk-MY, Mk-

LY, and Mk-MI). The motor performance in Mk-LL was

assessed in a different manner. Indeed, Mk-LL adopted a

mix of two behaviors, either grasping one pellet after the

other as expected or by sometimes retrieving several pellets

in a row to store them into the hand palm before bringing

all of them to the mouth, as illustrated in Kaeser et al.

(2014). Due to such random variation, MK-LL motor

performance was thus calculated by summing the total

number of single pellets correctly retrieved and the mul-

tiple pellets correctly retrieved during the entire task, cor-

responding to the ‘‘total score’’.

In addition, the motor strategy (habit) was assessed

based on the temporal picking sequence (order to visit the

50 wells one after the other). However, the motor strategy

given by the sequential order to visit the wells remains a

qualitative assessment of the motor habit. To quantify the

motor habit data, the same statistical approach as used by

(Kaeser et al. 2013) was applied. Each well received a

spatial position number according to its position along the

horizontal left–right axes of the ‘‘modified-Brinkman

board’’ (a left located well received a small number,

whereas a right located well was associated to a large

number; range 0–50 corresponding to the total number of

wells). The spatial position number of each well was then

subtracted from the order number in the temporal sequence.

The absolute values of the 50 differences were summed up

giving an index of systematic motor sequence. For

instance, when a monkey performed the ‘‘modified-Brink-

man board’’ task from the leftmost wells moving progres-

sively to the rightmost zone of the board along the

horizontal axis, the index of motor habit is a small number,

as the difference between spatial location (left = small

number) and temporal sequence is small. In contrast, a

systematic scan of the board from right to left yields a large

index of motor habit, as for each well, the difference

between spatial location number and sequential order

number is large. This index permitted to assess whether the

monkey repeated the same sequence along the daily ses-

sions or not (Fig. 2d; Supplementary Fig. 3). For instance,

a great variability in this index reflects changes in the

picking sequence from one daily session to the next,

whereas a small variability reflects stable picking sequence

along the consecutive daily sessions. Note that the motor

strategy of Mk-LL could not be assessed as the monkey did

not perform the ‘‘modified Brinkman board’’ task following

the standard individual pellet grasping procedure (see

above).

The second motor task was the ‘‘reach and grasp

drawer’’ task, used to quantify the production of controlled

grip and load (pull) forces, as well as their time course (see

Schmidlin et al. 2011; Kaeser et al. 2013). This task was

designed, so that the monkey had to pull open a drawer

against different resistances, using one hand at the time (as

derived from previous versions: (Kazennikov et al.

1994, 1999; Kermadi et al. 1997, 1998). The ‘‘reach and

grasp drawer’’ task required holding firmly the drawer knob

between the thumb and index finger (grip force), as well as

exerting a force to pull the drawer (load force), which were

both monitored. One standard session consisted of ten

correct consecutive trials at each different resistances

(R0 = 0 Newton, R3 = 1.25 Newton and R5 = 2.75

Newton), performed with each hand. A correct trial was

defined as successful drawer opening followed by adequate

pellet retrieval using precision grip (opposition of the

thumb and index finger). Each session started with the

smallest resistance (R0) corresponding to almost no resis-

tance. Once ten correct trials were performed at R0, the

monkey received an extra reward (a piece of almond) and

the resistance was then raised to R3. After ten correct trials

at R3, again extra-rewarded, the resistance was increased to

R5. Once the three resistances have been performed with

one hand, the same paradigm was followed for the other

hand. Two different parameters were analyzed in the pre-

sent report. The first one was the maximal grip force

developed in each trial. The second one was the maximal

load force, also measured in each trial. The first trial at

each resistance was removed from the main analysis, as it

represents an outlier (unknown resistance at the onset of a

new series of trials). In a separate analysis, the forces

produced at the first trials at each resistance were compared

with those at subsequent trials at the same resistance. The

four monkeys performed this task two-to-three times a

week.

One of the monkeys (Mk-MI) performed the drawer task

correctly with the left hand only (due to an injury of the

right hand). Indeed, Mk-MI did not use a precision grip

movement to hold the drawer’s knob with its right hand,

but used an alternative strategy (single finger push on the

upper side of the knob), preventing any measurement of

grip force. Despite this, Mk-MI performed the ‘‘modified

Brinkman board’’ task correctly with both hands.

Surgical procedure (cortical biopsy)

Before surgery, each animal was first lightly sedated under

ketamine (Ketasol�, 10 mg/kg), midazolam (Dormicum�,

0.1 mg/kg) and methadone (0.2 mg/kg), and prepared for

the surgery. In addition, each animal received an
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intramuscular dose of methadone (Methadon�; Streuli;

0.2 mg/kg) and was treated with analgesic Carprofen

(Rymadil�; Pfizer; 4 mg/kg; subcutaneously), atropine

(atropine; 0.05 mg/kg; intramuscularly) to reduce bron-

chial secretions, antibiotics (Synulox�; Pfizer; 8.75 mg/kg;

subcutaneously), and dexamethasone (Dexadreson�;

Intervet; 0.3 ml/kg; diluated 1:1 in saline; intramuscularly).

Once the animal was in the surgery room, it was put under

intravenous (femoral vein) perfusion with 1 % propofol

(Frescenius�) diluted with ringer lactate solution and

125 mg of ketamine hydrochloride (20 ml of propofol for

40 ml of Ringer lactate and 1.25 ml of ketamine) to ensure

deep anesthesia. The infusion rate was modulated to

maintain an optimal level of anesthesia. During the entire

surgical procedure, the level of anesthesia and the physi-

ological state were controlled based on the arterial oxygen

saturation, heart rate (ECG), ventilation (rate and expired

CO2), and body temperature. The animal was then placed

in a stereotaxic framework to fix its head with ear bars for

the surgery. To reduce possible pain resulting from the

fixation points, ear bars were coated with a local analgesic

cream (Lidohex�). Local injections of lidocaine (Rapido-

cain�) were used to anesthetize the incision site. After the

incision, the muscle tissue was pushed on the side to

expose the skull, allowing craniotomy above the rostral

extent of the frontal lobe (aimed to dlPFC). However, to

reduce the impact of the craniotomy, the size of bone

opening was tentatively made as small as possible; as a

consequence, the various sulci (e.g., arcuate and principal

sulci) could not be clearly identified to guide the precise

location of the biopsy, which turned out to be variable from

one monkey to the next (Fig. 1). In three monkeys, the

skull opening was made on the left side (Mk-LY, Mk-MI,

and Mk-LL), whereas it was on the right side in Mk-MY.

The size of the bone flap was about 1 cm2. After bone

removal, the dura mater was incised and a piece of dlPFC

cortical tissue was removed and directly placed into storage

medium. The injured blood vessel was cauterized, the bone

flap put back in place and fixed with histological glue

(Histoacryl�). The muscle tissue and the skin were sutured.

After the surgery, each animal was surveyed until its total

awakening. It was considered as stable when the monkey

started to eat and drink again. A posology composed of

Caprofen (Rymadil�, � pill twice a day) and antibiotics

(Clavubactin�, 1 pill twice a day) was followed during ten

days.

Magnetic resonance imaging (MRI)

MRI was used to determine the precise position of the

biopsies, while the monkeys were still alive, before

engaged in the MPTP subsequent protocol. Each animal

was first lightly sedated with ketamine (Ketasol�, 10 mg/

kg) and midazolam (Dormicum�, 0.1 mg/kg). After being

transported to the MRI facility (radiology, Hospital of

Fribourg, Switzerland), each monkey was anesthetized via

an intravenous perfusion of 1 % propofol (Frescenius�)

diluted with ringer lactate solution and 125 mg of ketamine

hydrochloride (20 ml of propofol for 20 ml ringer lactate

and 1.25 ml of ketamine). The infusion rate was adjusted to

ensure an optimal level of anesthesia (ECG and O2 satu-

ration were continuously monitored). In addition, gloves

filled with hot water were placed around the monkey’s

body to maintain its body temperature. The monkey was

placed in the magnet in a prone position with a flow of

oxygen (3 l/min) in front of the nose. Data were acquired

on a GE 3T magnet using 3D transverse T1-weighted

acquisition protocol. The parameters were as follows: field

of view: 256 9 256, TR: 7.248, TE: 3.032, and FS: 3.

Images were then rotated because of the prone position of

the animal (FSLview V3.2.0). After the proper rotation,

brains were extracted from the skull and represented in a

three-dimensional view before being schematized. The

positions of each biopsy and their volumes (corresponding

to the gray matter) were estimated based on the MRI

images. Note that histological verification of the biopsy

could not take place, as a second dlPFC biopsy took place

in the vicinity of the first one when the MPTP treatment

was ongoing. It was, therefore, not possible to distinguish

the two biopsies, and only the first one is relevant for the

present behavioral study, before MPTP treatment.

Statistical analyses

Intra-individual comparisons (pre-biopsy/post-biopsy)

were performed in SigmaPlot/SigmaStat (13.0). Depending

on data distribution (normal or not), the statistical tests

applied were either an unpaired Student t test or a Mann

and Whitney test. Besides the intra-individual compar-

isons, an overall statistical analysis, including all monkeys,

was conducted in the open access environment ‘‘R’’ (ver-

sion 3.2.1) available online. The two experimental phases

cFig. 1 On schematic representations of the brain of the four

monkeys, the dLPFC/PMd-r biopsies’ location and extent are

represented by a red spot. Each biopsy’s volume (gray matter) and

position was estimated from MRI images using the software

FSLView v3.2.0. a represents the lateral (left) and the top view

(right) of Mk-MY’s brain with the biopsy in red (volume = 7 mm3).

b represents the lateral (left) and the top view (right) of Mk-LY’s

brain with the biopsy in red (volume = 14 mm3). c represents the

lateral (left) and the top view (right) of Mk-MI’s brain with the biopsy

in red (volume = 16 mm3). d represents the lateral (left) and the top

view (right) of Mk-LL’s brain with the biopsy in red (vol-

ume = 7 mm3). Legends: lateral view of the brain: S superior

(medial), I inferior (lateral), R rostral, C caudal; top view of the brain:

R rostral, C caudal, L left, R right. CE central sulcus, AR arcuate

sulcus; P principal sulcus
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(i.e., pre-biopsy/post-biopsy) were compared with a linear

mixed model (lme, package nlme). Load force and grip

force were considered as the responses of variables, the

experimental phases, resistances, and the interaction of

these last two variables as fixed effects. The random effects

comprised the hand (left or right), which was nested within

monkeys’ identities. The significant threshold was fixed at

0.05.

Results

Location and size of the biopsies

Based on MRI, the extent and position of the cortical

biopsies were identified and reconstructed. Transposed to

the surface of the corresponding brains, the biopsies are

illustrated in Fig. 1, for Mk-MY, Mk-LY, Mk-MI, and Mk-

LL. The volumes of the dlPFC biopsies were 7, 14, 16, and

7 mm3, respectively. In Mk-MY, the biopsy is located at

the most rostral part of dlPFC, about 5 mm from the

midline, most likely overlapping the transition zone

between Brodmann’s cortical area 9 and area 10. In addi-

tion, about 5 mm lateral with respect to the midline, but

somewhat more caudal, the biopsy in Mk-LY appears to be

located in the rostral part of area 9. The lesion in Mk-MI is

located in a zone of dlPFC comparable to that of Mk-LY,

though somewhat more lateral. In the fourth monkey (Mk-

LL), the biopsy is located clearly more caudally, slightly

anterior to the genu of the arcuate sulcus and at a medio-

lateral level consistent with a location in the rostral dorsal

premotor area (PMd-r, area F7), close to the more medial

pre-supplementary motor area (SMA, area F6). In other

words, Mk-LL should be treated here as an outlier, con-

sidering that its biopsy did not involve dlPFC. The four

monkeys included in the present study differ from the two

animals subjected to dlPFC lesion in Kaeser et al. (2013),

as in the latter study, the two biopsies were located in area

46.

Modified Brinkman board task

The data derived from the behavioral score, given by the

number of pellets retrieved in 30 s, showed that the mon-

keys exhibited a largely stable manual dexterity perfor-

mance before dlPFC biopsy, as illustrated for Mk-MY in

Fig. 2a. The behavioral score data for both hands for all

four monkeys are shown in Supplementary Fig. 1, together

with the results of statistical analyses (non-parametric

Mann and Whitney test or parametric unpaired Student

t test). Similarly, the data obtained from the temporal

picking sequence analysis show that the monkeys followed

a largely reproducible strategy (motor habit) to empty the

board before the biopsy, and in other words, the temporal

sequence to visit the 50 wells, along the left–right axes

(Fig. 2b, illustrated for Mk-MY; see Supplementary Figs. 2

and 3 for a comprehensive presentation of the motor

sequence data). Interestingly, neither the score nor the

temporal sequences to visit the wells were strongly affected

by the dlPFC or PMd-r biopsy, as illustrated for Mk-MY in

Fig. 2a and b. Indeed, statistical analyses comparing pre-

versus post-biopsy scores and temporal sequences did not

show any statistically significant difference (p[ 0.05).

These conclusions apply for both the ipsilesional and

contralesional arms in the four monkeys, with, however,

the exceptions of the contralesional hand in Mk-MY and

the contralesional hand in Mk-LY for the score (Supple-

mentary Fig. 1A). In these two panels (A and D), the sta-

tistically significant difference indeed showed no deficit of

cFig. 2 Results derived from the ‘‘modified Brinkman board’’ task for

the ipsilesional hand (right) in Mk-MY. a represents the score that

corresponds to the number of pellets retrieved during the first 30 s.

The X-axis corresponds to the behavioral sessions (note that the time

is represented as ‘‘sessions from biopsy‘‘, because in the pre-biopsy

phase, one session per week during 4 months was analyzed, as the

monkeys were considered to be at a plateau of motor performance,

whereas during the post-biopsy phase, all sessions were analyzed.

This is also true for the picking sequence and the ‘‘reach and grasp

drawer’’ task data). The Y-axis corresponds to the total numbers of

pellets (horizontal and vertical wells) retrieved during the first 30 s

(total score in 300). The red line corresponds to the day at which the

cortical biopsy took place. The two black horizontal lines indicate

superior and inferior limits, defined as mean pre-biopsy value plus

two standard deviations (SDs) and mean pre-lesion value -2 SDs,

respectively. b represents the picking sequence along the left–right

axes of the board. The X-axis represents the daily behavioral sessions,

so that one column corresponds to one individual session. The Y-axis

represents the 50 wells of the board, ordered according to the left–

right axes. The colors correspond to the temporal picking sequence.

The first pellet retrieved is represented in dark blue and the last one in

dark red. The entire sequence is thus represented in a color gradient

fashion, ranging from the darkest blue (first pellet retrieved) to the

darkest red (last pellet retrieved). The session 0 corresponds to the

time point of the cortical biopsy. c is a schematic representation of an

individual ‘‘modified Brinkman board’’ session. In this example, the

subject began to pick up the pellets from the left extremity of the

board (blue dots) to progressively move towards the right extremity

(red symbols). d represents the quantitative assessment of motor

sequence in the ‘‘modified Brinkman board’’ task. The black dots

represent the index of systemic motor sequence. The X-axis

corresponds to the behavioral daily sessions starting at the time of

the biopsy (0 in the abscissa). Negative days are pre-biopsy and

positive days are post-biopsy. The Y-axis represents the extent of

deviation from an ‘‘ideal’’ systematic motor sequence starting from

the left of the board and finishing at the right side of the board. In

other words, a picking sequence going from left to right gives a low

score, whereas a picking sequence going from right to left gives a

high score. The indexes were compared pre- versus post-biopsy,

based on the non-parametric Mann and Whitney test (MW) or the

parametric unpaired Student t test. The results for each statistical

comparison are indicated at the bottom right of each graph: n.s. non-

significant difference (p[ 0.05). Comprehensive data for the ‘‘mod-

ified Brinkman board’’ task are shown in Supplementary Figs. 1–3
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score post-biopsy, as the score was actually higher post-

biopsy, thus supporting the absence of detrimental effect of

the lesion; on the contrary, the performance was improved,

possibly due to more practicing. In addition, the index of

systematic motor sequence for the contralesional hand of

Mk-MI showed a significant difference between the pre-

and post-biopsy periods (Supplementary Fig. 3F). How-

ever, the difference is due to a change of motor sequence

which was not time linked to the biopsy, as it took place ten

sessions before the biopsy. At that step, we can conclude

that the dlPFC biopsies, with the characteristics as per-

formed in the present study (size and/or precise location),

did not systematically impact on performance and motor

habit in the ‘‘modified Brinkman board’’ task, in contrast to

larger and differently located biopsies (area 46) performed

earlier (Kaeser et al. 2013).

Reach and grasp drawer task

The results obtained from the reach and grasp drawer task

were separated into the three resistances opposing drawer

opening, namely, R0, R3, and R5 (Fig. 3). For each

resistance, the data were split into pre-biopsy and post-

biopsy periods. Each box and whisker plot encompassed all

correct trials for the corresponding period. For each hand,

the pre- and post-biopsy periods were represented next to

each other to facilitate direct comparison. The quantitative

data show that the resistance had an impact on the maximal

grip force and the maximal load force during both the pre-

biopsy and post-biopsy periods. Indeed, and as expected,

both maximal forces increased in parallel with the resis-

tances, the higher the resistance, and the higher the force

required to grasp the knob or to pull the drawer.

When comparing pre-biopsy versus post-biopsy periods

(gray versus next black boxes), a statistically significant

decrease of maximal grip force was observed post-biopsy

for both hands in the two animals subjected to dlPFC

biopsy in areas 9/10 (Mk-MY and Mk-LY), with the

exception of the right (contralesional) hand of Mk-LY at

resistance R0 (Fig. 3a, c). Mk-MI, subjected to dlPFC

biopsy in the same rostro-caudal position than Mk-LY but

slightly more lateral (area 9), exhibited a statistically sig-

nificant increase of the maximal grip force at all three

resistances (data available for ipsilesional hand only, as

explained in ‘‘Materials and methods’’) (Fig. 3e). In Mk-

LL subjected to PMd-r biopsy, in some contrast with the

other two monkeys, the maximal grip force varied less

systematically post-biopsy, as a significant decrease was

limited to the left (ipsilesional) hand at resistance R3

(Fig. 3g).

As far as the maximal load force is concerned, the

subjects were differentially affected (Fig. 3b, d, f, h). In

Mk-MY (Fig. 3b), the maximal load force was not at all

affected by the dlPFC biopsy, whereas, in Mk-LY, the

dlPFC biopsy impacted on the maximal load force exerted

by the right (contralesional) hand at all resistances

(Fig. 3d) and by the left (ipsilesional) hand being not

influenced. In Mk-MI, following dlPFC biopsy, there was a

decrease of the load force at resistances R3 and R5

(Fig. 3f) for the ipsilesional hand. In Mk-LL (PMd-r

lesion), a significant decrease of the maximal load force

was observed for the left (ipsilesional) hand at resistances

R3 and R5 and for the right (contralesional) hand at R5

only (Fig. 3h).

The global analysis of the grip force data revealed a

significant decrease of the maximal grip force following

the cortical biopsy (-1.20 ± 0.26, F1, 3455 = 185.50,

P\ 0.001). The same is true regarding the maximal load

force (-0.29 ± 0.1, F1, 3455 = 73.27, P\ 0.001). As

expected the statistical analysis revealed a significant

increase of both load and grip forces when incrementing

the resistances (P\ 0.0001). The interactions between the

load force and the experimental phases had a significant

effect on the load force (Type-III Anova: F2, 3455 = 3.06,

P = 0.047) and on the grip force (Type-III Anova: F2,

3455 = 3.34, P = 0.036). The effects of the different

resistances were further significantly lower during the post-

biopsy phases for both the load and grip forces, with the

exception of the effect of resistance 3 on the load force,

which did not differ between the pre- and post-biopsy

phases (Supplementary Table 1).

To sum up, following a kind of rostro-caudal biopsy

gradient, Mk-MY with the most rostral biopsy exhibited

post-biopsy, a decrease of the maximal grip force at all

resistances and for both hands (Fig. 3a), without effect on

the maximal load force. In Mk-LY, subjected to a

cFig. 3 Box and whiskers graphs show the quantitative assessments in

the ‘‘reach and grasp drawer’’ task, separately for the three resistances,

namely, R0, R3, and R5. For each resistance, the left hand (LH) and the

right hand (RH) are represented. Box plots are composed of all correct

trials before (pre-, represented in gray) and after (post-, represented in

black) the cortical biopsies. The total number of correct trials included

in each box and whiskers is indicated at the bottom of each column

(n =). Statistical analyses (parametric Student unpaired t test/Mann–

Whitney test) compare maximal grip and load forces between pre-

biopsy and post-biopsy sessions, for each resistance and for each hand.

Statistically significant differences are indicated: * is for p B 0.05,

** for p B 0.01, *** for p B 0.001, « n.s. » meaning statistically non-

significant (p[ 0.05). a, b show the maximal grip force and maximal

load force for Mk-MY, in which the right hand is the ipsilesional hand.

c, d show the maximal grip force and maximal load force for Mk-LY, in

which the right hand is the contralesional hand. e, f show the maximal

grip force and maximal load force for Mk-MI, in which the left hand is

the ipsilesional hand. For Mk-MI only the left hand was analyzed (not

able to perform precision grip with the right hand). g, h show the

maximal grip force and maximal load force for Mk-LL, in which the

right hand is the contralesional hand
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somewhat more caudal (bigger) lesion in area 9, the

maximal grip force was also affected (decrease) by the

biopsy on both hands (with one exception, however,

Fig. 3c), whereas some effect on the maximal load force

amplitude appeared, but limited to the contralesional hand

(Fig. 3d). In Mk-MI (ipsilesional hand only), the biopsy

impacted on the maximal grip force at all resistances,

though in the form of an increase, as well as on the load

force (but decrease) at R3 and R5. Finally, in Mk-LL

subjected to a lesion caudal to dlPFC, namely, in PMd-r,

the effects appeared somewhat more lateralized, with the

ipsilesional hand more affected (at three resistances for the

maximal load and grip forces) than the contralesional hand

(only the maximal load force at R5; Fig. 3h).

The data presented in Fig. 3 are a global comparison of

the pre- versus post-biopsy periods, not showing the lon-

gitudinal changes of motor parameters from one daily

session to the next. Longitudinal data for maximal grip

force are presented in Supplementary Figs. 4 and 5, for two

representative animals. Mk-MY, characterized by a sig-

nificant decrease of maximal grip force post-biopsy (see

Fig. 3a), without obvious recovery over a period of about

50 days, is illustrated in Supplementary Fig. 4. The maxi-

mal grip force was lower as of the first post-biopsy daily

session, remaining on average lower and fairly stable dur-

ing the whole post-biopsy period, although the intersession

variability was largely comparable pre- versus post-biopsy.

In contrast, Mk-LL is typical of an absence in most cases

(hand; resistance) of difference of maximal grip force pre-

versus post-biopsy (see Fig. 3g) and the longitudinal data

are shown in Supplementary Fig. 5. Mk-LL exhibited a

somewhat larger inter-sessions variability (than Mk-MY),

and there was no evidence for a systematic change of

maximal grip force during the first post-biopsy sessions

which may have recovered in the subsequent sessions.

To address more precisely the predictive role of dlPFC

for the control of grip forces, one may compare trials for

which the monkey could not predict the grip force to apply,

corresponding to the first trial at each resistance tested each

day, with subsequent trials at each resistance for which the

grip force to apply can be predicted. The analysis of first

trials versus subsequent trials indeed showed some differ-

ences, in the sense that the maximal grip force applied by

the monkey was generally higher in Mk-MY and Mk-MI

and tented to be more variable (in all four monkeys) in the

first trials than in the subsequent trials at the same resis-

tance tested (data not shown). The systematic larger grip

force in the first trials versus the subsequent trials was

statistically significant at R0 (both hands) and at R3 (left

hand) in Mk-MY as well as at R0 and R5 in Mk-MI.

Although the grip force was generally more variable in the

first trials than in the subsequent trials, this was only a

trend, not statistically significant (F Test, P[ 0.05).

Discussion

In a general manner, the present study led to four main

conclusions with respect to the role of the dlPFC in motor

control:

1. As expected, lesions resulting from small biopsies in

dlPFC and/or when located in areas 9/10 did not affect

either the motor habit (spatiotemporal sequential

strategies) or the motor performance (score) of manual

dexterity in the ‘‘modified Brinkman board’’ task. The

same conclusion holds true for a lesion located in

PMd-r (area F7).

2. In sharp contrast, as revealed by the ‘‘reach and grasp

drawer’’ task, significant modifications in the control

of the maximal grip force were observed as a result of

a lesion in areas 9/10, whereas the maximal load force

was also affected, but to a lesser extent and only as a

consequence of a more caudal lesion in area 9.

3. A lesion more caudal to dlPFC, in PMd-r (area F7), led

to somewhat more lateralized hand (predominantly

ipsilesional) and less systematic changes for both

maximal grip and load forces.

4. Although limited to four cases, a rostro-caudal gradient

of biopsy location appears to dictate the specific effects

of the lesions in the ‘‘reach and grasp drawer’’ task

(Fig. 4).

The above conclusion 1 valid for areas 9/10 and PMd-r

is coherent with previous lesions in dlPFC targeted to area

46 (Kaeser et al. 2013) as far as the absence of effect on

performance (score in the ‘‘modified Brinkman board’’

task) is concerned. On the other hand, a biopsy of 44 mm3

in area 46 led to a massive change of motor habit, whereas

a medium size biopsy of 20 mm3 induced a moderate

change of motor habit (Kaeser et al. 2013). This is in

Fig. 4 Schematic representation of a tentative rostro-caudal gradient

of impact of unilateral lesions of the dlPFC (areas 10 and 9) or PMd-r

on the control—prediction of grip and load forces and the lateraliza-

tion of the effects on the load force, measured with the ‘‘reach and

grasp drawer’’ task. The red to blue gradient represents the impact

extent of the lesion according to the rostro-caudal position of the

biopsy in dlPFC—PMd-r: in red, a strong impact and in blue a poor or

absence of impact. In addition, the white to black gradient represents

the lateralization of the effects on the load force according to the

rostro-caudal position of the biopsy: in white, poor or no lateralized

effect and in black stronger lateralized effect
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contrast with the present area 9/10 (7, 14, and 16 mm3) or

PMd-c (7 mm3) lesions, which did not (or very little)

impact on the ‘‘modified Brinkman board’’ data (neither

score nor motor habit). At that step, it cannot be distin-

guished whether these differences related to the ‘‘modified

Brinkman board’’ task between the present study, and the

study of (Kaeser et al. 2013) is due to a difference in lesion

size or to the location of the lesion, or to both.

In the context of cell therapy strategies, in particular

regarding the ANCE approach, Kaeser et al. (2013) rec-

ommended to not exceed a dlPFC biopsy of 10 mm3 to

limit deleterious effects on the motor habit and motor

performance, as reflected by the ‘‘modified Brinkman

board’’ task. The present results suggest that this upper

limit of 10 mm3 may easily be raised up to 16 mm3

without a significant impact on motor habit and perfor-

mance in the ‘‘modified Brinkman board’’ task. This

observation has clinical implication, implying a reduced

concern to apply the ANCE strategy to patients (stroke or

Parkinson’s disease), as the present macaque monkey

experiments suggest that unwanted motor consequences are

unlikely, at least as far as motor habit and motor perfor-

mance (in the ‘‘modified Brinkman board’’ task) are con-

cerned in the context of a sequential grasping a small

objects, which does not require the development of sig-

nificant force levels. Therefore, in the case of strokes or

edema when a surgical procedure is often required, the

removed cortical material could be sorted and cryopre-

served for possible subsequent ANCE production and

treatment in the case of poor functional recovery (Brunet

et al. 2002, 2003).

Unfortunately, due to the absence of significant spa-

tiotemporal patterns’ modification of motor habit (Fig. 2),

it was not possible to assess a potential hemispheric lat-

eralization of such motor representations as previously

suggested (Kaeser et al. 2013).

In contrast to the study of Kaeser et al. (2013) limited to

the ‘‘modified and rotating Brinkman board’’ tasks (thus

focused on grasping of small objects), the originality of the

present study was to extend the consequences of dlPFC

lesion to a substantially different motor control, involving

the precise development of two forces, namely, grip force

and load force. The above conclusions 2, 3, and 4 are

consistent with the notion that dlPFC is involved in the

precise control of predicted force, though more for the grip

force than the load force. Indeed, as the trials on the ‘‘reach

and grasp drawer’’ task were grouped according to the

resistance level, after the first trial in each group of resis-

tances (excluded from the analysis), the monkey knew the

level of force required for each resistance and, therefore,

could predict how much force was required in the subse-

quent trials. Indeed, the separate analysis of the first trials

at each resistance tested daily showed that their grip force

tented to be larger and more variable than at subsequent

trials for which the forces to apply were predictable, based

on the preceding first trial (working memory). The

observed decrease of maximal grip force amplitude post-

biopsy suggests that, after dlPFC or PMd-r lesion (to a

lesser extent for the latter), there is a decrease in the margin

of security to successfully grasp the drawer’s knob with

enough force to prevent the fingers from slipping away

from the knob. This phenomenon may favor an economy of

energy, beneficial in the case of brain lesion, but at the cost

to increase the risk of incorrect (unsuccessful) trials. Note,

however, the case of Mk-MI (ipsilesional hand only) which

also showed an impact of the biopsy on the maximal grip

force, but in the other direction (increase post-biopsy),

suggesting a possible loss in grip force control (to maxi-

mize effort as in the other monkeys). This divergent result

in Mk-MI may be due to the position of the biopsy (more

lateral than in Mk-LY), and/or a different recovery strategy

from the lesion, and/or the asymmetry between both hands

in the execution of the ‘‘reach and grasp drawer’’ task (as

mentioned earlier).

The present data in the macaque monkey (except for

Mk-MI) related to the prediction of grip force are well in

line with the previous fMRI data reported for human sub-

jects. Indeed, the role of prefrontal cortices (such as

dlPFC), the cingulate motor area (CMA), as well as the

ventral premotor area (PMv) has been widely reported to

play a role in the control of grip force control in fMRI

studies on human subjects (Rowe et al. 2000; Ehrsson et al.

2000, 2001; Kuhtz-Buschbeck et al. 2001, 2008). Fur-

thermore, Vaillancourt and colleagues reported that the

dlPFC and the anterior cingulate cortex (ACC) exhibited an

increase of blood-oxygen-level-dependent (BOLD) signal

when the task consisted of selecting the force amplitude

(Vaillancourt et al. 2007). In addition, Wasson et al. (2010)

demonstrated an activation of dlPFC, pre-SMA, and PMv

in a task based on predictable grip force amplitude. In

addition to cortical regions, the ventral thalamus, the

cerebellum, and the anterior nuclei of the basal ganglia

were activated suggesting a network encompassing all

these regions to successfully execute grip force that require

prediction. Moreover, our data are consistent with the

previous reports on human subjects and strengthen the role

of the dlPFC in the control (prediction) of the grip force

(Ehrsson et al. 2000, 2001; Wasson et al. 2010; Neely et al.

2013) and its role in working memory (Pochon et al. 2001).

In the human literature, dlPFC is activated predominantly

on the side contralateral to the used hand, most often on the

left side in the right-handed subjects. In the present study

on macaques, alterations of grip and load (the latter to a

lesser extent) forces control following unilateral dlPFC

lesion were more variable, observed either for both hands,

or the ipsilesional hand only and/or, less frequently, for the
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contralesional hand. The discrepancy with human data can

be explained by the lack of strong manual lateralization at

population level in Macaca fascicularis, although they may

exhibit hand dominance/hand preference at individual level

(Chatagny et al. 2013), but fairly equally balanced between

the left and right hands. Moreover, the limited number of

monkeys in the present study does not allow drawing firm

conclusions about the laterality of dlPFC lesion effects at

population level. Finally, human data are derived from

functional imaging data, whereas the present monkey data

are based on lesions, two approaches which may not yield

fully comparable data. The control of dlPFC on the ipsi-

lateral hand may involve projections to motor cortical areas

(PMd, supplementary motor area, cingulate motor area)

which are known to be bilaterally organized (e.g., Kermadi

et al. 1998, 2000) or via the corpus callosum.

The case of monkey MK-LL, subjected to biopsy loca-

ted not in the aimed dlPFC but in the adjacent PMd-r,

illustrates that functional properties do not vary abruptly

from one cortical area to the next, but rather exhibit a

progressive transition. Indeed, the effect on maximal grip

force was less present and less prominent than after lesion

of area 9/10 (Fig. 3). Reciprocally, the effect on the max-

imal load force was somewhat more affected by the biopsy

in PMd-r than in dlPFC (Fig. 3). Such a related load force

control is consistent with previously reported roles of PMd

in the control of proximal forelimb muscles (Freund and

Hummelsheim 1985; Freund 1985; Fink et al. 1997).

The present data showing the role of dlPFC (mainly area

9/10) in the control of grip force (prediction) are consistent

with the notion of a large neural circuit along the rostro-

caudal axis, involving the prefrontal cortex (mostly for

preparation and planning), the premotor cortex at large

(mainly programming aspects), and primary motor cortex

(principally involved in execution), responsible for the

control of complex voluntary movements, with additional

contributions from other brain structures (e.g., parietal

cortex, basal ganglia, cerebellum, and brainstem). Along

the rostro-caudal axis of this neural circuit, from prefrontal

cortex to primary motor cortex, there is a progressive

increase of lateralization, in the sense that caudally the

motor control is predominantly focused on the contralateral

forelimb, whereas it is more bilateral rostrally. Indeed, a

dlPFC activation of both hemispheres during precision grip

task has been reported in humans (Ehrsson et al. 2000). The

same trend was found in the present data, comparing dlPFC

and PMd (Fig. 4). The reduced lateralization of motor

control in the rostral part of this neural circuit appeared

clearly here in dlPFC (area 9/10) as the two animals with

the most rostral biopsies exhibited significant effects on the

control of grip force bilaterally (Fig. 3), which was not the

case for the monkey subjected to a biopsy in PMd-r

exhibiting a more lateralized effect.

To summarize, the present study provides new and

complementary functional data regarding the role of dlPFC

in motor habit representations and manual dexterity per-

formances that support and extend the data and conclusions

recently published by Kaeser and colleagues (2013).

Moreover, due to its integrative conception, the ‘‘reach and

grasp drawer’’ task developed by our laboratory allowed us

to track subtle behavioral modifications in terms of grip

and load forces’ control and their prediction. These data

offer new interpretations related to lesions’ size and their

precise location (e.g., area 46 versus areas 9/10) in dlPFC,

as well as on the spatial functional organization of dlPFC

along the rostro-caudal extent, with spread to the adjacent

PMd-r area. However, due to the limited number of ani-

mals included in the present investigation, the interpreta-

tion of the data remains limited. Further investigations on a

larger pool of monkeys are required to consolidate our

hypotheses and conclusions at that step. Furthermore, the

present data argue for the pertinence of the ANCE

approach as cell therapy to treat brain lesion or neurode-

generation, based on biopsies targeted to dlPFC, although

the size of the biopsy needs to be reduced as much as

possible, to also avoid effects on the prediction and control

of grip force levels. Although the biopsy in dlPFC led to

statistically significant changes of grip force parameters

and load force as well, but to a lesser extent, it is important

to note that the monkeys were still able to perform the

‘‘reach and grasp drawer’’ task post-biopsy, based on

modified motor parameters. It can thus be concluded that

the ANCE approach can be recommended in the clinics, as

it can be expected that the patient, such as the monkeys,

will still be capable to perform manual grip actions, based

on modified motor parameters, quickly adapted post-

biopsy, especially if the size of biopsy will be propor-

tionally smaller with respect to the total brain volume in

humans than in monkeys.
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