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ABSTRACT

While movement may seem effortless, the underlying processes orchestrated by the nervous
system are remarkably complex. From the central nervous system to the muscles, motor information
must be well coordinated to elicit an appropriate movement. Although our knowledge of motor
control has drastically increased, the precise role of cortical areas is still debated. For instance, loco-
motor gait (i.e. locomotion) is thought to be governed by automated neural circuitry residing within
the spinal cord, or within the brain stem, while cortical areas may only adapt the adjustment of steps
during walking on rugged terrain. In this context, it is important to better understand the role of
different cortical area structures underlying the production of locomotor behavior. New findings
could result in improving available treatments or in developing new therapeutic strategies to help
patients with motor disabilities, such as spinal cord injury, stroke, or Parkinson’s disease.

Nonhuman primates represent an adequate model to study the role of cortical areas during
locomotion due to their advanced sensorimotor attributes which enable highly skilled capabilities.
Moreover, recent advances in technology provide the opportunity to record large numbers of neu-
rons from different areas simultaneously, together with whole-body 3D kinematics and muscular ac-
tivity. We thus developed a technological framework for studying locomotion in freely-behaving
monkeys. We first built a versatile setup accommodating locomotion on a treadmill, on a flat surface,
on an uneven horizontal ladder, and over stairs and obstacles. We then trained the animals using
positive reinforcement. In parallel, we built a wireless electrophysiological platform and designed
the interface between the animals and the computers. This technological setup encompassed the
assembly of hardware in percutaneous connectors as well as personalized surgical procedures.

To study cortical dynamics during locomotion, monkeys were implanted with intra-muscular
electrodes, as well as multi-electrode arrays in the premotor, primary motor, and somatosensory
cortices. The wide range of locomotor behaviors revealed specific neural dynamic patterns varying
along the rostro-caudal axis: from premotor to somatosensory cortices. These neural dynamics were
confined within a low-dimensional neural manifold: the locomotion subspace. The locomotion sub-
space can reliably predict locomotor-related events that could be used to trigger spinal cord stimu-
lation at the lumbar segments in order to alleviate gait deficits after tetraplegia. We thus developed
personalized spinal implants that specifically target different lumbar segments to elicit leg move-
ments. The implants successfully elicited independent muscle synergy responses. However, their
translation to clinical applications remains challenging, emphasizing the importance of validation in
animal models from which such therapeutic strategies have emerged based on fundamental re-

search.






RESUME

La production d'un mouvement semble triviale, cependant les processus sous-jacents or-
chestrés par le systeme nerveux sont remarquablement complexes. Du systéme nerveux central aux
muscles, les informations motrices doivent étre fagconnées de maniére a créer un mouvement ap-
proprié. Bien que nos connaissances sur le contréle moteur aient considérablement augmenté, le
role précis des aires corticales dans le controéle moteur est toujours débattu. Par exemple, nous pen-
sons que la marche locomotrice (c'est-a-dire la locomotion) est régie par des circuits neuronaux
automatisés résidant dans la moelle épiniére et/ou dans le tronc cérébral, tandis que les zones cor-
ticales pourraient uniquement adapter |'ajustement des pas pendant la marche sur un terrain acci-
denté. Dans ce contexte, il estimportant de mieux comprendre le réle des différentes structures des
aires corticales sous-jacentes a la production d'un comportement locomoteur. De nouvelles décou-
vertes pourraient aboutir a l'amélioration des traitements disponibles ou a I'élaboration de nouvelles
stratégies thérapeutiques pour aider les patients souffrant de troubles moteurs provoqués par les
l[ésions médullaires, les accidents vasculaires cérébraux ou la maladie de Parkinson.

Les primates non-humains représentent un modeéle adéquat pour étudier le réle des aires
corticales pendant lalocomotion en raison de leurs attributs sensorimoteurs avancés fournissant une
dextérité motrice fine. De plus, les récentes avancées technologiques permettent d'enregistrer un
grand nombre de neurones de différentes zones simultanément avec la cinématique 3D du mouve-
ment et |'activité musculaire. Nous avons ainsi développé un cadre technologique pour étudier la
locomotion chez des primates non-humains. Nous avons d'abord construit une installation polyva-
lente permettant la locomotion sur un tapis roulant, sur une surface plane, sur une échelle horizon-
tale, sur des escaliers et obstacles. Nous avons ensuite entrainé des animaux sur la base du renfor-
cement positif. En paralléle, nous avons construit une plateforme électro-physiologique sans fil et
congu l'interface entre les animaux et les ordinateurs. Cette configuration technologique englobait
I'assemblage de matériel dans des connecteurs percutanés ainsi que des procédures chirurgicales
personnalisées, basées sur la morphologie de I'animal.

Pour étudier la dynamique corticale pendant la locomotion, des singes ont été implantés
avec des électrodes intramusculaires ainsi que des champs d'électrodes dans les cortex pré-moteur,
moteur primaire et somatosensoriel. La large gamme de comportements locomoteurs a révélé des
motifs dynamiques neuronaux spécifiques variant le long de |'axe rostro-caudal: du cortex pré-mo-
teur au cortex somatosensoriel. Ces dynamiques neuronales étaient confinées dans un espace neu-

ral de faible dimension: le sous-espace locomoteur. Le sous-espace locomoteur peut prédire de
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maniére fiable les événements liés a la locomotion qui pourraient étre utilisés pour déclencher une
stimulation de la moelle épiniére au niveau des segments lombaires afin de réduire le déficit de
marche apres la tétraplégie. Nous avons ainsi finalement développé des implants rachidiens per-
sonnalisés qui ciblent spécifiquement différents segments lombaires pour provoquer des mouve-
ments des jambes. Les implants ont suscité des réponses sous la forme de synergie musculaire in-
dépendantes, toutefois sa translation clinique reste un défi relevant ainsi l'importance de la valida-
tion dans des modeéles animaux a partir desquels différentes stratégies thérapeutiques ont été dé-

veloppées, basées sur des résultats issus de la recherche fondamentale.

12



LIST OF FIGURES AND TABLES

FIGURE 1.1 | SCHEMATIC REPRESENTATION OF MOTOR CORTICAL AREAS INNHPS ....cciiiiiiiiiiiiiiiiee st e e 23
FIGURE 1.2 | SCHEMATIC REPRESENTATION OF PRIMARY SOMATOSENSORY CORTEX IN NHPS .....ccviiiiiiiiiiiiiieeeeiiiireeee e 24
FIGURE 1.3 | HIERARCHICAL AND PARALLEL ORGANIZATION OF THE MOTOR CONTROL SYSTEM. vvvvvereeeesrnrrrreeeesessssnnrnneeeesesnnnns 28
FIGURE 1.4 | THREE REPRESENTATIVE SPIKING ACTIVITY DURING MOVEMENT .. .
FIGURE 1.5 | NEURONAL POPULATION CODING FOR MOVEMENT DIRECTION. .. uuvvvvreeeeeesssurrrreeeesessssnssnneesessssnssssseeeessssnns
FIGURE 1.6 | CONCEPTUAL ILLUSTRATION OF THE NEURAL MANIFOLD ...vvvtteeeesssuerrrreeeeeesssansssseeeassssssssssessesessnssssseseessssnnns
FIGURE 1.7 | CONCEPTUAL PRINCIPLE OF THE DPCA ... .uitiiiiiieeeeieiiitetteeeesesiiiteeeeeeesssantaeeeaaessssnsssseeaessssnsnssssneeeessnnns
FIGURE 1.8| EXAMPLE OF LATENT ACTIVITIES AFTER PCA OR DPCA ....uvtiiiieeiiieiiiiietee e e seeiiireee e e e e s ssiitareeeeeesssasbaaeeaaeessnns
FIGURE 1.9 | TWO SUCCESSIVE GAIT CYCLES...utvvttteeessssurrrueeeeseessssnsssseeeesssssssssssessssssssssssssessessssssssssessessssnssssssessessssnnns
FIGURE 1.10 | MOTOR CORTEX ACTIVITY DURING WALKING 1vvvveeeeessuetrrreeeesssssnssseeeessesssasssseessessssnssssssessessssnsssssessessssnnns
FIGURE 2.1 | LOCOMOTION LABORATORY SETUP ..eeeeetisuurrureeeeesesssnssseeeeeessssssssseesessesssssssssessessssnssssssessessssnssssseesessssnnns 62
FIGURE 2.2 | BEHAVIORAL TRAINING PARADIGIM 1.eeeettesuuttvueeeeeessssussseeeeessssssnsssseeessssssssssssessessssnssssssessesessnssssseseessssnnns 64
FIGURE 2.3 | 3D LEG KINEMATIC ACQUISITION ...... ..65
FIGURE 2.4 | DEEPLABCUT (DLC) OPTIMIZATION .. ..65
FIGURE 2.5 | EXAMPLE OF KINEMATIC ANALYSIS +vvteeetessutruueeeeeeesssanssseeeeesssssssssseeesssessssssssssssessssnssssssesssssssnsssssessessssnnns 66
FIGURE 2.6 | COMMUNICATION BETWEEN THE EXPERIMENTAL ROOM AND THE CONTROL ROOM ..ceeeeeirurrrrrereeeesssnrrnneeeasessnnns 67
FIGURE 2.7 | WIRELESS TRANSMITTER TECHNOLOGY ..uuvvvvvereeeeesssnrrreeeeeessssssssseeesssesssssssssessessssnssssssessessssnsssssessessssnnns 69
FIGURE 2.8 | PERSONALIZATION OF THE SURGICAL PROCEDURES .....uuvvvvreeeeeesssnrureeeeesessssssssneeeessssssssssessesssssssssseseessssnnns 72
FIGURE 2.9 | TAILORED TITANIUM MESH METHODOLOGY FOR CHRONIC CRANIAL IMPLANT .....vvvvreeeeeeeesnirnrereeeessnsnnrnneeeesesnnnns 76
FIGURE 2.10 | TITANIUM MESH, FOOT PLATE AND HEALING PLATE ...uuvvvvreeeeesssseurrrreeeesesssasnssneeeesssssssssseesessssnssssseseessssnnns 77
FIGURE 2.11 | FOOT PLATE POSITIONING NOMENCLATURE vvvtteeeeessuerrrreeeeessssasssseeeessesssssssssessessssnssssssessessssnsssssessessssnnns 79
FIGURE 2.12 | ADVERSE EFFECTS .vvvvvreeeeessierrrreeeeeessnsnnnnns .81
FIGURE 2.13 | POST-OP FOLLOWING-UP AFTER THE SURGERIES .. .82
FIGURE 2.14 | SUMMARY OF THE FREELY BEHAVING MONKEY PLATFORM IN UNTETHERED CONDITIONS ..vvvvvrereeeesssnrreneeeaeesnnnns 88
TABLE 2.1 | SUMMARY OF ALL THE ANIMALS FOLLOW=UP ..11eeetttuutrreeeeesesssnureeeeesessssssssseesesssssssssssesessssssssssssesassssssnsssnns 84
FIGURE 3.1 | TASK AND HYPOTHESIS 1evveeeeesurrrreeeeeessssnsuseeeesesssssnsssseseessssnssssssesesssssssssssssseesssssssssssessessssnsssssessessssnnns 97
FIGURE 3.2 | BEHAVIORAL RECORDINGS ....uuuvvvveereeessssusruseeeeesesssassssseesesssssssssseesesssssssssssssseesssssssssssessessssnssssseesessssnnns 99
FIGURE 3.3 | TIME-VARYING CORTICAL, MUSCLE, AND KINEMATIC SIGNALS USED FOR ANALYSIS vvveeeerreurrrreereeessssnrrneeeaeeesnns 100
FIGURE 3.4 | CHANGES IN FIRING RATE AND MODULATION DEPTH WITH TASK COMPLEXITY ...vvvvrrreeeessenrrrreeeeessssssnneeeeaeeesnns 101
FIGURE 3.5 | NEURAL CORRELATES IN SINGLE NEURON ACTIVITY FAIL TO GENERALIZE BETWEEN RHYTHMIC AND PLANNED
LOCOMOTION .. eeeettettue e e eeeeettsuu e e eeeettasau e e eeeeeassaa e eeaeeeaasaa e eeeeeeeaauaa e eeeeeeesaaa e eeeeeeeansaaaneeeeeeeennnnnnaaes 103
FIGURE 3.6 | DIFFERENCES IN KINEMATICS AND MUSCLE ACTIVITY ACROSS LOCOMOTOR TASKS AND PHASE TUNING OF SINGLE
NEURONS ettt et eeetttttue e e eeeeetasta e s e eeettassa e e eeeeeassaa e e eeeeeaesaa e eeeeeeeeana e eeeeeeesaaa e e eeeeeessaaaeeeeeeeennnnnnsaaas 103
FIGURE 3.7 | POPULATION ACTIVITY ACROSS TASKS IS MORE COMPLEX IN PREMOTOR AND MOTOR THAN IN SOMATOSENSORY CORTEX
........................................................................................................................................................... 105
FIGURE 3.8 | VARIANCE EXPLAINED BY NEURAL MANIFOLDS AND CONTRIBUTION OF EACH TASK TOWARDS INCREASE IN COMBINED
DIMENSIONALITY ..t tttttuieeeeeetttttui e e e eeettasuu e eeeeettassaa e e eeeeeaasaa e e eeeeeeeaaaa e eeeeeessnaa e eeeeseeessnaaneeeeeeeennnnnnaaaes 106
FIGURE 3.9 | SIMILARITY ACROSS TASKS AND LOCOMOTION SUBSPACES FOR FOUR MONKEYS ..vvvveeeeesserrrreeeeeessssnnrnneeeaeessnnns 107

FIGURE 3.10 | LOCOMOTION AND TASK-RELATED ACTIVITY OF SENSORIMOTOR CORTEX IN BASIC AND SKILLED LOCOMOTION ....... 109
FIGURE 3. 11 | LATENT ACTIVITY IN TOP THREE NEURAL MODES

FIGURE 3.12 | DPCA CONTROLS . .vttttteeeeieurtrreteesesassssseeeeessssasssseeeasessssssssseseeesssssasssssesessssssssssseeseessssnssssssseessssnnns

FIGURE 3.13 | ROBUST DECODING OF GAIT PARAMETERS ACROSS BASIC AND SKILLED LOCOMOTION ....uuvvvvreeeeeeeeneerrneeeaeeeennns 112
FIGURE 4.1 | BIOLOGICALLY REALISTIC NEURAL NETWORK OF MUSCLE SPINDLE FEEDBACK FOR TWO ANTAGONIST MUSCLES.......... 134
FIGURE 4.2 | COMPARISON OF LUMBAR SPINAL CORD AND VERTEBRAL LENGTH BETWEEN TWO MACAQUE SPECIES .....vveeeeeernnns 136
FIGURE 4.3 | VERTEBRAL LENGTH AND SPINAL CORD WIDTH IN ADULT FEMALE FASCICULARIS MONKEY ...vvvvveeeeeesesierrrneeeeseesnnns 136
FIGURE 4.4 | COMPARISON BETWEEN TWO ADULT FEMALE FASCICULARIS MONKEY vvvvveeeesseurirreereeessssnrsseeeesssssssssneesasessnns 137
FIGURE 4.5 | TAILORED LUMBAR SPINAL ARRAYS IN IMIK=KA 1.ceeeitiiiiiiiiiiee s e eeiiite e e e e eeiivtee e e e e s e sebaneeeeeesesasbaneeaaeessnnns 139

FIGURE 4.6 | SURGICAL PROCEDURE 1vveeeeeuutrvureeeesessasssssesessssssssssesesesssssssssssssssssssnssssssssessssnnssssssssessssnsssssssssessssnnns 140



FIGURE 4.7 | MUSCLE RECRUITMENT DURING EES ....iiiiiiiiiiiee i ieiiieieee ettt tee e e e e sttt e e e e e s e sitaaeeeee e s ssasbnaeeaaeesennns 141

FIGURE 4.8 | SPATIOTEMPORAL MAP OF THE SPINAL CORD DURING EES ...cciiiiiiiiiiiiieii ittt e e e 142
FIGURE 4.9 | X-RAY COMPARISON ...vvtteeetssuurrrreeeeessasnsssseeeessssssssssseesssssmsssssssssesssssssssssssessssnnssssessessssnnssssseseasessnnns 144
FIGURE 4.10 | CONCEPTUAL FRAMEWORK FOR THE TECHNOLOGY TRANSLATION ..vvvvvteeeesssurrrreeeesesssssssreeeeessssssssseeeasessnnns 145
FIGURE 5.1 | HYPOTHESIS OF SHARED INFORMATION VIA COMMUNICATION SUBSPACES DURING LOCOMOTION .....evvvvvereeeennnnns 152

FIGURE 5.2 | HISTOLOGICAL PREPARATION AFTER UTAH ARRAY IMPLANTATION IN LEG M1
FIGURE 5.3 | INTERSECTIONAL VIRAL STRATEGY SPECIFICALLY TARGETING THE LAYER V PROJECTING NEURONS TO THE LUMBAR SPINAL

60 0 N 155
FIGURE 5.4 | SYNAPTIC CONNECTOME OF THE LUMBAR CST IN THE SPINAL CORD .vvvvteeeeesssurrrreeeeeeessssrrneeseessssssssneeeeeessnnns 156
FIGURE 5.5 | INHIBITION OF THE LUMBAR CST IN RODENTS .vveeetisuuurreeeeesesssssrreeeeeessssssssseesessssssnsssseeseessssssssssssesessnnns 158
FIGURE 6.1 | SYNAPTIC DENSITY ANALYSIS PIPELINE ...uuuvvvvrereeessssuerueeeeesessssssssseeeesssssnsssssesseesssnssssssessesssssssssneseessssnnns 175

TABLE 6.1 | VIRALVECTORS ...uutttvteteeeesssururreeeeessasassssseesessssssssssseseessssssssssssssessssmsssssesseessssnsssssessessssnssssssseesssnnnns 173



TABLE OF CONTENT

ACKNOWLEDGIMENT ......ciiiiieeeeiiiiiiiiiieeeniiiiiireesessssistirssssssssssstrrssssssssssstsrsssssssssssssmsssssssssssssressssssssssssnsssnnssssss 7
ABSTRAGCT ...cuiiiiiiiiieiiiiitirrreeeeiiisirrraassssssttrraaassssssstrrssssssssssstrrsssssssssssssrsssssssssssssressssssssssssresnssssssssssnnsnnnsssnss 9
L 0 | N 11
LIST OF FIGURES AND TABLES........ccuuuiiiiiiiiieeiiiiiinnieeeeissssnnsssesssssss s ssssassssssss s s s ssassssssssssnssnssssssssssnssnnssssssssnns 13
TABLE OF CONTENT ....ccitttimeeiiiiiiinneneniiiiiinrnnnssssissinsssssssssssssssssssssssssssssssnsssssssssnns 15
INTRODUCGTION.......ccottttimeiiiiiiirieneeiiiiirresesssssistrrrsassssssssttrsssssssssssstmessssssssssstssessssssssssssmsssssssssssssnssnsssssssssens 19
i (0 1V I =5 U PP PPPPPPPRRT 21
1.2. GENERAL OVERVIEW OF THE MOTOR SYSTEM ...ttt e et e e e e eeeeaaas 22
1.2.1. COtiCAI MOTOI QIEAS.........eeeeiee ettt ettt ettt et e e e ettt e et e e e et e e e aareee s 22
1.2.2. SOMQATOSENSOIY QIEUS ...ceeeveeeeeeieeseeieeeeetee e satee e sttt e e s atae e s ataeesstaaeasstasesstaaassstaaesssssaessssnnessssnneasees 23
1.2.3. SENSOIMOTON SYSEOIMN ..ttt e ettt e ettt e e ettt e e ettt e e ettt e e e ettt e e s ttaeesataeasataeesssaaaanes 25
1.2.4. MOtOr CONEIOl OFGANIZATION. .....ccvieeeeseiiiiiiie e ettt e e e e st e e e e e se ettt e e e e e s s sttt aeaaeeesasssttaeaaaeeeas 25
O 1 =l o T T 1 ==Y V= 1 SN 26

1.2.4.2. The CEIEDEIIUM. ...ttt ettt e st e e s eab e e s st e e e s anbeeesaabeeesanbeeeeanneeas 26

1.2.4.3. The brain stem and its descending PAtNWaAY .........oeeieiiiiiiiiiiie e e e e e e e e 26

1.2.4.4. The corticospinal tract and the SPiNal COMd .........uuiiiiiiiiiiiiee e e e e e e e e 27

1.3. NEURONAL BEHAVIOR.. ...ttt ettt ettt e e e e ettt e e e e e et ettt e e e e eeeetaaaa e e e eeeeeansaaaeeeeeeeennnnnn 29
1.3.1. MOVEMENT ENCOAING.......cccceeiiieiieeeeieeiieees e e e ettt e e e e s st a e e e e e sss bt e e e e e esssasttbaaaeeessssastsneaaaaenas 29
1.3.2. Neural population dYNOIMUCS ..........cccccuuueeiieeeeieeiiete e e e sttt e e e e e s st e e e e e e sssttat e e e e e e s sssstsneeaaeeeas 31
1.3.2.2. NeUral Manifolds ......oeiieiiie et e st e st e e st e e s aa b e e st e e s eabe e e e nareeas 32

1.3.3. Signature for therapeutic QPPIICAION. ...........ccceeuuueeiieeeeieeiiieet e e e eeesctteea e e e e ssstte e e e e e e sssstaaeeaaeeeas 36

1.4 LOCOMOTION. ... ettt ettt ettt e e e e e et ettt e e e e e et ttaaa e e e e eeeeeeaua e e e eeeeeaasaa e e eeeeeeensaaaneeeeeeensnnnnn 37
1.4.1. Non-cortical basis Of I0COMOTION.............cuuiieeeieeiiiiiiiae e ettt ettt e e e e s st e e e e e e sssstaneaaaeeeas 38
O Y o1 = I =T Yo o RSN 38

1.4.1.2. Basal ganglia and mesencephalic [0COMOLOr FEGION ........uvviiiieeiiciieiee et e e 39

O R R I L= o T - [ I =Y o PO PP PPPPPPO 39

1.4.2. Cortical Basis Of IOCOMOTION.........cceeeeeiiiiiiieeeeseeiitte e ettt e e e st ea e e e e sss bt e e e e e e e sssassaaeaaaaeeas 39
O O o 410 - T A g Lo o] ol o = TR 40

O A o =10 g o) o ol f < 42

1.4.2.3. Primary SOMatOSENSONY COMEX . .uueieiiaaaraeeeeeeeeeeaeeeeeeeeeeee e e e e e e e s s s aaaasaasaasaasaaaaaaaaaaaaaaaaasaaasaaasaaaasaaaaaaaassananns 43

1.5  SYNOPSISAND AIMS .ttt ettt e et ettt e e e e e et tta e e e e e e eetaaa e e e eeeeeeasaaa s eeeeeeesnnans 44
1.6. PERSONAL CONTRIBUTION. ..ottt ettt e ettt e e e e ettt e e s e e e e ettt e e e e e e eeaaba e e e eeeeeensnaa e eeeeeennnnnns 45
1.7.BIBLIOGRAPHY ...ttt ettt ettt et e ettt e e e e et etaba e e e e e e ettt ba e e e eeeetasaa e e eeeeeeansaa e eeeeeeennnnnn 46
FREELY BEHAVING MONKEY PLATFORIM.......cccuuiiiiiiiiiieiiiiiinienessisiisinssssssssssssinnsssssssssssssnsssssssssssssnssnsssssssssnns 59
2.1. BEHAVIORAL SETUP IN UNTHETERED CONDITION ...ttt ettt ettt ettt eeeeeete e e e e eeeees 61
2.1.1. BENQVIOIAI tIQINING ......vvviiieeeeeiiiiiis e ettt e ettt e e e e ettt a e e e e e ss sttt e e e e e e s sssatttseaaaeessssnsssnees 63
2.1.2. Leg kinematic during I0COMOLION ..............uuueeiieeeeisiiiiees e e ettt e e e e e sttt et e e e s ss sttt a e e e e esssassenees 64

2.2. WIRELESS TECHNOLOGY ....tuiieeitetiiiiee e e ettt e e ettt e e e e et ettt e e e e e e eeeaba e e e eeeeetabaa e eeeaeeeasnaaseeaaeeees 67
2.3. PERSONALIZED SURGICAL PROCEDURES ...ttt ettt e e ettt e e e e e e e eebae e e e eeeeees 71
2.4. ADVERSE EFFECTS OF TAILORED CRANIAL IMPLANTS IN MACAQUE MONKEYS.....ccouuiiiiiiieiiiiiiiiee e 73
2400 ADSEIOCT ettt ettt ettt e ettt e et e e e ettt e e e atteeeenatees 73
2.8.2. INEFOGUCTEION ...ttt ettt ettt e ettt e e et e e e ettt e e e aaabeaeeatnes 74
2.4.3. MGterial Nd MEEROGS. ..........ccoiieeeeee ettt ettt e e e et e e e e e e 77
B B Y 1 o - | O T P PO U TP PP PPPOPPPRRt 77

2.4.3.2. Titanium mesh, foot plate, healing plate and percutaneous connectors (pedestals).........ccccceevercvvvennnnn. 77

2.4.3.3. Computer tomography (CT) imaging, 3D reconstruction and mesh modeling........c...coeecvvveveeeericnveeennnn. 78

R Ul (=1 (1L PP PUUPPPPPPPPPPNY 79

2.4.3.5. AdVErse effeCt @SSESSMENTS ......ciiiiiiiieiiiee ettt ettt et e et e e st e e s sbe e e s s bb e e e sbee e e sbeeeesnreeenanee 80

2ol RESUILS ..ottt ettt ettt e ettt e bt e ettt e e e et e e e eatnes 81

B T D oty XY (o] IR 84



2.4.6. ACKNOWIEAGIMENTS .......vveeeie ettt ettt e e ettt e e e e sttt a e e e e e ss sttt e e e e e essssattsneaaaesessssssssees 86

2.5. CONCLUSION ...ttt ettt ettt ettt ettt ettt e ettt e e s a et e e s bttt e e eabbe e e s aabbeeesbbteeesabbeeesaabaeaesanbeeeesbbeeesaanee 87
2.6. BIBLIOGRAPHY ...ttt ettt ettt ettt e e ettt e e e eabt e e e sabb et e e eabbeeesabaeeesabbeeeseabbeeesaabeeeesanes 89
NEURAL POPULATION DYNAMICS ARE CORTEX-SPECIFIC IN PREMOTOR, MOTOR, AND SOMATOSENSORY
CORTICES DURING LOCOMOTION ....cccoiiiueriiisiueessssssenssssssessssssssssssssssssssssessssssssssssssssssssssssssssssssssssssessssssssssssns 93
B ABSTRACT ...ttt ettt ettt ettt e ettt e e bttt e e e bttt e e e ubb e e e s ubt e e e e bttt e e eabb e e e s aabe e e e e bbe e e e eabbeeeeaabaeeeeaabeeeeebbeeeeaanee 95
3.2, INTRODUGCTION ....utiieiittteeeiite e ettt e e ettt e e ettt e e e ettt e e subt e e e s bttt e e eabaeeesaabteeesabbteeeaabbeeesaubaeaesanbeeeesabbeeesaanee 96
B3 RESULTS. ettt ettt ettt ettt ettt e e ettt e e e a bt e e e s a bt e e e e b bt e e e eabbe e e s ab et e e eabbt e e e eabbeeeeeabaeeeeaabeeeeebbeeeeaanee 98
3.3.1. Behavioral tasks and reCOIdINGS .........ccccuuuueeiieeeeiseiiiets e e eeseette e e e e e e sttt e e e e e s sssttta e e e e e e sssasssnees 98
3.3.2. Generalization of neural correlates in I0COMOLION ..........ccceeeuuivveiieeeisciiiiieseeeesesiieeea e e e e sssiiineeas 101
3.3.3. Similarity of neural manifolds across 10COMOLOr tASKS ............uvvveiieeeeieiiiiiiieeeeiesiieea e e e 104
3.3.4. Locomotion—and task-dependent—neural correlates in sensorimotor cortex..............cccceeeuvvnen.. 107
3.3.5. Generalized decoders with task-independent neural manifolds. .............ccccceeeeveeciivneieeeesssiiinnnn, 111
B DISCUSSION ...ttt ettt ettt ettt e ettt e e ea bt e e ettt e e e eabbe e e e abteeesabbeeeaaabbeeesabteeeaabbeeesaabaeeesbbeeesaaree 113
3.4.1. Simplicity of cortical population activity for l0COMOLION..............cceeeeeeeciiiiiiiieeeiisiiiiieaeeeeeesiiaens 114
3.4.2. Low contribution of somatosensory cortex towards voluntary gait modifications ....................... 114
3.4.3. Neural manifolds in motor cortex across rhythmic and skilled locomotion ..................cccccceuvune... 115
3.4.4. Task-dependent subspaces for locomotion in premotor COrteX .........uuuvviuumiaeemissiiiuvresaeesissisvnnnns 116
3.4.5. Improvement in generalization and variance explained by task-independent components.......... 116
3.4.6. Locomotion-subspace for generalized control of neurotechnologies ..............cccccvuvveieeeeesscvnnnnn. 117
3.5. MATERIAL AND IMETHODS. ....ceetutttte ittt eittee ettt ettt e e ettt e e ettt e e st e e e sttt e e sabteeesabbeeesaabeeeesbbeeeeaanee 119
3.5.1. DALQA Pr@-PrOCESSING .....eeeeeeeeeeeee ettt ettt e e e e e ettt e e e e e e e ettt e e e e e e eeetaaaaaeeeaees 119
3.5.2. 5iNGI€ NEUION COITEIATES ...iieieieeeeeeeee ettt e ettt e e e e s sttt e e e e e s ssstttbaaaaeeesssasssnees 120
3.5.3. Dimensionality estimates for task-dependent neural manifolds...............ccccccovvvecivvveieeeesssivannnn, 120
3.5.4. Comparison of task-dependent neural Manifolds ..............cccccuueeiieeeiiciiiiiiiieeeesecciiieaa e eeesiiaeeas 121
3.5.5. Separation of neural activity into task-dependent and task-independent components................ 122
3.5.6. SIGNQI VAITANCE ...ttt e ettt e e e e e sttt e e e e e e s s e stbbteaaaeeesssastsseaaaeeessnssssnees 123
3.5.7. Decoding of gait events and generalization aCross tASKS ............uuieeeeeeeiiuveeseeeeissiiiieesaeessssisisnnnns 123
3.6, BIBLIOGRAPHY ...ttt ettt ettt ettt ettt ettt e e sttt e e sabae e e e eube e e e sabbeeeesabbeeesaabbeeesnbeeeesbbeeesans 125
TOWARDS PERSONALIZED NEUROPROSTHETICS FOR SPINAL CORD INJURY......cccoviverrrinsunnnssssunnssssnnesssssanns 131
4.1 INTRODUCTION ....eeiiiiiitieee ettt ettt ettt ettt e e ettt e s ettt e e sttt e e e eabbe e e s aabteeesabbeeeseabbeeesabteeesabbeeesanbaeaenas
4.1.1. Spinal cord injury
4.1.2. Epidural electrical stimulation MECAANISMS..............c..eeeiiuieieiiiiiieiiee et 133
4.2. VARIABILITY IN LUMBAR SPINAL CORD MORPHOLOGY ....ccceuttieeniieeeiniiieeeniieeeeeiteeessivteeesiveeessaieeeeean 135
4.2.1. INLr-SPECIES VAIIADIIIY.......ccceeeveeeiieeeeeeeee ettt e ettt e e e e e sttt e e e e e e s st ttaraaaeeesssasssnees 135
4.2.2. Inter-individua] VAriQBility.............uuieeeeeeiiiiiiieeeeeesitet e ee ettt e e e e s s sttt a e e e e e sssttta e e e e e e sssaataneees 136
4.3. LUMBAR SPINAL ARRAY PERSONALIZATION ....ceiiiiitieiiitteeeiieeeeeiitee ettt e et e e st e e e sttt e e ssabeeeesibeeeenas 138
4.3.1. Lumbar SPinal QIrQY AESIGN...........uuieeeeieiiiiiii e e eeeeeet e e e sttt e e e e s sstt et e e e e ssstttaeeaaeessssastsnees 138
4.3.2. SUIGICAI PIOCEAUIE........cevvieeeeeiiiit ettt e et e e e e et s ettt e e e e s se bt e e e e e e e sssasttbeaaaeesssssstsnees 139
4.4. SPINAL CORD STIMULATION PROTOCOL DESIGN.....cciiiittieiiieeeiiiieeeeiieeeesiteeesibteeesieeeessaieeeesibeee e 141
4.5. LIMITATION AND CONCLUSION .....uttiiiititeeeittee ettt ettt e ettt e e st e e st e e e sabbeeessabbeeesaabaeeesabbeeesenbeeaenas 143
4.6, BIBLIOGRAPHY ...ttt ettt ettt ettt ettt ettt e e sttt e e ettt e e s aabt e e e sabbeeeeeabbeeesbbeeeeeabbeeesaabaeaesabbeeenans 146
DISCUSSION AND PERSPECTIVE .......c.ccoveeresnnnerrnssanennns 149
5.1. NEURAL ENCODING. ... ..tttiiiitteeeittee ettt ettt e ettt e sttt e e ettt e e s eabteeesbbteeesabbeeesaubteeeaabbeeesaabaeeesabbeeesaanee
5.1.1. Further analysis
5.1.2. Electrophysiological signature of cortical encoding at the cellular level .................ccccevveeveevvnnenn. 152
5.1.3. Biological tool to perturb cortical encoding at the cellular level................cccccoevvvcivveeiieeessscinnnnn, 154
5.1.4. Technological limitations in single cell eNcoding.............ccoueecuuuveiieeeeiiiiiiiiieeeesesciiieeaaeeesssiiineeas 160
5.1.5. Searching for the neural code by exploring the neural manifold.................ccccovvvviivveiieeesesiiinnnn, 160
5.2. NEUROPROSTHETICS FOR SPINAL CORD INJURY ....ceiiiitieiiiiieeeiitee e siitee ettt et e st e e st e e siveee s 162
5.2.1. Epidural electrical stimulation: a 1ong clinicQl STOIY ..........cccccuuueiiieeeiisiiiiiiiaeeesesciiieea e esssiiaeeas 162
5.2.2. Future directions: combinGtorial tREIOPIES. ..............uveeiieeeieeciiiieeseeesseciiteaa e e e esssiiaeeaaeeesssisaaees 162

5.3.BIBLIOGRAPHY ...ttt 164



APPENDIX. ...cueiiiiiiiniiiniiiiiiinisiiiessnissssssss s s ssssssssssssssss s sassssesssssssssassssesssssssssasnssanesssssssansssanesssssssnnns 169

6.0 APPENDIX L.ttt ettt ettt ettt e ettt e e ea et e e sttt e e e eabb e e e e abt e e e e bt e e e e eabbe e e eahbeeeeeabbeeeeanbaeeeeabbeeeeaaree 171
6.1.0. ANIMQT MOUEIS. ...t ettt ettt et e e et e e et e e e aateaeenaens 171
B.1.2. SUIGEIIS ... ettt ettt e e et ettt e e e e e e e ettt e e e e e e e e et b a e e e e e e eeaaans 171
6.1.3. VIFQI VECLOIS ...ttt ettt ettt e et e e e e et e e e nane e e e 173
6.1.4. DREADD-mediated inactivation @XPEIiMENTS............uceeeieeiuuriiieeesisiiiiieeseeessssiissesaeessssisisaneaaaees 174
6.1.5. Kinematic and muscle actiVity r€COIdiNGS............uuuuuiieeeieeiiiiiiieeeesesiiitee e e e esssstrea e e e e sssisaeaaaa e 174
6.1.6. Perfusion and histological Preparation..............c..uueuieeeeieeciueiiiseeesesciiieeseeessscitaeaaeeesssiiaeaaeaeeas 174
6.1.7. IMMUNONISTOCHEIMUSLIY ...ttt ettt e e et e e e e e s st a e e e e e sssatttaeaaeessssasssnnaaaeenas 174
6.1.8. Synaptic connectome in the spinal gray matter QNAIYSIS............coeeeevuueeeeeeeissiiiiieesseeesssiiiieeaaeenns 175
6.1.9. BIDHOGIGPRAY ...ttt ettt e e e e ettt e e e e e e e aa e e e e e ettt e e e e annattaaaaaaeaas 176

CURRICULUM VITAE ....cceiiiiiiiiinnniiiiinisissssssieismissssssssesssisssssssiessiiss st st sssssassssssssssssenes 177






- PART 1 -

INTRODUCTION







- PART 1 - INTRODUCTION

1.1. CONTEXT

While a movement seems effortless, the underlying processes orchestrated by the
nervous system are remarkably complex. From the central nervous system to the muscles, motor
information must be well sculped to elicit an appropriate movement. Although our knowledge on
motor control drastically increased, the precise role of cortical areas is still debated. For instance,
locomotor gait (i.e. locomotion) is thought to be governed by automated neural circuitry residing
within the spinal cord and/or within the brain stem, while cortical areas may only adapt the adjust-
ment of steps during walking on a rugged terrain. In that context, it is important to better understand
the role of different cortical area structures underlying the production of locomotor behavior. New
findings could result in improving available treatments or in developing new therapeutic strategies
helping people with motor disabilities such as spinal cord injury, stroke or Parkinson'’s disease.

To study the role of cortical areas during locomotion, nonhuman primates (NHPs) represent
an adequate model because of their advanced sensorimotor attributes, which provide higher skilled
capabilities. Moreover, recent advances in technology give the opportunity to record large number
of neurons from different areas simultaneously with whole-body 3D kinematics and muscular activity.

In this manuscript, | will first introduce the state-of-the-art of the motor system organization
and function. | will then present the implementation of a wireless technological framework for stud-
ying neural activity from three different cortical areas in freely behaving NHPs. | will then present how
neural population dynamics are cortex-specific across different locomotor behaviors. Later, | will pre-
sent how this knowledge could potentially be used in a brain-machine interface paradigm with the
development of personalized neuroprosthetics implanted in the dorsal aspect of the lumbar spinal

cord. Finally, | will discuss the future perspectives of locomotor control.
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1.2. GENERAL OVERVIEW OF THE MOTOR SYSTEM

One of the primary advantageous capabilities of the animal reign is the ability to move vol-
untarily. The quote of the pioneer scientist Charles Scott Sherrington : “to move things is all that
mankind can do, for such the sole executant is muscle, whether in whispering a syllable or in felling a
forest."! highlights the fundamental importance of the motor system. Many years of research have
brought valuable knowledge on how the motor system is organized and how it communicates with
other systems. One of the major structures involved in the control of the motor system is the cerebral
cortex. In this section, | will provide an overview of the different anatomical regions within the cortex

and how they differ in function towards the control of movement.

1.2.1. Cortical motor areas

The concept of a ‘motor’ cortex was first introduced by Fritsch and Hitzig after the observa-
tion of muscle contractions following the stimulation of dog’s cerebral cortex (Fritsch and Hitzig
2009). Hughlings Jackson subsequently proposed a somatotopic arrangement of the motor cortex
limited to one side of the body (Jackson 1873), which David Ferrier confirmed by conducting elec-
trical stimulation experiments in NHPs and observing muscle responses (Ferrier 1873; Bennett and
Hacker 2001). Early in the 20t century, Charles Scott Sherrington highlighted the role of the spinal
cord in stepping and standing, notably the flexion-reflex (as a protective reflex) followed by an ex-
tension-reflex of the contralateral homologous limb. After suggesting there is a “...relation between
the brain and the final common pathway”, he was the first to describe a detailed somatotopic map
of the primate motor cortex (Gruenbaum and Sherrington 1902; Bennett and Hacker 2001; Burke
2006).

The cortical motor areas are located in the frontal lobe and are composed by: (1) the primary
motor cortex (M1 or F1 in NHPs; Brodmann's area (BA) 4); (2) the supplementary motor area (SMA,
a part of BA 6) subdivided into pre-SMA (F6) rostrally and SMA-proper (F3) caudally; (3) the premotor
cortex (PM, a part of BA 6) subdivided into a dorsal part (PMd, F2 and F7) and a ventral region (PMy,
F4 and F5). As a generalization, SMA is thought to be responsible of initiating voluntary movement,
whereas PM is involved for movement planning. M1 sends the final motor information to the moto-
neurons residing within the spinal cord through the corticospinal tract (CST). Interestingly, among
the cortical motor areas, M1 represents about half of the corticospinal (CS) neurons, whereas ~10%

of the CS neurons are found in PM and 20% in SMA. The remaining 20% CS neurons are found in

1 Principles of Neural Science, 5™ ed. (2013), E. R. Kandel, J. H. Schwartz, T. M. Jessell, S. A. Siegel-baum & A.J. Hudspeth.
The McGraw-Hill Companies, Inc. Part VI: Movement, page 739.
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the cingulate motor area (CMA, BA 6, 23 and 24) (Figure 1.1). M1 is further subdivided into a rostral
region (old M1), thatis common in many mammals, and a caudal region (new M1) unique to primate
species (Rathelot and Strick 2009). Because of their interconnections, these motor cortical areas co-
operate in order to generate an adequate movement. However, they also share reciprocal connec-
tions with many other brain structures (e.g. cerebellum, basal ganglia, parietal and prefrontal areas).
Therefore, motor cortical areas are not solely responsible for creating appropriate motor output(e.g.
for review: Lawrence and Kuypers 1968a; 1968b; Brinkman 1981; Matelli et al. 1985; Wiesendanger
1986; Dum and Strick 1991; Luppino et al. 1993; Rizzolatti et al. 1998; Rizzolatti and Luppino 2001;
Dum and Strick 2002; Lemon 2008; Mendoza and Merchant 2014).

Figure 1.1 | Schematic representation of motor cortical areas in NHPs

The motor cortical areas are located rostrally to the central sulcus (cs) in the frontal lobe. The four principal motor cortical
areas are depicted in different colors (green for M1, blue/turquoise for PM, orange for SMA and purple for CMA). The
premotor cortex (PM) is subdivided into a ventral (PMv) and a dorsal (PMd) regions that are themselves further subdivided
in two: the rostral part of PMd (PMd-r, F7) and the caudal part of PMd (PMd-c, F2). The same subdivision applies for PMv:
rostral (PMv-r, F5) and caudal (PMv-c, F4) parts. Similarly, SMA is subdivided into a rostral part (pre-SMA, Fé) and a caudal
region (SMA-proper, F3). Finally, the cingulate motor area (CMA) is partitioned into three areas: the dorsal CMA (CMAd),
the ventral (CMAv) and the rostral (CMAr) areas. The yellow triangles illustrate the corticospinal neurons in layer V. The
percentage of the corticospinal neurons are based on (Dum and Strick 1991). Note that some CS neurons, also presentin
the parietal and somatosensory cortices, have not been considered here. Somatotopic organization is shown in red.
cs=central sulcus; CinS= cingulate sulcus; cc=corpus callosum; ips=intraparietal sulcus; pcd=precentral dimple; asu= ar-

cuate sulcus; ps=principal sulcus; Is=lateral sulcus. Modified from (Rizzolatti et al. 1998; Rouiller 2012).

1.2.2. Somatosensory areas

In early electrophysiological studies, somatosensory evoked-potentials to tactile stimuli have
been recorded in clearly defined cortical regions in cats and monkeys. This region of the postcentral

gyrus has thus been termed the primary somatosensory cortex (S1). Neuronal responses
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architectonically differ within S1 delineating four distinct sub-regions: area 3a, area 3b (proper S1),
area 1 and area 2 of Brodmann. All the four areas are somatotopically organized and are summarized
by the "homunculus”, emphasizing the multiple body representations within S1. Each of the four
areas tends to process a specialized type of information. As a generalization, area 3a is dominated
by muscle receptor inputs, areas 3b and 1 mainly receive inputs from cutaneous receptors, and in-
puts to area 2 come from deep muscle and joint receptors. Cutaneous receptor responses are nev-
ertheless found in all the 4 areas (Phillips et al. 1971; Whitsel et al. 1971; Hyvérinen and Poranen
1974; Merzenich et al. 1978; Tanji and Wise 1981; Pons et al. 1985; Gardner 1988) (Figure 1.2).
Touch and proprioception sensations are mediated by numerous types of mechanorecep-
tors (e.g. Pacinian corpuscle, Meissner corpuscle, Ruffini ending, muscle-spindle, Golgi tendon or-
gan, etc). Both somatic sensations are conveyed by the medial lemniscus. The fibers ascend through
the dorsal column of the spinal cord to the medulla, where the axons decussate. Finally, they project
to the ventral posterior lateral (VPL) nucleus, ventral posterior inferior (VPI) nucleus and posterior
nuclei group of the thalamus. A second ascending pathway, the anterolateral system, conducts
mostly nociceptive, thermal and pressure information. The pathway decussates at the level of the
spinal cord to finally reaches the VPL and to some extent the VPI, the centromedian, parafascicular
complex and the intralaminar nuclei (De Vito and Simmons 1976; Berkley 1980; Dijkerman and de
Haan 2007; Gardner & Johnson, 2013). Most of the somatic sensation information is relayed from
VPL to S1. In addition, areas 3a and 2 receive projections from the ventroposterior superior nucleus
(VPS). VPL and other thalamic nuclei also relay information to the secondary somatosensory (Sll),
posterior parietal, and insular cortices (Whitsel et al. 1969; Jones and Powell 1970; Burton and Jones

1976; Whitsel et al. 1978; Jones et al. 1979; Cusick et al. 1985; Friedman and Murray 1986).

Figure 1.2 | Schematic representation of primary somatosensory cortex in NHPs
a. S1is located caudally to the central sulcus (cs). Somatotopic organization is shown in blue. Note that the somatotopic
organization is conserved along the medio-lateral axis between M1 and S1. b. Saggito-horizontal schematic view of a cross

sectionin a.(red line). Four S1 areas are shown in red gradient colors. Area 3a is located in the deepest bank of the central
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sulcus and is a transition zone between BA 4 (M1, in green) and proper-S1 (area 3b). Area 1 and area 2 are located on the
post-central gyrus before the transition with parietal cortex (BA 5 and BA 7). cs=central sulcus; ips=intraparietal sulcus;
pcd=precentral dimple; asu= arcuate sulcus; ps=principal sulcus; Is=lateral sulcus. Modified from (Pons et al. 1985; 1987;

James et al. 2007).

1.2.3. Sensorimotor system

In rodents and marsupial mammals, the sensorimotor cortex has been extensively docu-
mented (Ferezou et al. 2007; Petersen 2007; Diamond et al. 2008). In primates, the term of sen-
sorimotor cortex may sound unusual because of M1 and S1 cytoarchitecture characteristics and mac-
roscopic organization. However, the functional confinement representation within a strict cytoarchi-
tecture boundaries is often impossible (Penfield and Boldrey 1937). Conceptually, it seems reason-
able to assume a close collaboration between somatosensory and motor systems that would lead to
motor behavior (Wiesendanger 1981). In fact, M1 and S1 share strong reciprocal connections. Usu-
ally, these connections keep a somatotopic organization (e.g. hand region of M1 receives projection
from hand region of S1), although some heterotopic projections are also found (e.g. hand region of
M1 projects to leg region of S1) (Jones and Powell 1970; Jones et al. 1978; Kiinzle 1978; Huerta and
Pons 1990; Stepniewska et al. 1993; Tokuno and Tanji 1993; Burton and Fabri 1995; Kaas 2004; Liao
et al. 2013). Interestingly, new M1 is more strongly connected with areas 3a and 1 than old M1. In
contrast, old M1 has more projections to area 2 than new M1 (Stepniewska et al. 1993). Cutaneous
inputs are also found in new M1 while old M1 mainly receives deep inputs (Strick and Preston 1978).
Furthermore, electrophysiological studies support the sensorimotor system concept. For example:
(1) in human patients, M1 stimulations lead to fingers sensations (Penfield and Boldrey 1937); (2) S1
stimulations evoke motor responses after a complete resection of M1 and SMA (Darling et al. 2011);
(3) during movement preparation, the suppression of cutaneous evoked responses is exclusively
restricted to M1 but notin PM and S1 (Seki and Fetz 2012).

Considering these anatomical and electrophysiological properties, the sensorimotor system
integrates somatosensory information to produce an appropriate movement. This process is re-

ferred to as sensorimotor integration (Hatsopoulos and Suminski 2011; Pruszynski et al. 2011).

1.2.4. Motor control organization

The sensorimotor system does not rely only on the motor cortical and the somatosensory
areas to control motor outputs, but incorporates all the afferents, efferents, and central integration
processing from different structures. Those structures are organized in a hierarchical and parallel

manner with the cerebral cortex in addition to the hierarchy (Figure 1.3) (Riemann and Lephart
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2002). Some structures and their functions towards the control of movement are briefly described

below.

1.2.4.1. The basal ganglia

The basal ganglia (BG) is composed by several nuclei located in the forebrain and the mid-
brain: the putamen, the caudate nucleus, the nucleus accumbens, the substantia nigra, the subtha-
lamic nucleus and the globus pallidus. All BG structures are strongly interconnected for local pro-
cessing of information. Virtually all the cerebral cortex projects to the BG and, in the form of a loop,
the BG projects back the information to the cerebral cortex via the thalamus. The mechanism of BG
structure functions are through a selection of adequate and inadequate responses. Inappropriate
connectivity and/or disturbance within the BG can lead to disorders such as Parkinson’s disease or
Huntington's disease. (Nauta and Domesick 1984; Rouiller et al. 1994; Parent and Hazrati 1995; Ha-

ber 2003; Lanciego and Vazquez 2011).

1.2.4.2. The cerebellum

The cerebellum is principally involved in motor control by receiving information from several
structures (cerebral cortex, BG, brain stem and the spinal cord). Generally, it adapts a movement by
integrating information from the spinal cord and the cerebral cortex. With its direct connection with
the brain stem, the cerebellum can directly influence and modulate a motor output (Ramnani 2006;

Bostan et al. 2013; Lisberger and Thach, 2013).

1.2.4.3. The brain stem and its descending pathway

The brain stem encompasses many nuclei responsible in motor control and motor execution
(Angeles Fernandez-Gil et al. 2010). Those nuclei send projection via descending pathways to the
spinal cord. Three main descending pathways can be listed as: (1) the ventromedial pathway (tec-
tospinal tract, reticulospinal tract and vestibulospinal tract) contributing to the bilateral postural con-
trol (head, neck and trunk), respiration and proximal limb movements; (2) the dorsolateral pathway
(rubrospinal tract and pontospinal tract) providing additional capacity to flexion movement in distal
limb segments (elbow and wrist); and (3) the emotional motor system (raphespinal tract) including
serotonin pathway that exerts influence on spinal reflexes and plays a role in specific motor activities
(defensive reaction, cardiac change, ...). The ventromedial pathway originates from reticular for-
mation, superior colliculus and vestibular complex (Lemon 2008). The reticular formation is com-
posed by several sub-structures such as the raphe nuclei; the pontine reticular nuclei and the gigan-

tocellular nucleus; and the lateral reticular nucleus (Matsuyama and Drew 1997; Matsuyama et al.
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1997; 1999; Lemon 2008; Sakai et al. 2009; Angeles Fernandez-Gil et al. 2010). Interestingly, the
superior colliculus plays also a role in sensorimotor integration, some neurons, located in the inter-
mediate and deep layers, are indeed firing before the execution of a movement (Sparks and Hart-

wich-Young 1989; Sparks 1991; Gandhi and Katnani 2011).

1.2.4.4. The corticospinal tract and the spinal cord

As previously mentioned, the spinal cord receives information through descending path-
ways from the cortex. The tract that is mostly involved in the control of movement is the CST, present
in all mammals. CST axons exit the cortex, travel though the internal capsule and cross the midline
at the level of the pyramids (pyramidal decussation). They target the contralateral spinal cord gray
matter via the dorsolateral and ventral pathways (note that a small proportion of axons, ~10%, pro-
jectipsilaterally) (Welniarz et al. 2016). In primates (and rodents), CS projections reach all spinal cord
levels and innervate all regions of the spinal cord gray matter (Lemon 2008). CS neurons are found
almost in all motor cortical areas (except F6 and F7, Figure 1.1), S1, parietal cortex and parietal
operculum (Lemon 2008). Interestingly, in primates, the CST projects directly to the motoneurons
located in the lamina IX of the spinal cord. This projection is called the corticomotoneuronal (CM)
projection and confers fine control of movement (Courtine et al. 2005b; 2007; Lemon 2008; 2019).
Interestingly, the CM projection is restricted to new M1 (caudal M1) and, remarkably, ~16% of CM
neurons are found in area 3a of S1. The CM cells can bypass spinal cord mechanisms in order to
shape new motor output patterns essential for highly skilled movements (Rathelot and Strick 2006;
2009).

The CST also contributes to other various domains: control of afferent inputs, control of spi-
nal reflexes, plasticity of spinal cord circuits, etc. (e.g. for review: (Lemon 2008; 2019)). Certainly,
motor commands are also sculpted through spinal reflexes (proprioception, H-relfex, etc) and pos-
sibly mediated within central pattern generators (CPGs), allowing the generation of automatic and
rhythmic motor pattern, such as breathing or walking (Marder and Bucher 2001; Steuer and Guertin
2019).
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Figure 1.3 | Hierarchical and parallel organiza-
tion of the motor control system.

Cerebral cortices send the final command to the
muscle through the spinal cord for executing a
movement. Information are locally processed in
the basal ganglia and the cerebellum before
sending it back to the cerebral cortex via the thal-
amus. Motor command information are also re-
layed and/or processed in the brain stem. Sen-
sory feedback plays also a role in movement
modulation. Note that for sake of clarity, the as-
cend somatosensory pathways as well as inputs
from the visual and vestibular systems are not

shown in the scheme.
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1.3. NEURONAL BEHAVIOR

The wide range of nervous system structures involved in the production of movements indi-
cates the complexity of the motor system. The primate sensorimotor cortex represents an adequate
model to study the control of movement. In fact, numerous studies conducted on monkeys untangle
how the cerebral cortex encodes motor outputs. A lot of knowledge have been acquired but numer-
ous questions still remain open. A key question for executing a movement reside in the neuronal
activity of the cerebral cortex, especially M1 that exhibits various neuronal patterns of activity while
animals perform a variety of behaviors. This diversity of cell signaling is designated as neuronal be-

havior.

1.3.1. Movement encoding

A movement can be conceptualized as a model of three general hierarchical levels, from the
highest level to the lowest: (1) extrinsic kinematics, which refers to the motion in space (target, move-
ment path, direction); (2) intrinsic kinematics that define limb geometry during movement (joint an-
gles) and (3) the intrinsic dynamics that are the causal force and muscle activity required for motor
behavior (Kalaska and Crammond 1992). These parameters can be related (and / or correlated) with
spiking activity of single neurons while a monkey perform a movement. As shown by Evarts (1968),
the majority of pyramidal tract neurons (PTN) from M1 hand area are related to the variation of force
output (intrinsic dynamic) generated by the wrist. The same neurons are secondary related to direc-
tion of displacement (extrinsic kinematics). However, some force-unrelated PTNs are related to the
rough displacement. Along this line, numerous PTNs are related to the fine details of applied force
only (Evarts 1968). However, other studies have highlighted other potential parameters that might
be encoded by M1: (1) neurons discharging in relation to the pattern of muscular activity (intrinsic
dynamic) and (2) neurons firing in relation to the wrist position and movement direction (extrinsic

kinematics) (Thach 1978; Georgopoulos et al. 1982; Kakei et al. 1999) (Figure 1.4).

Figure 1.4 | Three representative spiking activity during movement
a. Neuron active during the flexion displacement of the wrist and silent during the extension displacement. Modified from

(Evarts 1968). b. Neuron silent while the thumb adduction angle decreases (light gray = reaching; dashed vertical line =
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grasping; dark gray = pulling). Modified from (Barra et al. 2019). ¢. Neuron activated during application of a grip force.
Modified from (Smith et al. 1975).

Although, the three levels of the model can be correlated with spiking activity, the link be-
tween motor behavior, limb kinematics, and neural control remains poorly understood. Are the high-
level features of behavior encoded by the cortical motor areas or is it the low-level features of the
motor periphery? In other terms: do the cortical motor areas encode muscles or movements (Scott
2004)? The model cues answering this question by implying, in such a way, that a movement is rep-
resented at the single-cell level and that the nervous system must obey to the laws of motion by
containing explicit representation of these parameters and controls the musculoskeletal system ac-
cordingly. Conceptually, this model seems a bit simplistic. Indeed, simple experiments in humans
showed that a 3D reaching movement transforms the extrinsic kinematics to intrinsic kinematics us-
ing a non-linear approximation (Soechting and Flanders 1989; Flanders and Soechting 1990). In
contrast, inaccurate reaching occurs when subjects implement a linear transformation suggesting
that the nervous system uses linear approximations of the non-linear relation between limb angles
and target location during the inaccurate movement execution (Soechting and Flanders 1989; Flan-
ders and Soechting 1990; Kalaska and Crammond 1992). Moreover, the tuning property to move-
ment covariates represents a small proportion of recorded neurons. For instance, ~35% of recorded
neuron are tuned to the grip force (Smith et al. 1975) and ~40% are directionally tuned (Georgop-
oulos et al. 1982). Thus, some single neurons activity doesn't represent movement parameters (Fetz
1992; Scott 2004; Churchland and Shenoy 2007). Surprisingly, even some CM cells don't represent
movement covariates (Fetz et al. 1989). Indeed, neuronal behavior is complex and heterogeneous
therefore suggesting a causal role played by the recorded neurons in a larger network (Churchland
and Shenoy 2007). Following this concept, Georgopoulos and colleagues had elegantly demon-
strated that population of neurons encodes a direction of movement. In order to do so, they
weighted the vectorial contribution of each cell (magnitude of the vector = change in cell discharge
rate associated with the particular direction of movement; direction of the vector = preferred direc-
tion of that cell). The vector sum of these contributions is the neuronal population vector and points
towards the direction of the movement in space before the movement onset (Figure 1.5) (Georgop-
oulos etal. 1988). Again, this population model accounts only the neurons representing the direction
of movement and discards all other neuronal activity that does not represent this particular move-

ment covariate.
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Figure 1.5 | Neuronal population coding for
movement direction.

The vectorial contributions of individual neurons
in the population (n=475 cells) are depicted with
the blue lines. The population vector (vector sum)
is shown in red while the direction of the move-
ment is the yellow line (Georgopoulos et al.

1988).

In fact, by excluding some neurons, we may deviate from the understanding of the neural
control of movement. As stated by Cisek: “the role of the motor system is to produce movement, not
to describe it" (Cisek 2006). Thus, neural computations at the population level are based on the joint
activity of interconnected neurons and therefore may reflect intrinsic dynamics comprising both the
receiving inputs and the generated outputs (Sussillo et al. 2015). The results of population activity
must therefore be constrained to the recorded network that includes inputs from other structures as
well as the generated output (Shenoy et al. 2013). Thanks to the recent technological developments,
it is now possible to record the activity of large numbers of neurons simultaneously with motor be-
havior. Furthermore, the statistical and modeling tools together with the computational power pro-

vide new methodological practice for analyzing neural population behavior (Gallego et al. 2017).

1.3.2. Neural population dynamics
Here, | will describe how we can conceptually explain the encoding paradigm and derive it
to neural population dynamic system. The motor encoding paradigm described in the previous

chapter attempts to explain most neural activity as tuning for movement parameters:

1, (t) = f,(param,(t), param,(t),...) (1.1)

where r(t) is the firing rate of the neuron n at time t; f, is a tuning function and paramj, param: are
the arguments such as joint angle, limb velocity, etc (Churchland et al. 2012). Certainly, the available
parameters are so rich that models have to adjust some parameters. With such approach, the neural
activity is understood in terms of representational functions. Instead, in a dynamical system (= system
where the future state is a function of its current state, its input and maybe some noise), the nervous

system generates a pattern of activity in order to achieve an adequate movement:
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m(t) = G[r(t)] (1.2)

where m(t) is a time varying vector of muscle activity, r(t) is a time varying vector of cortical activity
and G[] is the mapping that captures the action that lies between the cortical and muscle activities;
with the dimensions m(t) < r(t) (Shenoy et al. 2013). In equitation (1.2), the dynamical system must
generate the firing pattern as r(t) has moved to the right side of the equation. Another way to de-

scribe the neural population activity is to express it with its derivative:

#(t) = f(r(t)) + u(t) (1.3)

where, r(t) is the firing rate, 7(t) its derivative, f an unknown function and u(t) other inputs (Churchland
et al. 2012). Given equations (1.2) and (1.3), cortical function is therefore described through the ac-
tivity at the population level, where the single-neuron activity is hardly separable. Certainly, the full
dynamical system comprises millions of neurons receiving inputs, feedbacks and generating an out-
put. Consequently, it is impossible to monitor the activity of the entire dynamical system. In order to
tackle this issue, one may assume that the state of the population, even from few recorded cells
(~100), evolves with time through a coordinated firing rate that engenders an output. If the encoded
features are lower than the number of neurons, then, the population activity must capture relevant
aspects in a lower dimensional space than the number of neurons. This property can be explained
by the fact that neural population dynamics must be robust to achieve an adequate output regard-
less of the noise (e.g. neuronal death). Indeed, this noise would have only minimal impact on the
map G in equation (1.2) and therefore, both G and the function fin equation (1.3) would probably
pool the high dimensional neuronal activity of the vector r to a smaller meaningful low dimensional
space. This lower dimensional space is embedded into all the possible patterns of activity. Thus, the
function fin (1.3) must also be confined to this space because both the neural population dynamics
and its influence on the muscles matter. Consequently, the application of dimensionality reduction
techniques will capture low dimensional neural trajectories that summarize the whole population

activity (Stopfer et al. 2003; Yu et al. 2009; Shenoy etal. 2013).

1.3.2.1. Neural manifolds

Population of neurons have been shown to have a common neural process that can be cap-
tured with dimensionality reduction methods. Dimensionality reduction methods find new explana-
tory variables from the high-dimensional data set. These new variables are called the latent variables.

The latent variables capture the variance present in the original data set. Therefore, each neuron
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provides a shared neural process, prominent in the population, captured by the latent variables. The
latent variables are therefore seen as a collective role of all recorded neurons as well as the unob-
served neurons. Latent variable dynamics are confined within a low-dimensional space, designated
as neural manifold. A neural manifold is characterized by independent patterns called neural modes
describing the dynamics, or time evolution, of the latent variables. The dynamics of individual neu-

rons is summarized by the following linear combination model (Gallego et al. 2017):
J

where n is the activity of the ith neuron; L; is the jth latent activity of the jth neural mode; uj is the
coefficient that quantifies the contribution of the jth latent activity of the ith neuron; &;is the neural

noise not accounted by the model (Cunningham and Yu 2014; Gallego et al. 2017) (Figure 1.6).

Figure 1.6 | Conceptual illustration of the neural manifold

a. The population activity is governed by latent variables. The magnitude contribution of the latent variable to the neuronal
activity is shown by the relative size of the blue/green areas. b. the spiking activity of three recorded neurons (N1, N2 and
N3) can be reconstructed with a linear combination of the two latent variables (black traces). The vectors [uss, uzs, uzs] and
[u1z Uz u3s] are the neural modes. €. Neural population activity (black curve) of the three neurons in the neural space
[N1,N2,N3] is confined to a lower-dimension space, the neural manifold (gray plane) spanned by the two neural modes,
ur and uz. The gray curve represents the neural population activity projected to the neural manifold. d. A flat manifold
(gray plane) can be extracted from a non-linear manifold (in blue) with linear approximation methods. Modified from

(Gallego et al. 2017).

Common linear dimensionality reduction techniques, such as principal component analysis
(PCA) provide the parameters of equation (1.4). Mathematically, PCA finds orthogonal eigenvectors
(i.e. the neural modes) with the largest eigenvalues that best explain the spread in the data based
on their covariance matrix (Cunningham and Yu 2014). Therefore, PCA is an unsupervised algorithm
that extracts important features from unlabeled data. In contrast, supervised methods, such as linear
discriminant analysis (LDA), classify labeled data of one or more dependent variables (e.g. stimulus

identity, time index, ...). Thus, LDA finds a low-dimensional space where the separation of the groups
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is optimized by identifying directions in which the between-group variance is maximized relative to
the within-group variance (Cunningham and Yu 2014).

Although PCA extracts a complex picture of the population activity dominated by strong
temporal dynamics, the neural modes can still include several mixed components that are related to
specific parameters of the experiment, for example different tasks, types of stimuli, decisions, etc.
The demixed PCA (dPCA) offers a solution to that issue by reducing the dimensionality of the data
and decomposing the dependencies of neural activity onto the task parameters (Figure 1.7) (Kobak

etal. 2016).

Figure 1.7 | Conceptual principle of the dPCA

a. LDA maps the neuronal firing rate to a latent component allowing to decode a task parameter of interest. The relative
size of the shaded gray areas indicate the proportion of variance due to the task parameters (e.g. stimulus, time and deci-
sion). Neurons are therefore selectively mixed, whereas the LDA component is maximally demixed. b. PCA extracts com-
ponents by minimizing the distances between the original data points and their projections to the low-dimensional space.
However, the projected data into the PCA axis loss their mixed selectivity. A second linear transformation can reconstruct
the original firing rates. c. the dPCA takes the advantage of the PCA and LDA by minimizing the projection distances and
enforcing a demixing constraint on the latent variables. The original firing rates can also be reconstructed with linear trans-

formations. Modified from (Kobak et al. 2016).

The key difference between PCA and dPCA resides in the computation of the decoder ma-
trix. The PCA compresses the original data X with a decoder matrix D. An encoder matrix D" can
decompresses the resulting principal components to the original data X. The decoder matrix D is

found by minimizing the squared error between X and the reconstructed data DD'X:

Lpca = X — DTDX”Z (1-5)

where, Lpca is the loss function; X the original data (usually m rows of neurons and n samples in
columns). The task parameters are not taken into account in the loss function, so the PCA is not able
to decode nor demix theses parameters (Kobak et al. 2016). Instead, dPCA does not reconstruct the

full firing rate X but the activity averaged over trials and over some task parameters, X,. The flexibility
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of PCA is still preserved by keeping the decoder matrix D. The encoding and decoding matrices are

obtained by minimizing the loss function:
Lypes = Z”Xp — E,D,XII? (1.6)
v

where, Lgpca is the loss function; X the original data, X, is the averaged data of a task parameters p;
D the decoder matrix; and F the encoder matrix. Each row of D returns a demixed principal compo-
nent. In contrast to classical PCA, the decoder and encoder axes of two different parameters p; and
p2 are found independently and therefore may not be orthogonal to each other (Kobak et al. 2016).

As an example, a monkey had to discriminate between two stimuli applied on the finger. The
second stimulus (F2) comes 3 seconds after the first one (F1). Then, the monkey had to report which
stimulus had a higher frequency by pressing one of the two buttons. When focusing on the neural
representation of F1 and the decision, 12 different parameters are accounted (six different frequency
of F1 and two different decisions) (Figure 1.8a). The peri-event time histogram (PETH, i.e. trial-aver-
aged neuronal time-dependent firing rate), shows that neurons are tuned to F1, the decision or both;
therefore, they are "mixed selective” (Figure 1.8b). After a PCA, the latent variables show similar
pattern of activity across the different conditions (Figure 1.8c), whereas the dPCA demixes the ex-
perimental conditions and captures latent variables that are unrelated to the conditions, related to

the stimulus, the decision or the interaction between both (Figure 1.8d) (Kobak et al. 2016).

Figure 1.8| Example of latent activities after PCA or dPCA

a. After two tactile stimuli, the monkey reports what was the stimulus with higher frequency. b. PETH of four neurons show-
ing their mixed selectivity. ¢. After a PCA, the latent activities are not demixed. d. The dPCA can demix the neural popula-
tion activity into 4 components: (1) the independent-condition; (2) stimulus-dependent ; (3) decision-dependent and (4)

the interaction-dependent. Modified from (Kobak et al. 2016).

In the example of Figure 1.8, the classic PCA does not offer a good solution for characteriz-
ing the neural population behavior. However, depending on the experimental conditions as well as

the behavioral paradigm, PCA brings useful understanding about neural behavior. Indeed, latent
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variables during a reach-and-grasp movement to distinct target locations have different pattern of
activation within non-similar neural manifolds orientation (i.e. angles between them) (Gallego et al.
2018). Neural manifolds are preserved in M1, PMd and S1 up to two years during consistent behav-

ior, even though the recorded neurons were constantly changing (Gallego et al. 2019).

To summarize, recordings involving many neurons can be decomposed using dimensional-
ity reduction techniques, such as PCA, that will recapitulate the firing rates to latent variable captured
within a neural manifold. dPCA decomposes the neural manifold into subspaces capturing task-re-
lated and task-unrelated components providing detailed insights on the neural dynamic behaviors.
Forinstance, a neural manifold can be decomposes to subspaces that are related to other manifolds,
such as the output-potent subspace (Kaufman et al. 2014; Perich et al. 2018) or the communication

subspace (Semedo et al. 2019).

1.3.3. Signature for therapeutic application

The wide variety of neural responses combined with the new advances of our understanding
of neural dynamics affords a path for clinical application using brain-machine interfaces. In 2008,
cortical patterns have been extracted to enable a monkey to move a robotic arm for self-feeding
(Velliste et al. 2008). Monkeys were able to directly control muscles stimulation from M1 activity after
a transient paralysis of the arm (Moritz et al. 2008; Ethier et al. 2012). Similarly in humans, tetraplegic
patients were able to move a robotic arm or to control muscle stimulation in a brain-controlled fash-
ion (Hochberg etal. 2012; Ajiboye et al. 2017). Close-looped stimulation of the spinal cord, also help
the ability to move after spinal cord injury in monkeys (Zimmermann and Jackson 2014).

These examples show the extraordinary capability of BMIs to restore lost motor functions.
However, most of these works, translational and fundamental, were performed in motor control of
forelimbs movement paradigms, while hindlimbs movements, such as locomotion, remain explored

to a lesser extent.
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1.4. LOCOMOTION

Locomotion is defined as the ability to move from a place to another. In mammals, locomotor
gait is constituted by a succession of stereotypic and repetitive limb movements through a complex
sequences of muscular contractions orchestrated by the nervous system. In this manuscript, the term
“locomotion” will mainly refer to as quadrupedal locomotor gait with a focus on the hindlimb (i.e.
the legs) movements in quadrupeds. Itis, nevertheless, important to notice that bipedal locomotion,
as seen in humans, is also characterized by limb alternation while walking or running (Mann and
Hagy 1980; Wannier et al. 2001). Thus, a good coordination of all limbs is crucial to achieve propul-
sion, balance and to adapt to the surrounding environment. Over-ground locomotion is character-
ized by a succession of gait cycles that are composed by a stance phase (when the foot is in contact
with the ground) and a swing phase (when the foot is off the ground), both resulting from muscle
contractions. The swing phase is subdivided into two phases: (1) the flexion and; (2) the early exten-
sion phase. In contrast the stance phase consists of two successive late extension phases. In order to
initiate a swing phase, flexor muscles need to be engaged (e.g. from proximal to distal: iliopsoas (IL),
semitendinosus (ST) and tibialis anterior (TA)). Then, extensor muscles activate for the stance phase
(e.g. from proximal to distal: gluteus medius (GLU), medial gastrocnemius (MG) and flexor hallucis
longus (FHL)) (Figure 1.9b) (Grillner 1975; Roy et al. 1991; Courtine and Schieppati 2003; Courtine
et al. 2005a). Motoneurons located in the ventral horn of the spinal cord control the sequence to
which the limbs and muscles are modulated. Interestingly, the spinal cord is able to produce a rhyth-
mic and patterned activity without input from the cortex (Eidelberg et al. 1981; Grillner and Wallen
1985; Whelan 1996; Minassian et al. 2017) via the conceptual theory of the central pattern genera-
tors (CPGs), that provide activation of flexor and extensor motoneurons in the absence of sensory or
descending inputs (Marder and Bucher 2001; McCrea and Rybak 2008). However, the fine-tuning of
locomotion must be adapted through different inputs (CST, spinal interneurons, etc) (Lemon 2008;

McCrea and Rybak 2008; Filli et al. 2019).
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Figure 1.9 | Two successive gait cycles

a. Body landmarks allow the 3D tracking of the
right leg. Kinematics are subsequently com-
puted. Here three joint angles are shown: hip an-
gle (1), knee angle (¢2) and ankle angle (ps3).
Foot velocity is shown with the black arrow. Ex-
ample of eight leg muscles (flexors in blue, exten-
sors in red and bi-articular in gray). b. Two con-
secutive steps are depicted with a stick diagram
(flexion in blue and extension in red). Cyclic pat-
tern of kinematics and muscle activity are plotted
during these three steps. The stance phase is

shown with the gray rectangle.

1.4.1. Non-cortical basis of locomotion

As previously mentioned, motor behavior is elicited by a wide range of nervous system struc-
tures. The same is true during locomotion and event to a larger extent than voluntary forelimb move-

ments.

1.4.1.1. Spinal networks

Spinal networks play a crucial role in the generation of locomotion pattern, as demonstrated
by experiments where decerebrated cats could still walk on a treadmill (Whelan 1996). Remarkably,
the limbs can even adapt to different treadmill belt speeds without input from the cortex. Therefore,
the spinal cord itself generates rhythmic pattern activations of the motoneurons in the absence of
supraspinal inputs. Yet, the gait pattern is disrupted and is not as ‘natural’ as in healthy animals
(Forssberg et al. 1980; Barbeau and Rossignol 1987). Spinal networks also rely on afferent feedback
from the periphery such as cutaneous afferents that carry mechanical, nociceptive, and thermal in-
formation as well as the proprioceptive afferents (la and Il afferents from the muscle spindle and Ib
afferents form the Golgi tendon organs) transmitting information of the limb position and movement.
These afferents promote spinal flexion reflexes that are crucial for locomotor-related adaptation to
the environment, such as the ability to walk on a ladder or climb over an obstacle (Eccles and Sher-
rington 1930; Zehr et al. 1997; Bouyer and Rossignol 2003; Takeoka et al. 2014). Interestingly, long
bi-directional propriospinal connections connect the lumbar and cervical segments. These connec-
tions, homolateral and contralateral, are crucial for rhythmic alternation of motoneuron activation

between the hindlimbs and forelimbs. Importantly, these connections receive supraspinal inputs,
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especially the cervico-lumbar propriospinal projections (Alstermark et al. 1987; Juvin et al. 2005;

Dutton et al. 2006; Ruder et al. 2016).

1.4.1.2. Basal ganglia and mesencephalic locomotor region

As previously mentioned, supraspinal structures are crucial in locomotion. For instance,
freezing of gait observed in Parkinson’s disease patients is thought to be caused by a dysfunction of
the cortico-subthalamic circuitry (Pozzi et al. 2019). Moreover, a key component of freezing of gait
resides in the loss of cholinergic neurons in the pedunculopontine nucleus (PPN). Indeed, bilateral
lesions of the PPN in monkeys leads to postural and locomotor deficits (Karachi et al. 2010). The PPN
and the adjacent cuneiform nucleus form the mesencephalic locomotor region (MLR) that is part of
the reticular formation. Although the MLR topography remains debated (Ryczko and Dubuc 2013;
Sherman et al. 2015), its topography has nevertheless been demonstrated in primates (Karachi et al.
2012; Gay et al. 2020). One of its function is to initiate locomotion via glutamatergic cells, while re-
ceiving inputs from the BG (Lee et al. 2014; Roseberry et al. 2016) and sending output to the reticular

formation.

1.4.1.3. The brain stem

The brain stem encompasses many nuclei involved in locomotion. Glutamatergic and sero-
toninergic neurons from the reticular formation (Hagglund et al. 2010; Cabaj et al. 2016) sends pro-
jection to the spinal cord through the reticulospinal tract (Matsuyama et al. 1999; Schepens and Drew
2004) and enable the control of postural muscle tone (Takakusaki et al. 2015). Among other nuclei,
the red nucleus relays information from the cortex to the cerebellum and project fibers to the
hindlimbs and forelimbs spinal cord segments (Liang et al. 2011). In rats, a lesion of the red nucleus
impairs over-ground locomotion (Muir and Whishaw 2000). Finally, the vestibulospinal tract origi-
nating from the vestibular nuclei acts as a regulator of equilibrium and posture. It works closely with

the cerebellum to maintain balance (Angelaki and Cullen 2008).

1.4.2. Cortical basis of locomotion

The motor cortical areas have been extensively studied for voluntary control of forelimb
movements, nonetheless their roles in locomotion, especially in primates, remain uncertain
(Barthélemy et al. 2011). In cats, pyramidotomyies show a modest effect on locomotion (Eidelberg
and Yu 1981). Yet, stimulation of the cat motor cortex affects locomotor outputs. For instance: (1)

stimulation during stance decreases extensor activity and in turn resets a gait cycle, while stimulation
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during swing increases flexor activity (Bretzner and Drew 2005) and (2) stimulations modify limb tra-
jectories (Armstrong and Drew 1985). Similarly, in rodents, itis assumed that the motor cortex, there-
fore the CST, is not essential for the control of locomotion as demonstrated by moderate or nonex-
istent locomotor impairment after a bilateral motor cortex lesion or a pyramidotomy (Muir and Whis-
haw 1999; Asante et al. 2010; Kawai et al. 2015; Siegel et al. 2015). These results emphasize the
important contribution of other structures. Yet, in primate, a thoracic CST lesion leads to significant
impairment in foot grasping, but the animals walk without assistance on a treadmill (Courtine et al.
2005b). Thus, the motor cortex is believed to coordinate fine locomotor adaptation (DiGiovanna et
al. 2016; Serradj et al. 2016) as well as the execution of skilled movements through sensorimotor
integration mediated by the motor cortex (Serradj et al. 2014; Heindorf et al. 2018; Omlor et al.
2019).

To sum up, the brain stem, spinal cord, MLR, BG and the cerebellum contribute to locomotor
initiation, posture and movement smoothness, while the motor cortical areas seem to take part in
locomotor adaptation. Indeed, the cortical involvement seems to be enhanced during more difficult
tasks, principally those that require visual feedback (Beloozerova and Sirota 1993; Armstrong and
Marple-Horvat 1996; Drew et al. 2008). Since M1 gives rise to most of the CST fibers, it is assumed
to exert more influence to motoneurons than the other CST-related cortices. Consequently, its neu-

ronal activity might be essential during locomotor behavior.

1.4.2.1. Primary motor cortex

Neuronal activity in motor cortex is characterized by polyvalent responses to locomotion that
are common through species. In rats, cortical activity is phase-locked during the gait cycle across
different tasks. Moreover, an increase in firing rate is observed as the task complexity is enhanced
(Figure 1.10a) (Rigosa et al. 2015). Similarly, detailed analyses in cat M1 (area 4y) demonstrate that
80% of the neurons are tuned to different phases of the gait cycle (see example of one neuron in
Figure 1.10b) and about 60% of the cells increase their firing rate during locomotion as compared
to rest (Armstrong and Drew 1984). Similarly, in monkey, M1 neurons from the leg area modulate
their activity depending on the gait cycle during bipedal locomotion in a treadmill (Figure 1.10c)
(Mori et al. 2004; Fitzsimmons 2009; Yin et al. 2014). Furthermore, rat M1 engagement (firing rate
and modulation depth) differs across tasks (Figure 1.10d) (DiGiovanna et al. 2016) likely through
M1 neuronal sub-population that encode adjustment of the paw in a context-dependent manner
(Omlor et al. 2019). Change in cortical activity is also seen in primate hand M1, where the multi-unit
activity covaries with the step speeds in a treadmill (D Foster et al. 2014). Also, M1 cortical activity

shows an increased depth of modulation during locomotor tasks requiring accurate positioning of
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the paw (Drew 1988; Beloozerova and Sirota 1993; Widajewicz et al. 1994; Beloozerova et al. 2010).
Furthermore, change in M1 activity during postural correction characterizes the complexity of M1
responses to locomotion (Beloozerova et al. 2005; Karayannidou et al. 2009). Finally, subclasses of
M1 rabbit neurons, such as the layer V projecting neurons and inhibitory interneurons, are modu-
lated during normal locomotion and most of them change their tuning when overstepping obstacles.
In contrast, ipsilateral and contralateral cortico-cortical neurons as well as the layer VI neurons (send-
ing information to the thalamus) are not as active during locomotion. Altogether, this study suggests
that layer V projecting neurons (i.e. CST) encode most of the final information for locomotion coor-
dination in collaboration with the inhibitory interneurons (Beloozerova et al. 2003).

Despite its versatility in response to locomotion, M1 activity can be used in a decoder to
predict: (1) leg kinematic in rats, while walking in a treadmill (Weiguo Song et al. 2009); (2) swing
phase in rats during walking in a treadmill or climbing staircases (Bonizzato et al. 2018); and (3) foot-
off and foot-strike in monkey during treadmill and over-ground locomotion (Capogrosso etal. 2016).
In the two latter studies, the prediction was used online in a brain-spine interface paradigm to trigger
epidural electrical stimulation of the lumbar spinal segments after a spinal cord injury in order to

restore locomotion.
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Figure 1.10 | Motor cortex activity during walking

a. Discharge timing remains relatively unchanged, while an increase in firing rate through locomotor behavior is observed
Modified from (Rigosa et al. 2015). b. Example of one neuron in cat M1 recorded during a treadmill session. Modified from
(Armstrong and Drew 1984). c. Perievent time histogram of neurons sorted according to their peak activity (red = high
firing rate; blue = low firing rate). Modified from (Fitzsimmons 2009). d. Neuronal population activity in rats across different
locomotor tasks. The modulation depth increases in ladder, while the firing rate remains constant. In contrast, the opposite

is observed when comparing with the staircases. Modified from (DiGiovanna et al. 2016).

During locomotion on a treadmill, latent dynamics show rotational structure along the gait
cycle suggesting a repetitive pattern of cortical contribution to locomotion (Churchland et al. 2012).
Moreover, kinematic information can be decoded from neural manifolds in monkeys walking on a

treadmill, along a corridor (over-ground walking) and across a horizontal ladder (Xing et al. 2019).

1.4.2.2. Premotor cortex

Little is known about the contribution of the premotor cortex during locomotion. Many stud-
ies lead to the general consensus that the rodent secondary motor cortex (M2) is akin to primate
SMA due to its anatomical position and equivalent functions (Nachev et al. 2008; Yin 2009; Gremel
and Costa 2013). However, one may consider that M2 is not restricted only to SMA but covers other
primate frontal areas, including PM, because of its numerous characteristics (Barthas and Kwan
2016). In that context, specific chemogenetic inhibition of M2-M1 projecting neurons disrupts the
learning ability of high precision grasping of ladder rungs. This indicates that M1 employs M2 infor-
mation to adapt its motor output (Omlor et al. 2019). In parallel to M2-M1 projection, M2 sends
glutamatergic (Hintiryan et al. 2016) and GABAergic fibers to the BG (Melzer et al. 2017). The photo-
stimulation of the glutamatergic fibers increases locomotion (Magno et al. 2019), whereas the GA-
BAergic projection photo-stimulation reduced locomotor activities (Melzer et al. 2017). These exper-
iments show the large variability of M2 function therefore suggesting more diverse neuronal behav-
ior than M1. Nevertheless, in monkeys, PM and S1 activities are essential for predicting motor out-
puts (e.g. muscle activity and kinematics) especially during natural whole-body movements (e.g.
climbing, walking, etc) as compared to restricted forelimb movements. Indeed, their activities (high-
gamma activity) during natural movement contribute to a larger extent than those during restricted
forelimb movements (Umeda et al. 2019). Overall, those studies emphasize the importance of sen-
sorimotor integration not only restricted to highly skilled forelimb movements but also during loco-

motion.
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1.4.2.3. Primary somatosensory cortex

Sl (or barrel cortex in rodents) is reflected by an increase in layer V neurons activity during
locomotion through the layer II/1ll that continuously integrates tactile stimuli (Ayaz et al. 2019). Simi-
larly to M1, areas 1 and 2 neurons are phase-locked during locomotion in both cats and monkeys
(Fitzsimmons 2009; Favorov et al. 2015). In fact, depending on the neuronal nature, the moment
when they are locked varies. Indeed, neurons with a proximal receptor field and fast conducting
pyramidal neurons tend to fire at the middle of the swing phase, whereas slow conduction pyramidal
neurons and distal receptor field neurons are characterized with a maximal peak at the transition
between stance and swing phase (i.e. during foot-off) (Favorov et al. 2015). This characteristics is also
valid in primate areas 1 and 2. Consequently, S| neurons contribute significantly to predict leg kin-
ematics albeit less accurate than M1. Interestingly, no publication about Sl neural dynamics can be

found during primate locomotion.
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1.5. SYNOPSIS AND AIMS

In this thesis, we seek to understand the cortical dynamics in the premotor, primary motor
and somatosensory cortices in NHPs underlying different type of locomotor behaviors: from basic
walking on a treadmill to climbing over staircases. The fundamental knowledge acquired from this
understandings might help for developing new tools for accelerating the translational path for pa-
tients with neuromotor disorders.

The first challenge was to develop a technological framework for studying locomotion in
freely-behaving monkeys. This began with building a versatile setup accommodating locomotion on
a treadmill, over-ground, in a horizontal ladder, in stairs and obstacles. Then, the animal training
based on positive reinforcement, followed in parallel with the setup of a wireless electrophysiologi-
cal platform and the design of the interface between the animals and the computers. This technology
development encompassed assembly of hardware in percutaneous connectors as well as personal-
ized surgical procedures.

Once the data collection was performed, a detailed analysis on the neural dynamics from
leg PMd (F2), leg M1 (F1) and leg S1 (area 1 and 2) revealed that population dynamics are preserved
within a distinct neural manifold, namely the locomotion subspace. The neural variance accounted
for by the locomotion subspace followed a rostro-caudal gradients: low in PMd and high in S1. This
subspace can be used in order to train reliable decoders of locomotion-related events that are able
to generalize to task that they were not trained for. Therefore, the locomotion subspace could be
used in a brain-spine interface paradigm.

Finally, we developed personalized spinal implants that specifically target different lumbar
segments to elicit leg movements. Although the implants showed remarkable specificity, the chal-

lenges of long-term durability persist.
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1.6. PERSONAL CONTRIBUTION

The work presented in the present manuscript represents a collective team effort. It is thus

crucial to highlight my personal contributions to this work.

In Part 2, | (i) chose (except the electrophysiological equipment) and ordered the hardware
used in the locomotion laboratory; (ii) chose and ordered the surgical materials (instruments, surgi-
cal drill, sterilization equipment, etc); (iii) designed and developed the technological framework,
which included: experimental and control room connections, different locomotor task design, per-
cutaneous pedestals design and assembly, titanium mesh design and surgical approach design; (iv)
trained the animals; (v) performed the in-vivo imaging; (vi) performed the titanium mesh surgeries in
two animals; (vii) daily followed up the animals; (viii) analyzed the data; (ix) prepared the figures and

(x) wrote the paper and chapter.

In Part 3, 1 (i) conceptualized the study; (ii) designed the surgical approach; (iii) assisted the
surgeries in sterile condition; (iv) performed the experiment; (v) analyzed the data, except the de-
coding part; (vi) wrote the paper; (vii) generated the figures; (viii) planned and supervised the work

performed by other team-members.

In Part 4, | (i) performed the in-vivo imaging; (ii) design the spinal arrays; (iii) designed the
surgical approach; (iv) assisted the surgeries in sterile condition; (v) performed the experiment; (vi)

analyzed the data; (vii) generated the figures; (viii) wrote the chapter.

In Part 5, | (i) designed and performed the surgeries in rodents and monkeys; (ii) supervised
the animal training; (iii) designed and built the voluntary leg movement task in rodents; (iv) per-
formed the experiments; (v) analyzed all the data; (vi) generated the figures (except Figure 5.2); (vii)

wrote the chapter.
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2.1. BEHAVIORAL SETUP IN UNTHETERED CONDITION

The first aim was to set up a platform at which researchers could perform experiments in-
volving electrophysiological and 3D kinematic recordings in freely behaving monkeys. The platform
was required to be constructed in such a way that the experimenter would be able to quickly and
easily switch between task conditions with minimal animal manipulation. Moreover, the platform
setup had to be built with suitable dimensions for monkey experiments while still being able to fit
in the available room. Based on the room size and our experiment purposes, a treadmill (N-mill,
Motekforce Link, Netherlands) was acquired and a corridor was built. The corridor was required to
be adaptable and versatile enough to enable the experimenter to quickly change from one task to
another (see below). Thus, on either side of the corridor, we manufactured two independent resting
boxes between which the animal could be transferred without requiring any manipulation. The
treadmill, corridor, and resting boxes were all mounted on wheels. The locomotion room was split
into two spaces: (1) a recording space and, (2) an animal preparation space. The recording space
was surrounded by black walls on which a scaffold (item Industrietechnik Schweiz GmbH, Switzer-
land) was fixed, enabling the attachment of various equipment (e.g. cameras,...). The preparation
space allowed the experimenters to prepare the animal for the recording session/for the experiment
session and to store diverse materials (Figure 2.1a).

To prevent the monkey from escaping, the treadmill and the corridor were each surrounded
by transparent Plexiglas enclosures, designed in CAD format with Solidworks. To enable the transfer
of the monkey into the locomotor environment, a vertical sliding door was mounted on one side of
the enclosure. The other side contained a small opening used to reward the animal with food during
the task assessment (Figure 2.1b). The dimensions of the corridor and treadmill enclosures were:
200cm long, 40cm wide, and 93cm high; and 146cm long, 63cm wide and 80cm high, respectively
(Figure 2.1¢,d). The resting boxes measured 60cm long, 40cm wide, and 72cm high. The study of
different locomotor behaviors required a removable polyvinyl chloride (PVC) board on top of the
corridor, allowing for the rapid transition between over-ground walking and horizontal ladder. The
ladder consisted of 10 plastics rungs (2.5cm in diameter) spaced apart by 16cm, 8cm, 46cm, 24cm,
24cm, 24cm, 16cm, 8cm, and 14cm. Furthermore, two additional tasks, constructed from wood,
could easily and efficiently be added to, or removed from, the PVC board. These included a staircase
(3 ascending and 3 descending steps; w:35cm, h:15cm), and two boxes of varying height (1:40cm,
w:35cm, h:20cm and 30cm) which were termed, obstacles (Figure 2.1e). All of the above described

equipment was custom-made, apart from the treadmill.
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Figure 2.1 | Locomotion laboratory setup

a. The laboratory room was separated into two spaces: the animal preparation space and the animal recording space. The
recording space was equipped with a scaffold (black circle) where equipment, such as cameras, could be attached. The
treadmill, the corridor, and the resting boxes were mounted on wheels and surrounded by Plexiglas enclosures (see tread-
mill CAD example in b.). ¢. Treadmill setup mounted on wheels and surrounded by a custom made Plexiglas enclosure.
d. The corridor setup consisted of a PVC board (gray surface) and was positioned between the two resting boxes. e. The
corridor was built in such a way to allow the experimenter to easily and rapidly change between locomotor tasks. Note

that the resting boxes are not shown in these pictures.
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2.1.1. Behavioral training

The second aim was to train the animals to become accommodated to the different tasks.
Four adult female macaque monkeys (Macaca fascicularis), aged é years and weighing between 3.4
and 4.6 kg, were involved in this study. They were kept in group at the animal house facility of the
University of Fribourg in an enriched room of 45m? (as required by the Swiss law on animal protec-
tion) and an outdoor space of 15m3(not required by the law). The animals were able to interact with
each other and were free to move. They had free access to water and they were not food deprived.
All the experiments were approved by Federal and local veterinary authorities (veterinary authoriza-
tion No 2016_09_FR). The monkey's identities were: Mk-Ka, Mk-Ek, Mk-Nt and Mk-Xn. After their
arrival in February of 2016, they were habituated to the environment and the researchers working
closely with them. They were trained using food rewards and positive reinforcement (associated with
a clicker) to enter into a primate chair (Schmidlin et al. 2011; see also video:
http://www.unifr.ch/neuro/rouiller/home/nhp). The learning phase of the chair varied among ani-
mals, sometimes requiring up to 2 months to master. After successful habituation to the chair, the
monkeys were transferred to the experimental room for the locomotion tasks. At this stage, the ani-
mals were trained to wear a jacket. The jacket was initially intended to be used as a means of carrying
various electronic devices involved in the recordings but was ultimately deemed unsuited to the task.
This stage lasted from 2.5 to 10 weeks, until the monkey was comfortable wearing the jacket, deter-
mined by the lack of vocalization and acceptance of food with the jacket on. Then, the monkey was
transferred to the treadmill. Initially, the animal was simply fed on the stationary treadmill. As the
monkey grew more comfortable in the treadmill enclosure, the belt was intermittently turned on
while food rewards continued to be provided. This gradual introduction was crucial for the animal
to feel at ease in the treadmill environment. The animal was then trained to walk quadrupedally over
1.5 minute sessions at different speeds (1 to 5 km/h) with positive reinforcement. Food rewards were
given immediately upon demonstration of the desired behavior (i.e. walking in a straight line on the
treadmill). Up to 10 daily sessions were performed, typically 5 days a week. Two animals (Mk-Ka and
Mk-Ek) learned the task quickly and therefore reached a plateau, whereas the remaining two animals
(Mk-Xn and Mk-Nt) required more time to become accustomed to the treadmill (Figure 2.2). After
successful habituation to the treadmill, the over-ground walking training phase began. To do so, the
monkey was placed in one of the resting boxes on either side of the corridor. To encourage the
monkey to walk across the corridor (~5-6 steps), a food reward was presented on the opposite side
of the corridor, together with a verbal Go-cue. The monkey was considered to have reached a plat-
eau after 20 crossings without any food refusal. The habituation to over-ground walking was usually

fairly rapid (~2weeks). After becoming accustomed to the corridor, the same training procedure
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was used to habituate the monkey to the uneven ladder, the staircase, and the two obstacles. The
number of crossings and variety of tasks performed on the same day was gradually increased. Typi-
cally, after a training period of 2-4 months, monkeys were able to successfully complete all tasks in
about 1.5 hours within one session. After each training, the monkeys were returned to the animal
facility where additional food (primate cereal croquettes) was provided, to comply with daily nutri-

tional requirements.

Figure 2.2 | Behavioral training paradigm

a. The training started with a jacket habituation phase (see text) followed by a treadmill habituation phase, during which
the animal was acclimatized to the new environment. The treadmill belt was intermittently turned on. b. During the tread-
mill learning phase, the animal learned to walk straight (red arrows) with positive reinforcement. “Bad steps” occurred
when the animal walked: (1) with an angle of more than 45° from the red arrow, (2) bipedally, and/or (3) while looking
backwards ¢. The “good steps” were quantified over one daily session of 1.5 minutes at 2km/h and subsequently plotted
(light color). The mean over days is shown in the darker color. The plot shows the interindividual variability of the time
needed for animals to become accustomed to the task. Note that Mk-Nt and Mk-Xn eventually reached a plateau of per-

formance not shown in this graph.

2.1.2. Leg kinematic during locomotion

Leg kinematics were recorded using 8 high-resolution cameras (SIMI Reality Motion Systems,
GmbH, Germany) at 100 Hz. Prior to the recording, reflective markers (paint or stickers) were placed
on body landmarks: iliac crest, greater trochanter (hip), lateral condyle (knee), lateral malleolus (an-
kle) and the 5th metatarsophalangeal joint (foot). 3D kinematic reconstruction was initially per-

formed manually with SIMI (Figure 2.3).
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Figure 2.3 | 3D leg kinematic acquisition

a. Top panel: representation of the leg landmarks in a macaque monkey. Bottom panel: examples of various custom-made
reflective marker designs. b. Frame screenshot during treadmill locomotion, taken by one SIMI camera. The five reflective
markers of the right leg are easily identifiable. ¢. After tracking, 3D leg kinematics can be reconstructed for both legs (right

legin blue, left leg in green).

After the release of DeeplLabCut (DLC) machine learning algorithm (Mathis et al. 2018), the
kinematic 2D coordinates were obtained, then imported into SIMI and combined with a 3D calibra-
tion to obtain 3D coordinates of each marker. Various DLC networks were tested in order to obtain
satisfying precision. The optimal procedure consisted of creating one network per animal, per task.
The network was trained with all 8 camera recordings from 3 to 5 independent days. The joints (crest,
hip, knee, ankle and foot for both legs) were manually labelled in 30 frames per camera as a basis.
Training of the network lasted approximatively 24 hours, after which the 2D coordinates of the mark-
ers were extracted. In an effort to optimize tracking time, it was determined that increasing the num-
ber of frames simultaneously analyzed (= batch size) to the maximum (32) had no effect on labeling
precision. Therefore, DLC significantly reduced the tracking time by approximately 200 times, as

compared to manual tracking in SIMI (Figure 2.4).

Figure 2.4 | DeepLabCut (DLC) optimization

a. Different tasks were tested with different networks. In this example, we see that the specialized network used to analyze
the same task outperformed all the other combinations. The dashed line represents 1cm error. The bar plots show the
mean + SD. b. Increasing the batch size (the number of frames analyzed simultaneously) did not affect the precision of the
pose estimation but significantly decreased the time needed to analyze videos (¢.). d. The optimized DLC method de-

creased the time needed to analyze videos by about 200 times, as compared to manual tracking in SIMI (mean * SD).
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Once the 3D marker coordinates were extracted, all kinematic features (joint angles, speed,
etc.) were computed in a time-wrapped gait cycle from foot strike to foot strike, forcing the foot-off
to be at 60% of the gait cycle, as previously described (Courtine 2005, Capogrosso, 2016, 2018). As
an example, 58 kinematic features, encompassing the following various parameters: (1) timing, (2)
step dimensions, (3) endpoint control, (4) posture, (5) joint angles, (6) elevation angles, (7) oscillation
amplitudes, and (8) joint oscillatory amplitudes, were computed in seven different tasks in monkey

Mk-Nt on one day (Figure 2.5).

Figure 2.5 | Example of kinematic analysis

a. A monkey walked either across a corridor, on an uneven horizontal ladder, on a staircase, over obstacles, or in a treadmill
at three different speeds. The 3D leg kinematics were extracted, and gait cycles manually marked from foot-strike to foot-
strike. This allowed the comparison of kinematic features across tasks. b. Examples of seven kinematic features over one
gait cycle (line=average across all steps for each of the seven tasks). ¢. Principal component analysis (PCA) performed on
58 kinematic features. The seven tasks are clustered in the PC space (PC1 explained 27 % of the variance in the data, PC2
17 % and PC3 9 %). However, steps on obstacles and stairs showed more variability. Factor loadings (negative and positive)
identify kinematic features that contribute to the difference in the PC space, such as step height, minimum hip angle, stance

duration, and the speed of the animal during the swing phase (mean + S.E.M).
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2.2. WIRELESS TECHNOLOGY

The laboratory needed electrophysiological technology for wireless data acquisition (elec-
tromyographic and brain). In order to achieve the platform'’s experimental goals, various equipment
was purchased. The main components are listed below:

—  Blackrock Microsystems (USA) for brain and muscle electrophysiology
0 Two Cerebus System Digital, 128-ch real-time data
0 CerePlex, W-Series, 16 Antenna, Digital wireless receiver
0 CerePlex, W-Series digital wireless transmitter, 96-ch
0 CerePlex, W-Series Exilis digital wireless transmitter, 96-ch
0 Inserter, System, Control unit, Wand assembly, trigger assembly and spacers
— Multichannel system (Germany) for muscle electrophysiology
o W2100-System-AO
= Wireless2100-RE-AO receiver
= 5 antennas for signal reception
= Interface board 3.0 multiboot

The equipment listed above, as well as the treadmill and the SIMI system, were stored in a
rack server inside the experimental room (Figure 2.1a, orange square). The communication be-
tween the two rooms required additional equipment. The experimental setup was managed by a

local network (Figure 2.6).

Figure 2.6 | Communication between the experimental room and the control room

The control of the equipment inside the experimental room required connection via diverse additional equipment.

67



- PART 2 - FREELY BEHAVING MONKEY PLATFORM

After the technology acquisition, the interface between the available wireless transmitters
and the animal was designed. The implanted electrodes were interfacing connectors embedded
into a percutaneous connector, referred to as pedestal. Blackrock microsystems provided a com-
plete package, consisting of a wireless transmitter (Cereplex W) and a pedestal (Cereport), upon
which the Cereplex W could safely be mounted and secured. A micro-electrode array (48 to 64 chan-
nel Utah array, 400pum pitch) was attached to the pedestal (Figure 2.7a). The available technology
from Multichannel consisted of a transmitter with a 32 channel female Omnetics connector (A79023-
001, Omnetics Corporation, USA). Therefore, the male component (A79022-001, Omnetics Corpo-
ration, USA) was embedded in a custom-made titanium pedestal, designed with Solidworks and
manufactured at the EPFL workshop. The connector was sealed with silicone (Dowsil, 734 flowable
sealant) and secured with custom-made inserters (plastic pieces inside the pedestal used for stabili-
zation). The male 32 channel connector was attached to silicone-coated, stainless steel electrodes
(38 AWG Cooner wires, Omnetics Corporation, USA) that were tunneled subcutaneously and im-
planted into specific muscles (see below). As the transmitter was simply plugged into the pedestal
with no additional support, the system was dangerously fragile, especially given it was meant to
withstand the curious hands of a freely moving macaque monkey. To protect the components, pro-
tective caps that encased both pedestal and transmitter were designed and 3D printed. The bottom
half was screwed onto the pedestal, the transmitter plugged in, and the top half screwed onto the
bottom, thereby enclosing the system securely. The design of the protective cap was performed in
such a way the animal could not reach and unplug the transmitter. Moreover, the monkey was not
able to unscrew the cap. These protective caps were essential for performing safe and productive
recordings. In order to prevent moisture and debris from infiltrating the electronics in home cage of
the animal facility, protective caps based on the Blackrock Cereport pedestal design were manufac-
tured that fit the custom-made pedestal dimensions (Figure 2.7b). In 2018, Blackrock microsystem
released a new wireless transmitter called Exilis. This transmitter consisted of 3 x 32 Omnetics chan-
nels arranged in row. The altered dimensions of the connectors necessitated the design of a new
custom-made titanium pedestal, manufactured by a private company (Buri SA, La Chaux-de-Fonds,
Switzerland). Following the same procedure as described above, the connectors were sealed into
the pedestal with custom-made inserters. The system came with a 64 channel Utah array connected
to two Omnetics connectors. The remaining Omnetics connector was therefore available for the sil-
icone-coated, stainless steel electrodes for muscle implantation. Since the dimensions of the pedes-
tal were bigger than the one of Multichannel, new protective caps were designed and 3D-printed,
following the same procedures as described above. The Exilis system allowed brain and muscle re-

cordings from the same transmitter (Figure 2.7c). Therefore, another pedestal consisting only of
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Utah arrays could be implanted. Mk-Xn and Mk-Ka were the animals implanted first, with one Cere-
port pedestal and one Multichannel pedestal. Mk-Ek was then implanted with one Cereport pedestal
and one Exilis pedestal. Finally, Mk-Nt was implanted with two Cereport pedestals (see next chapter

for more details).

Figure 2.7 | Wireless transmitter technology
a. Complete package of Blackrock, consisting of a wireless transmitter (Cereplex W), a pedestal (Cereport) embedding

the connector with an intracortical array (Utah array), and a protective cap for connector safety. b. Multichannel provided
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a 32-female Omnetics connector, leading to the design of custom-made equipment. ¢. Blackrock Exilis technology al-

lowed the combination of both muscle and brain recordings from the same transmitter.
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2.3. PERSONALIZED SURGICAL PROCEDURES

For long-term durability of the implanted technology, the pedestals had to be securely at-
tached to the skull. Surgical procedures, personalized for each animal, were developed in order to
achieve the most successful attachment and subsequent osseointegration. The first step consisted
of acquiring Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) of the animal in
order to extract the skull and brain in STL format for 3D printing proposes. A titanium mesh (TiMesh,
Medtronic) was modeled on the 3D printed skull for each specific animal, and covered with hydrox-
yapatite (Medicoat AG, Zirich, Switzerland) to promote osseointegration. Two titanium foot plates
(Buri SA, La Chaux-de-Fonds, Switzerland) were attached to the mesh and covered with titanium
healing plates, used to prevent bacteria from invading any slots or openings on the foot plates. The
mesh was then implanted with self-drilling screws (Medtronic, 1.6x3.5mm or 4mm). After a period of
2 to 3 weeks allotted for healing and recovery, the muscle and brain surgeries took place. The heal-
ing plates were removed, and the pedestals were screwed to the foot plates with 8 titanium M1.6
screws (Buri SA, La Chaux-de-Fonds, Switzerland). The mesh modeling was formatted in such a way
that access via craniotomy to the leg primary motor (M1, F1), leg dorsal premotor (PMd, F2) and leg
primary somatosensory (S|, area 1 and 2) cortices was preserved. In order to validate the localization
of the craniotomy (and therefore determine the shape of the mesh) the skull was co-registered with
the corresponding brain and a practice craniotomy was performed, in which plastic rectangles with
the dimensions of the Utah arrays were placed on the surface of the model brain. The silicone-
coated, stainless steel electrodes were prepared according to the targeted leg muscles. Typically,
two muscles per joint were chosen: (1) iliopsoas (IL), (2) tibialis anterior (TA), (3) extensor digitorum
longus (EDL), (4) gluteus medius (GLU), (5) medial gastrocnemius (MG), (6) flexor hallucis longus
(FHL), (7) rectus femoris (RF) and (8) semitendinosus (ST).

After a skin incision, a craniotomy on the left side (~4-5cm?) was made above the leg areas
of PMd, M1, and Sl cortices. The dura mater was opened with a surgical blade to expose the brain.
Based on anatomical landmarks of the sulci, and with the help of the 3D printed brain, we chronically
implanted the Utah arrays using a pneumatic impactor (Blackrock microsystem, USA). The number
of channels varied per animal and cortex: PMd (48 channels in all 4 animals, Tmm electrode tip
length, except in Mk-Nt: 1.5mm), M1 (48 channels in all 4 animals, except in Mk-Nt: 64 channels,
1.5mm electrode tip length), S1 (64 channels with 1.5mm electrode tip length in Mk-Ek and 32 chan-
nels with Tmm electrode tip length in Mk-Nt) . Note that Mk-Nt was also implanted with a 48-channel
array (1.5mm electrode tip length) in the posterior parietal cortex. After securing the array, the dura

mater was sutured back together and the bone flap was fixed in place, closing the skull. The muscles
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of the scalp were sutured back together and the skin sutured closed. Next, the muscle electrodes
were tunneled subcutaneously from the pedestal to the abdomen, at which point two of these elec-
trodes were taken and implanted longitudinally into the muscle for bipolar recordings. Moreover,
one reference and one ground electrode were placed in the back. Finally, the muscles and skin were
sutured back into place.

Post-mortem evaluation confirmed the correct localization of the Utah arrays, apart from the
firstimplanted animal, Mk-Xn. In this particular animal, the mesh was not designed properly, leading
to the implementation of the refined methods of mesh design for the following three animals, as
described above (Figure 2.8). Detailed procedures for animal preparation, mesh surgery, post-op-

erative care and in-vivo imaging are described in the next chapter.

Figure 2.8 | Personalization of the surgical procedures

The first step consisted of performing in-vivo imaging to extract and reconstruct the skull from CT scans and the brain from
MRl scans. A titanium mesh was modeled, based on the shape of the skull (Mk-Ek shown as an example). Foot and healing
plates were fixed to the mesh, allowing robust attachment of the pedestals. Co-registration of the brain and the skull ena-
bled the planning of the craniotomy and the positioning of Utah arrays. (Mk-Ek as an example). Bipolar electrodes were
prepared according to the target leg muscles. Post-mortem array positioning confirmed the correct localization of the
array, apart from Mk-Xn (see text). In Mk-Ka, the Blackrock Exilis technology was not available yet. Therefore, only PMd and
M1 were implanted. PMd = leg dorsal premotor cortex (F2), M1 = leg primary motor cortex (F1) and S| = leg primary
somatosensory cortex (area 1 and 2), IL = iliopsoas, TA = tibialis anterior, EDL = extensor digitorum longus, GLU = gluteus

medius, MG = medial gastrocnemius, FHL = flexor hallucis longus, RF = rectus femoris and ST = semitendinosus.

While the titanium mesh did, in fact, contribute greatly to the stability of the pedestals, ad-
verse side effects, technical challenges, and the cost of the procedures put the utility of the titanium
mesh into question. A retrospective report on 14 animals who have undergone the procedures is

described in the next chapter.
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2.4. ADVERSE EFFECTS OF TAILORED CRANIAL IMPLANTS IN MA-

CAQUE MONKEYS

The content of this chapter was adapted from a manuscript in preparation: Adverse effects of tai-
lored cranial implants in macaque monkeys. Simon Borgognon*, Alexandra Hickey, Ismael Searez,
Marion Badi, Nicold Macellari, Sara Conti, Beatrice Barra, Aaron Braendli, Elvira Pirondini, Silvestro
Micera, Jonas Zimmerman, Alain Woodtli, Eric M. Rouiller, Jocelyne Bloch, Grégoire Courtine &
Marco Capogrosso®.

# corresponding authors.

Personal contributions: performed the in-vivo imaging, planned the surgical approaches, designed
the titanium mesh and foot plate positioning, performed the surgery in two animals, provided the

post-operative cares, analyzed the data, wrote the paper.

2.4.1. Abstract

In primate neuroscience research, scientists often use skull-mounted pedestals for brain re-
cording. In an effort to reduce the incidence of post-operative complications, recent studies have
proposed the implementation of subject-personalized pedestals. At our institution, we recently con-
ducted experiments requiring the implantation of two skull-mounted pedestals in 14 animals. There-
fore, we performed in-vivo medical imaging (i.e. magnetic resonance imaging (MRI) and computer
tomography (CT) scans) enabling the 3D reconstruction of the brain and skull of each specific animal.
We molded a titanium mesh based on a 3D printed replicate of the skull of the living monkey. We
then coated the mesh with hydroxyapatite to promote bone adhesion, and fixed titanium foot plates
onto the mesh for pedestal anchoring. We positioned the foot plates and cut the mesh based on
MRI data so that access to the brain region of interest would not be impeded. In a first surgery, we
implanted the titanium mesh and the foot plates. After waiting a period of a few weeks to promote
osseointegration of the mesh, a second surgery was performed on the animal, in which the pedestals
were implanted. The benefits of the refined methodology was evidenced by the remarkable stability
of the pedestals. However, 55% of the subjects had complications (mostly swelling of the face), one
even leading to the mesh explantation due to major infection. After the pedestal surgery, 85% of the
animals showed adverse effects, such as skin recession, hole formation on the scalp and/or infection.
We conclude that the best minimization of risk for a pedestal implantation is to integrate pedestal
feetto the base that are flexible. Ideally, a fully-implantable system without percutaneous connectors

would be a better solution.
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2.4.2. Introduction

In primate neuroscience research, scientists often use implantable devices for recording or
for electrical stimulation (Nicolelis et al. 2003; Jackson and Fetz 2007; Wyss et al. 2013; Schwarz et
al. 2014; Zimmermann and Jackson 2014). Currently, the most adopted method is an implantable
device that is mounted on the skull of the animal. Termed a recording chamber, this unique device
offers the remarkable possibility to access deep and superficial brain structures by inserting an elec-
trode. Spatial and temporal recordings can therefore be performed under diversified behavioral
conditions. Once the recording is completed, the experimenter can close the chamber and thus
protect the brain from the external environment (Evarts 1968; Adams et al. 2011; McAndrew et al.
2012; Lanz et al. 2013). More recently, a method consisting of implanting a transcranial, multi-elec-
trode array connected to a skull-mounted pedestal has been implemented for multi-cellular record-
ings. An interface directly connected to the pedestal allows communication with external computers
(Barrese et al. 2013; Yin et al. 2014; Capogrosso et al. 2016). However, both methods require per-
cutaneous implants that can lead to several complications, such as bacterial contaminations, skull
softening, and excessive bleeding. These complications may jeopardize the well-being of the ani-
mals, as well as the experimenters in cases of zoonotic bacterial infection. The refinement of surgical
procedures is thus highly recommended, especially for long-term experiments (Johnston et al.
2016).

In an effort to reduce the incidence of such complications, recent studies have proposed the
implementation of subject-personalized pedestals and chambers. Prior to each surgery, the experi-
menters of the study perform in-vivo medical imaging, such as magnetic resonance imaging (MRI)
and computer tomography (CT) scans. This enables the 3D reconstruction of the brain and skull of
each specific animal. The experimenter is then better able to plan the positioning of the implant,
which in turn significantly improves the post-operative outcomes. Additionally, molding the implant
based on the cranial shape of the specific subject facilitates a more secure anchoring of the implant
to the skull (Lanz et al. 2013; Johnston et al. 2016; Chen et al. 2017; Ortiz-Rios et al. 2018). This
refinement leads to many advantages: (1) decreasing the gap size between the bone and the implant
base, thereby minimizing the space available for bacteria to proliferate; (2) avoiding the process of
scoring the bone for implant fitting, thus maintaining the robust bone surface for fixation, and (3)
reducing the granulation tissue around the skin margin.

In order to increase the longevity of the implant, the experimenter has the option to coat
the part of the implant that comes into contact with the bone in a natural mineral form of calcium
apatite, known as hydroxyapatite. The mineral helps create a strong connection between the foreign

material and the host bone. Hydroxyapatite offers a good solution for long-term experiments and
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where increased durability of the implant stability is concerned (Cook et al. 1992). Moreover, hydrox-
yapatite eliminates the need for dental acrylic cement, whose exothermic reaction during the sealing
process can damage the bone and underlying brain tissue (Lanz et al. 2013; Chen et al. 2017; Ortiz-
Rios et al. 2018).

At our institution, we recently conducted different experiments requiring the implantation of
two skull-mounted pedestals. Taking the refined techniques described above into consideration, we
implemented an unreported methodology. This method consisted of molding a titanium mesh
based on a 3D printed replicate of the skull of the living monkey. We then coated the mesh with
hydroxyapatite to promote bone adhesion, and fixed titanium foot plates onto the mesh. The foot
plates served as an anchor for the pedestals. We positioned the foot plates and cut the mesh based
on MRI data so that access to the brain region of interest would not be impeded. Once the material
was sterilized, we implanted the mesh in the initial surgery. After waiting a period of 2 to 32 weeks
to ensure proper healing and promote osseointegration of the mesh, a second surgery was per-
formed on the animal, in which the pedestals were implanted (Figure 2.9). The benefits of the re-
fined methodology was evidenced by the remarkable stability of the pedestals; however, we re-
ported adverse effects that put into question the utility of this procedure. In this report, we describe

the mesh methodology and the adverse effects encountered in 14 adult macaque monkeys.
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Figure 2.9 | Tailored titanium mesh methodology for chronic cranial implant

The first steps consisted of extracting and 3D printing a replicate of the living monkey based on MRI and CT scans. Next,
we molded a titanium mesh according to the cranial shape and the experimental purpose. In this example, we targeted
the motor cortical areas of the leg region. We then coated the mesh with hydroxyapatite, and, in sterile conditions, assem-
bled the mesh with foot plates (pedestal anchor, see Figure 2.10). After the mesh surgery, a period of 2 to 32 weeks was
given to promote osseointegration of the mesh. The pedestal surgery was then planned based on the MRI of the subject.
Finally, we performed the pedestal surgery. Here is an example of one micro-electrode arrays implanted in two motor

cortical areas of the leg.
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2.4.3. Material and Methods

2.4.3.1. Animals

14 adult (5.9 = 2.4 years old) female macaque monkeys (Macaca fascicularis) weighing 3.7 =
0.6 kg were involved in this report. They were housed in the animal facility of the University of Fri-
bourg (Switzerland) in groups of 2 to 5 animals in 45m? enriched rooms, as required by the Swiss
law on animal protection. In addition, the group had access to an outdoor space of 15m?. They had
free access to water and were not food deprived. All the animals underwent micro-electrode array
(Utah array, Blackrock microsystem, USA) implantation of the motor cortical areas (leg or hand).
Therefore, the connectors were embedded in a percutaneous connector, referred to as pedestal. A
second pedestal containing another Utah array connector, a custom-made electromyographic con-
nector, a custom-made epidural electrical stimulation connector, and/or a custom-made peripheral
intraneural stimulation connector was implanted in all animals except Mk-PD. All the experimental
procedures were approved by the Federal and local veterinary authorities under the veterinary li-

cense numbers 2016_09_FR, 2017_03_FR, 2017_04E_FR and 2017_22_FR.

2.4.3.2. Titanium mesh, foot plate, healing plate and percutaneous connectors (pedestals)

We implanted a titanium mesh (TiMesh, Medtronic) in each animal. The mesh was soft and
malleable, enabling smooth reshaping and forming without any external device. We designed the
foot and healing plates (Buri SA, La Chaux-de-Fonds, Switzerland) based on the dimension of the
Blackrock CerePort pedestal basis. The foot plate contained 8 holes to fix the healing plate, and later,
the pedestal, with M1.6 titanium screws (Buri SA, La Chaux-de-Fonds, Switzerland) (Figure 2.10).
The mesh was modeled in such a way that access to the brain for multi-electrode arrays implantations
was not impeded (Figure 2.9). Depending on the scientific purpose of the project, we implanted

various mesh designs with varying locations of the foot plates (Figure 2.11).

Figure 2.10 | Titanium mesh, foot plate and
healing plate

Magpnification of the malleable titanium mesh.
The foot plate was attached to the top view,
whereas the bottom part was in contact with the
bone. The assembly (mesh, foot and healing
plates) was about émm thick. Two foot plates

were designed : with sharp or with smooth edge.
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2.4.3.3. Computer tomography (CT) imaging, 3D reconstruction and mesh modeling

The animal was slightly sedated with a mixture of ketamine (ketasol-100, 10mg/kg, intramus-
cular) and midazolam (Dormicum, 0.1mg/kg, intramuscular) and brought to the computer tomogra-
phy (CT) facility of the hospital of Fribourg (HFR). At the HFR site, the animal was anesthetized with a
mixture of ketamine (ketasol-100, 4 mg/kg, intramuscular) and medetomidine (Dorbene, 0.04
mg/kg, intramuscular). The animal was then placed in a prone position within a stereotactic frame
(ear bars were covered with Lidohex, a local anesthetic). An oxygen tube (3L/min) was placed in front
of the monkey. Latex gloves filled with hot water and a bubble wrap sheet were placed around the
animal in order to prevent body temperature from dropping. The electrocardiogram (ECG) as well
as oxygen saturation (SO2) were monitored and recorded every 5 minutes. After the acquisition, the
animal received an intramuscular dose of atipamezole (Alzane, 0.2mg/kg) and was brought back to
the animal facility where we closely monitored its condition until it was fully awake. Finally, after en-
suring the animal’s health and confirming the lack of post-anesthesia complications, the animal was
fed, hydrated, and returned to the group. The CT parameters of the acquisition were a 0.6mm heli-
coidal low dose CT on a Philips Ingenuity TF machine. The 3D surface rendering (from the original
DICOM files) was obtained in OsiriX (v.3.0.2), then exported in STL format and finally cleaned in
blender (v.2.78) to be 3D printed. We molded the titanium mesh based on the 3D printed skull of
each animal. The mesh was then covered with hydroxyapatite (Medicoat AG, Zirich, Switzerland) to
promote osseointegration in all apart from three animals. The sterilization procedures were per-
formed in a 3 step fashion: (1) the screws, foot plates, healing plates, mesh, and 3D printed skull
were sterilized at a low temperature (55°C) with vaporized H,0; plasma (PlazMax Line P50, Tuttnauer,
Switzerland); (2) in sterile conditions, we attached the foot and healing plates to the mesh and con-
firmed the mesh shape and positioning on the 3D printed skull and (3) the mounted mesh was ster-
ilized again with vaporized H,O2 plasma. The meshes of Mk-LE and Mk-PD were additionally auto-

claved. In Mk-JO, we performed the same procedure but with only autoclave sterilization.
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Figure 2.11 | Foot plate positioning nomenclature
a. The foot plate was placed in 4 different regions of the skull, highlighted by the different colors. This nomenclature is
further used in Table 2.1. b. Examples of four representative monkeys during the mesh shaping (top panel) or the during

the surgery (bottom panel).

2.4.3.4. Surgeries

On the day prior to the surgery, the animal was anesthetized following the imaging protocol
described above. Then, the skull was shaved and the animal received a dose of amoxicillin antibiotics
(Noroclav, 30mg/kg, subcutaneously). Additionally, if a brain surgery was planned, an injection of
dexamethasone (Dexadreson, 0.3mg/kg, intramuscularly) was given to help prevent the risk of vas-
ogenic edema. The day of the surgery, the animal was sedated using an intramuscular mixture of
ketamine (ketasol-100, 10mg/kg), midazolam (Dormicum, 0.1mg/kg) and methadone (Methadon,
0.2mg/kg). The animal received amoxicillin antibiotics (see above), dexamethasone (see above), an-
algesic carprofen (Rimadyl, 4mg/kg, subcutaneously) and atropine (atropine, 0.05mg/kg, intramus-
cular). The monkey was then anesthetized with a continuous infusion of propofol 1% and ringer-
lactate (dilution 1:1, intravenously) and placed in a prone position within a stereotaxic frame. More-
over, the animal received a continuous warmed infusion of ringer-lactate (intravenously) and anal-
gesia opioid (Fentanyl, diluted 1:1 in saline). ECG, SOy, rectal temperature, and respiration rate were
closely monitored and recorded every 5 minutes during the entire surgical protocol. The delivery
rate of propofol, ringer-lactate and opioid were adjusted as needed by a trained professional mon-
itoring the animal’s vital signs. A local analgesic (Rapidocain 10 mg/ml) was injected subcutaneously
before the initial skin incision. All the surgical procedures described below were performed in stand-

ard sterile conditions.
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After a skin incision (midline and/or lateral), the mesh was implanted with ~20 self-drilling screws
(Medtronic, 1.6x3.5mm or 4mm). Finally, the muscles were sutured back together and the skin su-
tured closed. After a period to allow for osseointegration (between 3 and 32 weeks, Table 2.1: Tim-
ing: integration time), the animal underwent the next surgery as described in (Capogrosso et al
2016). Importantly, the healing plates were removed and the pedestals were screwed to the foot-
plates with the 8 titanium M1.6 screws. Note that in five animals (Mk-NT, Mk-LE, Mk-IG, Mk-PD and
Mk-OL), we implanted the mesh and the pedestal(s) within the same surgery. Mk-BR underwent the
mesh implantation twice, as a severe infection following the initial implantation required explanta-
tion of the mesh. In the five animals operated last, we covered the craniotomy and the connection
cables with dental cement. This was performed to prevent any wires from becoming exposed after

possible hole formations and/or skin retraction as observed in the previous animals.

2.4.3.5. Adverse effect assessments

Changes in group hierarchy following a surgical intervention are not an uncommon occur-
rence. Depending upon the initial rank of the operated animal, its weakened state and changes in
appearance due to implanted material create an opportunity for other ambitious group members to
rise in rank. In order to prevent such fights for dominance and ensure proper recovery, we isolated
the monkey in a nursery within the animal facility for a period of 1 to 3 days. We gave doses of dex-
amethasone (Dexadreson, 0.3mg/kg, intramuscularly), analgesic carprofen (Rimadyl, 4mg/kg, sub-
cutaneously or per os), and amoxicillin antibiotics (Noroclav, 30mg/kg, subcutaneously), for three,
four, and ten days after the surgery, respectively. We removed the stitches approximately 10 days
after the surgery. If necessary, we performed an antibiogram in order to adjust antibiotic medication.
Depending on the antibiogram results, we administered a daily dose of amoxicillin/ clavulanic acid
(Synulox or Clavubactin, 30mg/kg, subcutaneous or per os, respectively), gentamicin (Pargenta,
4mg/kg, subcutaneous), enrofloxacin (Baytril, 5mg/kg, subcutaneous), or a weekly dose of ceftiofur
sodium (Naxcel, 20mg/kg, subcutaneous). We monitored the well-being and recovery of the animals
based on a standardized score sheet used to evaluate behavior, posture, appearance, respiration,
food/drink/digestion, body weight, body condition, and the surgery wound. The experimenters,
who worked with the animal daily, reported the adverse effects. In Table 2.1, we reported all the
observed adverse effects and classified the animal in one of 4 levels of severity : (1) severe adverse
effects (complications that led to explantation); (2) middle adverse effects (at least two complications
were present); (3) low adverse effects (only one complication was present) and (4) no observed ad-

verse effect.
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Figure 2.12 | Adverse effects

a. Titanium mesh post-operative adverse effects. Swelling of the face example in Mk-KA before and after the mesh surgery.
After the mesh surgery, Mk-SA obsessively scratched the ear area leading to inflammation (bottom left panel, large arrows).
9 days after the surgery, a massive infection (bottom right panel, big arrow) occurred in Mk-BR. b. Pedestal post-operative
adverse effects. The most common adverse effect was skin recession around the basis of the pedestal. Most of the time,
this was accompanied by the formation of a hole, either at the edge of the foot plate (middle panel) or elsewhere (right

panel). A local infection was also present most of the time. * dental cement; ** foot plate edge; *** pedestals.

2.4.4. Results

This procedure showed remarkable stability of the pedestals; none of the animals lost their
pedestals over the course of the experiment. Post-mortem analysis confirmed the correct location of
the micro-electrode arrays. Moreover, the mesh was well-integrated to the bone as a result of the
hydroxyapatite, which was impossible to remove during dissection.

In general, the mesh surgery itself did not lead to major complications. 78% of the animals
showed no or low adverse effects (Figure 2.13). The most common adverse effect was swelling of
the face that soon receded, without any medication. One animal (Mk-SA) compulsively scratched the
ear area in possible discomfort, but after few weeks this behavior disappeared (Figure 2.12a). This
animal was also considered to have low adverse effect. One animal (Mk-RY) had both a swollen face
and a small infection that receded with the administration of antibiotics. Thus, Mk-RY was in the mid-
dle adverse effect group. In Mk-BR, a major infection appeared and we had to explant the titanium
mesh to facilitate the animal’s recovery (Figure 2.12a). This animal received a new mesh and ped-
estal together in the same surgery 27 weeks after the first mesh explantation (Table 2.1).

After the pedestal implantations, the most common adverse effect was skin recession around

the pedestals, present in 69% of the animals (Figure 2.12b, Table 2.1). Infection and formation of
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holes in the skin were present in 62% of the animals (Figure 2.12b, Table 2.1). Two (Mk-BR and Mk-
EK) out of 13 animals had multi-resistant bacterial infections that required pedestal explantation.
However, since the mesh was osseointegrated due to the hydroxyapatite, it was not possible to ex-
plant the mesh and the infection could not be properly treated, resulting in the termination of the
two animals a few weeks later. To summarize, 54% of the animals exhibited middle adverse effects
while only 30% had low or no adverse effects (Figure 2.13).

No positive correlation was found between the integration time (i.e. time between the mesh
and the pedestal implantation) and the severity of the mesh post-operative complications (data not
shown). A slight positive correlation was observed between duration of time after the pedestal sur-
gery and complication severity (data not shown), although exceptionally, just 9 weeks after the ped-
estal implantation surgery, Mk-BR was terminated due to severe complications.

Finally, neither the position of the foot plate nor the dental cement applications seemed to
have a negative or positive effect on the post-operative outcomes (Table 2.1). Nevertheless, the
edges of the foot plates in both designs was routinely observed to have created a hole in the skin at

this location (Figure 2.12b)

Figure 2.13 | Post-op following-up after the
surgeries

After the titanium mesh implantation (left panel),
only 45% of the animals showed no adverse ef-
fects, whereas 33% showed low adverse effects,
such as swelling of the face. 11% of them had
middle complications, including infection requir-
ing antibiotics. The last 11% had major compli-
cations, leading to the explantation of the mesh.
After the percutaneous implantations (right
panel), 54% of the animals showed holes in the
skin accompanied by local infections and skin re-
cessions. 16% of the animals had to be explanted

due to massive infections.
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Table 2.1 | Summary of all the animals follow-up

All the reported animals were female macaque monkeys (Macaca fascicularis). All 14 animals, apart from two, received a
titanium mesh, coated with hydroxyapatite, to which 2 foot plates were attached . The positioning of the footplates varied
depending on the project (see example in Figure 2.11). The sterilization procedures are described in the Material & Meth-
ods. Five out of 14 animals underwent both mesh and pedestal(s) implantation in the same surgery. In these animals, the
integration time (i.e. the time between the mesh and pedestal implantation) is thus 0 weeks. The time after pedestal refers
to the duration of time from the pedestal implantation surgery to the sacrifice of the animal. The complications after the
mesh or the pedestal surgery were assessed by the experimenters working with the animal daily. Here, we reported all the
adverse effects and classified the animal in a level of adverse effect severity. An animal was in the severe adverse effect
level when we had to explant the mesh and/or the pedestals. The middle adverse effects indicate when at least two com-
plications occurred. Low adverse effect group include animals with only one side effect observed.

* might be due to the mesh.

** considering the second mesh implantation. Mk-BR underwent two mesh implantation surgeries.

*** from the first implantation : 36 weeks

& These animals underwent the mesh and the pedestal(s) implantation during the same surgery. Therefore, this assess-
ment was not possible.

&& This animal died few hours after the surgery due to respiratory failure. Therefore, this assessment was not possible.

2.4.5. Discussion

Here we described a new method for cranial implantation surgery in nonhuman primates.
This method consisted of first implanting a titanium mesh, manually molded based on the 3D cranial
replicate of the monkey. The titanium mesh was then coated with hydroxyapatite to promote osse-
ointegration. Moreover, two titanium foot plates were attached to the mesh. In a second surgery, we
implanted a pedestal containing micro-electrode arrays and a second pedestal housing either an-
other micro-electrode array, or an electromyographic or stimulation connector. The two pedestals
were anchored to the foot plates. This method facilitated impressive pedestal stability: none of the
monkey lost their pedestals over the course of the experiment. Additionally, MRI-guided planning
of the second surgery ensured successful positioning of the micro-electrode arrays. However, while
this method seemed efficient and was in many ways beneficial, it must be said that the post-operative
complications we encountered considerably weakened its reliability.

After the mesh surgery, some animals showed low adverse effects, such as swelling of the
face that gradually receded after a few days. However, another animal developed a massive infection
that was so severe it required explantation of the mesh. While explantation is indeed a last resort
and less commonly seen, the symptom of edema is not surprising, as facial swelling is an adverse
effect seen also in human patients after titanium cranioplasty surgery, a reparative surgery of the
skull (Tattersall 1984; Huang et al. 2013; Tong et al. 2015; Martini et al. 2017). A recent retrospective

study in human patients who underwent titanium cranioplasty surgery (plate or mesh), showed that
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the overall complication rate was 26% and plate removal rate 10%. Infection occurred in 69% of the
plate removal cases (Mukherjee et al. 2014). In contrast, 55% of the subjects in our study had com-
plications, one even leading to explantation. Overall, we advise against the implantation of titanium
mesh in macaque monkeys.

After the pedestal surgery, only 15% of the animals did not show adverse effects. This may
be explained by the fact the experiment lasted a maximum of 9 weeks. Of course, the longer the
experiment lasts, the more likely it is for complications to occur, such as skin recession and the for-
mation of holes in the skin (Table 2.1).

Almost all the animals developed skin recession after the pedestal implantation, to varying
degrees of severity. We tried different post-operative care routines, such as weekly shaving the skin
margin, applying dermal cream, etc. None of this techniques prevented the skin from retracting from
the implant. This complication was often accompanied by the formation of holes at the edge of the
footplate, or in the middle of the head. The dual foot plate designs often lead to more extreme skin
recession. However, we observed that the further from the midline the footplates were positioned,
the less likely a hole in the skin was to form. In addition to the increased risk of infection, the holes in
the skin and the skin recession presented another problem that placed the experiment in jeopardy:
as the skin retracted, wires and electronics feeding out of the pedestals were exposed and at risk for
damage. Therefore, in the last animals we added the step of application of dental acrylic cement on
top of the wires, to protect them. It is known that dental cement has a detrimental effect (skin reces-
sion) and is prone to infection (Lanz et al. 2013; Johnston et al. 2016; Ortiz-Rios et al. 2018). Conse-
quently, its application did not solve the problem.

Skin recession and hole formation may have happened for two reasons. First, the animals
were relatively small. Indeed, our long-tail female macaque monkeys (Macaca fascicularis) were ap-
proximately 2.5 times lighter than the rhesus macaque monkeys (Macaca mulatta) used in (Chen et
al. 2017; Ortiz-Rios et al. 2018) and 2.2 times lighter than male fascicularis in (Lanz et al. 2013). In
those studies, they did not report any hole formation or skin resection (<0.5 cm). Thus, in our study,
the available skin on the scalp might have been too little. Consequently, skin tension was likely too
high. Indeed, in human patients, thin scalp skin and skin tension during suturing are two considera-
tions to be addressed in order to ensure a positive post-operative outcome after a cranioplasty sur-
gery (Di Rienzo et al. 2016; Mikami et al. 2017; Sheng et al. 2017). Second, scalp vascularization
might have been weakened after the first surgery with the mesh implantation and hydroxyapatite
bone assimilation. Proper blood supply was even more challenging after the second surgery, espe-
cially with percutaneous connectors (Steiner et al. 2018; Wolff et al. 2019). Therefore, favorable con-

ditions for skin healing were most likely not met.

85



- PART 2 - FREELY BEHAVING MONKEY PLATFORM

The major consideration was the bacterial infection present in almost all animals. The fact
that the animals lived in group of 2 to 5 certainly favored bacterial proliferation via grooming and
other forms of social contact. Knowing this, we regularly performed antibiograms for antibiotic med-
ication adjustment. An extremely disturbing trend observed was that the longer the experiment
lasted, the higher the risk was for developing dangerous multi-resistant bacteria. In two cases where
this exact scenario occurred in our study, the resistant infection became so severe that the well-being
of the animal deteriorated to a point where the pedestals required explantation. Unfortunately, the
advanced stage of infection around the osseo-integrated mesh could not be resolved and the ani-
mals were terminated a few weeks later. To reduce overall experiment time duration and therefore
reduce the risk of multi-resistant infection, we combined the first and second surgery in the last five
animals. In three of them, we directly implanted an uncoated mesh, followed by the pedestal, during
the same surgery. We noticed that the stability of the implant did not change. To summarize, remov-
ing the step of coating with hydroxyapatite had three advantages: (1) decreasing the number of
surgeries and the risks associated with them; (2) maintaining the possibility of mesh explantation in
case of complications and (3) the financial gain of sparing the cost of coating. We conclude that the
best minimization of risk for a pedestal implantation would be to integrate pedestal feet to the base.
However, these feet must have the practicality and flexibility of the mesh and cannot be rigid. The
implantation of such a pedestal must be performed in one surgery. Moreover, we recommended a
period of isolation during the experiment in order to avoid contamination across animals.

Unfortunately, implant-associated infections occur in about 3-15% of surgeries in the US (Co-
nen et al. 2020). In people with percutaneous pedestals, antibiotics have to be frequently applied to
reduce infection (https://www.newyorker.com/magazine/2018/11/26/how-to-control-a-machine-
with-your-brain). Consequently, in a clinical application for a brain-machine interface, achieving total
minimization of risks involves the implementation of a fully implantable system, such as NeurallLink

system.
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2.5. CONCLUSION

The newly renovated platform allowed studies of untethered, free behavior in nonhuman
primates. Custom-built plexiglass enclosures allowed the interchanging of ground surfaces so that
monkeys could perform various tasks, such as walking on a treadmill, through a corridor, and over a
ladder, obstacles and stairs (Figure 2.14, top). Three systems have been linked in synchronicity to
record behavior and neurophysiological data in freely behaving monkeys. A Cereplex W lightweight
wireless digital headstage was connected to a pedestal on the monkey’s head to transmit intracorti-
cal neural data to a neural signal processor. The start of the recording on the Blackrock system trig-
gered data collection of the electromyographic system. The W2100 Multichannel System wireless
headstage was connected to a second pedestal on the monkey’s head to transmit wireless EMG
recordings to a computer and to the Blackrock neural signal processor. A high quality 8-video cam-
era system was used to track reflective markers placed on anatomical landmarks on the legs (Figure
2.14, left). The start of the recording on the SIMI system sent a trigger pulse to the Blackrock neural
signal processor and the Multichannel interface board. This pulse was used to align the data col-
lected by the three systems. A pipeline intended to personalize the surgical implantation protocols
according to subject-specific anatomical features was established. CT and MRI scans enabled the
skull and brain to be converted into 3D models and 3D printed. Co-registration of the skull and brain
allowed personalization of the shape and position of a titanium mesh screwed onto the skull that
ensured the longevity of the head connectors. The 3D registration also facilitated the identification
of the precise locations of the brain regions within which intracortical arrays were inserted. It also
allowed for the optimization of the craniotomy location. 3D printed anatomical models were used
during the surgery as references to ensure accurate device placement and ease of navigation. Fol-
lowing this protocol, monkeys were implanted with intracortical multielectrode arrays and bipolar
electrodes for muscle recordings. Neuronal firing rate was computed for each channel and synchro-
nized with the muscle activity, kinematics, and gait events (Figure 2.14, middle). These recordings
were used to extract single unit spike activity and compute a spatiotemporal map of motor neuron

pool activation in the spinal cord (Figure 2.14, right).
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Figure 2.14 | Summary of the freely behaving
monkey platform in untethered conditions

Top: schematic representation of the five loco-
motor behavior conditions. Plexiglas enclosure
allowing NHPs to behave without constraints in
various tasks. The chronography illustrates kine-
matic recordings with overlaid stick diagrams on
Mk-Xn walking across the corridor. Left: commer-
cial recording equipment for neural signals,
EMG, and kinematics. Middle: synchronized spik-
ing activity from M1 and premotor cortex, EMG,
and leg joint angles. Right: Spikes extracted from
intracortical array recordings, spatiotemporal
map of motor neuron pool activation in the lum-

bar spinal cord, and single EMG responses.

Taking into consideration the fact that the brain control of movement remains poorly under-

stood, especially in case of locomotion, this newly renovated platform allowed the exploratorily neu-

rophysiological study of locomotion in primates. In the next chapter, | will describe the sensorimotor

neural dynamic patterns seen during five locomotor tasks, namely, the corridor (over-ground walk-

ing), uneven horizontal ladder, stairs, obstacles and the treadmill and | will also discuss how these

dynamics differed across premotor, primary motor and somatosensory cortices.
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3.1. ABSTRACT

Cortical activity is believed to coordinate the adjustment of leg movements associated with
volitional modifications of gait, yet the relative contribution of different cortical regions within the
sensorimotor cortex remains unknown. We investigated whether preservation of structure and dy-
namics commonly observed in primary motor cortex (M1) neural population activity were also pre-
sentin dorsal premotor (PMd) and primary somatosensory (S1) areas. We recorded from populations
of neurons as monkeys walked on a treadmill, along corridors, uneven ladders, obstacles, and stairs.
S1 displayed robust neural activation patterns across tasks. Neural population activity for different
tasks resided within aligned subspaces of the neural manifold, and most neural variance was associ-
ated with locomotion-dependent parameters. In contrast, neural activation patterns in PMd differed
across tasks, resided within distinct task-dependent subspaces, and neural variance was equally as-
sociated with task-dependent and locomotion-dependent parameters. Neural population activity in
M1 also resided within task-dependent subspaces. However, like in S1, most of the neural variance
was captured by locomotion-dependent parameters. Interestingly, locomotion-dependent parame-
ters allowed an improvement in decoder generalization for locomotor tasks requiring different pat-

terns of muscle and single unit activity in PMd and M1, but had no apparent effectin S1.
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3.2. INTRODUCTION

Different brain regions play a unique yet complementary function in the generation and con-
trol of movement. One of the remaining fundamental questions in neuroscience is how different
brain circuits effectively modulate their behavior to allow the generation of a rich repertoire of move-
ments. In this study, we ask how different cortical regions within the sensorimotor cortex mediate the
adaptation of behavior to the requirements of various types of related movements.

Studies of neural behavior during locomotion have shown that cortical neurons in premotor
(PMd), primary motor (M1), and somatosensory (S1) cortices have increased activity during rhythmic
locomotion (Armstrong and Drew 1984a; 1984b; Fukuyama et al. 1997; Ayaz et al. 2019; Karadimas
etal. 2019), are time-locked to different phases of the gait cycle (Armstrong and Drew 1984a; 1984b;
Beloozerova et al. 2003; Fitzsimmons 2009; D Foster et al. 2014; Favorov etal. 2015; McCrimmon et
al. 2017), and can be used to predict kinematics and muscle activity (Fitzsimmons 2009; Weiguo
Song et al. 2009; Yin et al. 2014; Rigosa et al. 2015). Although descending pathways in the cortico-
spinal tract (CST) are not essential for basic, rhythmic locomotion in rats and cats (Beloozerova and
Sirota 1993; Muir and Whishaw 1999), they do contribute towards the precise control of paw place-
ment or limb trajectory (Drew et al. 2002). In primates, the CST plays an even larger role in motor
control (Lemon 2008), and studies in human and nonhuman primates with damage to the CST
demonstrate that it is crucial for the control of gait (Courtine et al. 2005b; Barthélemy et al. 2011).
However, although a majority of descending projections in the corticospinal tract originate in the
motor cortex (Dum and Strick 1991), a considerable percentage of fibers have been shown to origi-
nate in PMd (Dum and Strick 1991) and S1 (Rathelot and Strick 2006; Karadimas et al. 2019). There-
fore, the relative contribution of different cortical regions within the sensorimotor cortex towards
voluntary modifications in locomotor behavior remains unknown.

Recent studies in neural control of movement have reported that while multiple motor be-
haviors require different patterns of muscle and single unit activity in M1, the structure and activity
of the low dimensional components is preserved across tasks (Gallego et al. 2018; Lara et al. 2018).
Here, we ask whether PMd and S1 obey similar or different population-level dynamics as M1 across
locomotor tasks requiring coordinated adjustment of leg movements. To answer this question, we
recorded neural population activity from leg PMd, M1, and S1 cortical regions during several loco-
motor tasks (Figure 3.1a). We then identified and studied the cortex-specific subspaces of the neu-
ral manifold where neural population activity for each task resided (Figure 3.1b). While neural pop-
ulation activity may reside within similarly aligned subspaces of the neural manifold for multiple mo-

tor behaviors, activity of neurons involved in proactive modifications of the gait pattern may reside
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within distinct, task-dependent subspaces. Visually guided locomotor tasks that require fine control
of the legs require preparatory or planning activity, which has been shown to be prevalent in PMd,
somewhat less prevalent in M1, and essentially absentin the muscles (Prut and Fetz 1999; Fetz et al.
2002; Kaufman et al. 2014). We expect task-dependent planning activity to be reflected in the task-
dependent population structure and dynamics. Therefore, we hypothesize that neural activity for
different tasks will reside within distinct subspaces in PMd, somewhat more aligned in M1, and within
highly aligned subspacesin S1 (Figure 3.1b).

Despite a strong relationship between single neuron activity and behavior for individual
tasks, we observed lower stability in neural correlates across locomotor tasks in PMd compared to
M1. In contrast, activity from populations of neurons in S1 remained stable across tasks. We found a
rostro-caudal increase (from PMd to M1, to S1) in the alignment of the neural manifolds across tasks.
This observation was further supported by the amount of neural variance that could be explained by
the neural modes whose activity was dependent on each task. The different neural dynamics and
types of information carried by population activity within each cortex, argue that PMd, M1, and S1
contribute in a unique but complementary manner to allow the sensorimotor cortex to make adjust-

ments necessary to perform a rich repertoire of locomotor behaviors

Figure 3.1 | Task and hypothesis

a. Is neural activity in the different regions of the
sensorimotor cortex stable across locomotor
tasks requiring coordinated adjustment of leg
movements? To answer this question, three mon-
keys were implanted with micro-electrode arrays
in PMd, M1 cortices, and an additional array S1
cortex intwo of them. b. Hypothesis: a rostro-cau-
dal gradient in alignment of neural manifolds

across varied locomotor behaviors.
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3.3. RESULTS

3.3.1. Behavioral tasks and recordings

We trained adult female Macaca fascicularis monkeys to perform five types of locomotor
activities in the same session. These tasks included walking over a corridor, an unevenly spaced lad-
der, a three-step stair, two obstacles, and on a motorized treadmill (Figure 3.2a). We recorded
hindlimb kinematics, and muscle activity (EMG) patterns of the right leg as monkeys performed each
task. To study sensorimotor cortex behavior during locomotion, we recorded neural activity using
microelectrode arrays chronically implanted in the leg area of left premotor (PMd, F2), primary motor
(M1, F1), and somatosensory (S1, area 1/2). Electrode location verified post-mortem is shown in Fig-
ure 2.8 (Note that Mk-Xn was excluded in this study as the two arrays were in M1). We extracted
single-neuron responses that remained stable across the whole session from PMd (118, 110, and
252 single neurons respectively for Mk-Ek, Mk-Nt, and Mk-Ka), M1 (170, 58, and 221 neurons) and
S1(89 and 81 neurons for Mk-Ek and Mk-Nt). We aligned kinematics, EMG profiles, and single neu-
ron firing rates at foot-strike and foot-off, concatenated time-warped trials, and averaged them to
allow comparison between tasks with different durations of the gait cycle (Armstrong and Drew
1984b; T. Drew 1993; Courtine, Roy, Hodgson, et al. 2005; Fitzsimmons NA, Lebedev MA, Peikon ID
2009) (Figure 3.2b-d, time-based signals in Figure 3.3). Single neurons are organized by the timing
of their peak firing rate for the corresponding task of each column. The peak firing gait phases of all
neurons were evenly distributed over the entire gait cycle in PMd (Figure 3.4). In contrast, a greater
proportion of neurons in M1 were phase-locked to foot-strike (Mk-Ek) and late stance (Mk-Ek and
Mk-Nt) compared to early stance and swing. In S1, a majority of single neurons had peak firing at

foot-strike (Mk-Ek and Mk-Nt).
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Figure 3.2 | Behavioral recordings

a. Animals were trained to walk over-ground on a corridor, on a horizontal ladder, over a staircase, over obstacles and on
a treadmill (3km/h). We performed synchronized recordings of hindlimb kinematics, EMGs (8 muscles), and intracortical
recordings of the sensorimotor cortex. b. Representative example of averaged kinematic features in Mk-Nt over the gait
cycle (295, 312, 124, 208 and 256 steps for corridor, ladder, stairs, obstacles and treadmill, respectively) aligned at stance
and swing onset. ¢. Examples of flexor and extensor EMG activity averaged over the gait cycle in Mk-Ek (140, 197, 176, 66
and 320 for corridor, ladder, stairs, obstacles and treadmill, respectively). d. Average normalized PMd, M1, and S1 neu-
ronal firing rates along the gait cycle aligned at swing and stance onset for all sessions in monkeys Mk-Ek and Mk-Nt.
Individual neurons (rows) are sorted by the timing of peak firing on each task. White dots indicate the phase of peak firing

for each neuron in that task.
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Figure 3.3 | Time-varying cortical, muscle, and kine-
matic signals used for analysis

Example of a real-time recording in Mk-EK on a treadmill
(3km/h) in untethered condition. a. Raster plot of 53 single
neurons isolated from 3 microelectrode arrays implanted in
dorsal premotor cortex (PMd, F2), in primary motor cortex
(M1, F1, leg area) and in primary somatosensory cortex (S1,
area 1/2). b. Example of 4 muscle activity (extensors in pink
and flexors in blue) using a chronically implanted recording
system. ¢. Kinematic examples of 3 joint angles (hip, knee
and ankle) and foot velocity acquired with 8 HD video cam-
era system. Gait phases (stance and swing) were manually
marked. IL, iliopsoas; MG, medial gastrocnemius; EDL, ex-

tensor digitorum longus; FHL, flexor hallucis longus.
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Figure 3.4 | Changes in firing rate and modulation depth with task complexity

a. Percent of all identified single neurons tuned to each four gait phases in PMd, M1, and S1 cortices. b. Comparisons in
mean firing rate and modulation depth for each single neuron in all task combinations. The black dashed line represents
a 1to 1 relationship between both conditions. The gray and cortex-colored solid lines represent the linear regression line
between tasks. The regression coefficient m and its respective R? value for each monkey's regression line are shown in the
bottom-right and top-left corners of each panel m(R?). €. Average firing rate and modulation depth across tasks. Bars: mean

+ S.D. across days.

3.3.2. Generalization of neural correlates in locomotion

We studied whether patterns of single-neuron responses were consistent across locomotor
tasks. If a cortical region has a high involvement in the planning for the adjustment of task-specific

leg movements, we would expect that neural activation patterns identified for locomotor tasks that
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involve steady locomotion would not translate to planned locomotion tasks. If correct, our hypothe-
sis predicts that the synchronized order of neuronal activation would be conserved when the monkey
performed self-paced locomotion along a corridor vs stepping on a treadmill, but not when the
monkey walked over ladders, stairs, or obstacles. Moreover, we would expect this observation to be
more apparentin cortical regions that are highly involved in planning or preparatory activity (Church-
land et al. 2010; Vyas et al. 2018).

We sorted single neurons by the timing of their peak firing in the corridor task and used that
same orderinthe panels for the other tasks, so that each neuron appears in the same vertical position
for all panels in Figure 3.5a. The order of single-neuron activation was moderately conserved be-
tween locomotion along the corridor and the treadmill in M1 and S1 cortices. However, we observed
a substantial change in firing rate patterns when the monkey performed locomotor tasks requiring
voluntary modifications to stepping as in the ladder, stairs, and obstacles tasks: some neurons that
had peak firing at foot-strike on the corridor had peak firing at foot-off during the ladder, and vice-
versa. Substantial changes in patterns of neuronal activation across locomotor tasks were more com-
mon in PMd.

To quantify observations of changes in neuronal tuning to the gait phase, we computed the
correlation coefficient (r) between the average firing rate across each pair of tasks (5 tasks, 10 com-
parisons per session). For each session, we averaged all neurons within a brain region to generate a
mean value for the correlation in neuronal population responses across tasks (Figure 3.5b). There
was a rostro-caudal increase in average correlation of single neuron activity across tasks. Neuronal
responses were significantly less correlated across tasks in PMd than in M1 and S1. For a reference
in behavior, the distribution of correlation in kinematics and muscle activity across tasks is shown in
Figure 3.6. To further understand the amount of change in neuronal tuning across tasks, we identi-
fied each neuron’s average preferred gait phase during each task and computed the circular stand-
ard deviation in preferred gait phase across tasks (Figure 3.5c¢). Similar to correlation, variability in
preferred gait phase was higher in PMd than M1 and S1 (no significance for M1 in Mk-Nt).

In agreement with reports by several groups on the increase in firing rate and modulation
depth for locomotor tasks requiring accurate control paw placement or limb trajectory (Drew 1988;
Beloozerova and Sirota 1993; Widajewicz et al. 1994; Beloozerova et al. 2010; DiGiovanna et al.
2016), we observed both to be higher during planned compared to rhythmic locomotion tasks (Fig-
ure 3.4b). Firing rate and modulation depth were both higher in M1 and S1 than in PMd (Figure
3.4c¢).
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Figure 3.5 | Neural correlates in single neuron
activity fail to generalize between rhythmic
and planned locomotion

a. Normalized neuronal firing rates aligned at
stance and swing onsets and sorted by the timing
of peak firing on the corridor task for one monkey
(Mk-Ek). Note the substantial changes in neural
activity, reflected in changes of gait phase tuning
on each neuron. b. We computed the Pearson’s
linear correlation coefficient across tasks. €. We
identified each neuron'’s preferred gait phase for
each task and computed the circular standard
deviation in preferred gait phase across locomo-
tor tasks. Bars: mean = s.d.. Wilcoxon signed rank

test.

Figure 3.6 | Differences in kinematics and muscle activity across locomotor tasks and phase tuning of single neu-

rons
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a. Leg joint angles, angular speed, and foot speed for basic and skilled locomotion tasks. b. We computed the Pearson’s
linear correlation coefficient for each kinematic parameter across two different conditions and averaged correlation coef-
ficients for all parameters to generate the mean correlation between kinematics across two tasks. The gray dotted vertical
line indicates the average correlation coefficient when all kinematic parameters are normalized by their within-task corre-
lation. ¢. Leg muscle and spinal segment activity during basic and skilled locomotor tasks. d. Analogous analysis for EMG

profiles as in b.

3.3.3. Similarity of neural manifolds across locomotor tasks

Changes in single neuron correlates across locomotor behaviors revealed differences in the
robustness of neural correlates across locomotor tasks. However, the heterogeneity of single-neuron
responses can make these results difficult to interpret, and neural inputs to muscle activity and be-
havior are more likely to be a weighted combination of these neuron responses (Mazor and Laurent
2005; Churchland et al. 2010; Cunningham and Yu 2014). We used dimensionality reduction meth-
ods to better understand neural mechanisms that may involve coordination of responses across neu-
rons. For neural population activity and multi-dimensional analyses, we identified neural units
through threshold crossings on each electrode. We refer to these as neural units.

To estimate the dimensionality of the neural manifolds for each locomotor task and all tasks
combined, we used the method developed by Machens et al. (Machens et al. 2010). We first estimate
the variance that can be explained by noise by performing PCA on the estimates of trial-to-trial-var-
iability selecting 1000 random pairs of trials (Figure 3.7a, 1-2, Methods). We then performed PCA
on the trial-averaged firing rates and subtracted the variance that could be explained by noise (Fig-
ure 3.7a, 3); thus keeping only the amount of variance that can be attributed to signal. Finally, the
number m of neural modes needed to explain 95% of the explainable variance was taken as the
dimensionality of the dataset (Figure 3.7a, 4).

We compared the dimensionality estimates between neural manifolds for individual tasks
and those where all tasks during a session were combined (Figure 3.7b). We hypothesized that if
activity within a cortical area takes place along uniquely aligned neural manifolds for each locomotor
task, the dimensionality estimates of datasets with combined tasks should be larger than that of in-
dividual tasks. Single-task dimensionalities were relatively low for neural manifolds in all three corti-
cal regions (Figure 3.7c¢, Figure 3.8). However, there was a rostro-caudal decrease in the difference
between dimensionality estimates of single or combined locomotor tasks (Figure 3.7d). Generally,
tasks that may require planning (ladder, stairs, obstacles) had a greater contribution towards this
increase in dimensionality than steady locomotion tasks (corridor and treadmill, Figure 3.8b). Our

results suggest that although neural manifolds are low-dimensional for a given task and may reflect
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the simplicity of locomotor tasks (Gao and Ganguli 2015), PMd and M1 may employ flexible combi-
nations of these neural modes to generate the appropriate gait modifications for each task.

If neural manifolds within a cortical area are well-preserved to generate appropriate move-
ment for a variety of tasks, they would have similar orientations across tasks (Gallego et al. 2018). We
tested this theory in the three cortical regions by computing the principal angles (Bjérck and Golub
1973) between the m-dimensional manifolds for all pairs of tasks during each session (Figure 3.7f,
Methods). The hypothesis, as postulated by Gallego et al. (Gallego et al. 2018), is that if neural man-
ifolds are similarly oriented across locomotor tasks, the angles between them will be small. In con-
trast, if a cortex recruits neurons through arbitrary combinations, the neural manifolds for different
tasks would not be similarly oriented, and thus, the principal angles between them would not be

small.

Figure 3.7 | Population activity across tasks is more complex in premotor and motor than in somatosensory cortex
a. Computation of dimensionality estimates for neural manifolds. For each neural mode, we estimated the amount of var-

iance that can be explained by noise and subtracted it from the explained variance for that mode. The dimensionality of a
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dataset was taken as the number of dimensions needed to explain 95% of the remaining variance. b. We compared di-
mensionality estimates of individual tasks to dimensionality of all tasks combined. We hypothesized that if neural popula-
tion activity occurs along neural manifolds with different orientations for each task, then the dimensionality of the com-
bined data sets would be greater than that of single tasks. €. Dimensionality estimates for individual and combined task
datasets for representative monkey Mk-Ek. d. Dimensionality estimates for neural population activity in combined datasets.
e. We computed the principal angles between neural manifolds corresponding to two tasks. f. The two leading principal
angles between neural manifolds for 5 tasks across 8 days (10 task comparisons each day). g. We computed the variance
accounted for (VAF) by projecting the neural activity of one task onto the neural manifold of another task. h. VAF of nor-

malized by projecting the neural activity of the same task onto its corresponding manifold. Bars: mean * s.d.

Figure 3.8 | Variance explained by neural manifolds and
contribution of each task towards increase in combined
dimensionality

a. Cumulative variance explained by principal modes of
neural data during five locomotion tasks and all tasks com-
bined. The dimensionality of a dataset was taken as the
number of neural modes necessary to explain 95 percent of
the explainable (noise removed) variance. b. We calculated
the dimensionality of the combined conditions after remov-
ing one condition from the dataset. We then compared the
difference in dimensionality from this reduced dataset to

the original dataset with all five conditions.

The two leading principal angles between ten pairs (5 tasks) of task-dependent, m-dimen-
sional manifolds averaged across days (gray circles) and sessions (bars) are shown in Figure 3.7g.
The m number of dimensions to compare was determined by the neural manifold of the task with
the lowest dimensionality. Neural population activity for different tasks resided within aligned sub-
spaces of the neural manifold in S1. In contrast, neural activation patterns resided within distinct task-
dependent subspaces in PMd and, to a lesser extentin M1. As an additional test, we computed the
15 principal angles between the 15-D manifolds (maximum number of combined dimensionality in
Figure 3.7c except for one day) for all pairs of tasks and compared them to the distribution of angles

obtained from a null hypothesis generated with the tensor maximum entropy method (Elsayed et al.
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2016) (Figure 3.9). Across all sessions, a majority of leading principal angles were below the surro-
gate significance threshold (dashed line). Note that principal angles in S1 are consistently small
across leading neural modes.

To better understand the degree of similarity across manifolds corresponding to different
tasks, we projected the neural activity of one task onto the m-dimensional neural manifold of another
task (Figure 3.7g). We then computed the neural variance accounted for (VAF) by this projection
and divided it over the VAF of the same neural activity projected onto its corresponding neural man-
ifold (Gallego et al. 2018). There was a rostro-caudal increase in the amount of across-task VAF, with

S1 explaining the most VAF across tasks (Figure 3.7h).

Figure 3. 9 | Similarity across tasks and locomotion sub-
spaces for four monkeys

Average principal angles in motor, premotor, and soma-
tosensory cortices for all locomotor sessions of three mon-

keys performing more than one task on the same day

3.3.4. Locomotion—and task-dependent—neural correlates in sensorimotor cortex

The rostro-caudal increase in neural correlates’ generalization and similarity of neural corre-
lates across tasks may reflect the contribution of each cortical region towards adapting the behavior.
Therefore, we expect that there will be a rostro-caudal decrease in the proportion of neural activity
that covaries specifically with each task. To test this theory, we used demixed PCA (Kobak et al. 2016)
(dPCA) to separate neural population activity into parameter specific averages: a task-independent
part that is obtained by averaging the full data over the tasks, and a task-dependent part that is
obtained by averaging over the gait cycle (Figure 3.10a, Methods). Our hypothesis predicts that a
large percentage of neural variance in PMd would be explained by task-dependent information
whereas neural variance in M1 and S1 would have a greater contribution from task-independent

information.
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The time-dependent activation, or latent activity, corresponding to the six leading dPCs for
each locomotor task in one representative session of M1 in monkey Mk-Ek is shown in Figure 3.10b.
The top row shows the latent activity within neural modes that captured task-dependent activity. For
example, the sixth dPCA neural mode captures a task-dependent offset between corridor, and tread-
mill, and stairs and obstacles. This task-dependent offset is present at the stance and swing phases,
and may represent some aspect of movement adaptation required for the task. The bottom row in
Figure 3.10b shows neural modes that capture modulations of the neural activity throughout the
gait cycle, irrespective of the locomotor task. Throughout this paper, we refer to these neural modes
as the locomotion-related components. Latent activities for the three cortical regions during a rep-
resentative session are shown in Figure 3.11.

Demixed neural modes within each cortex covaried partly with task and locomotion-related
components (Figure 3.10c). This representation allowed us to highlight several general features of
the population activity in the sensorimotor cortex (see ‘signal variance’ in Methods). A larger amount
of variance was captured by condition-independent components in M1 and S1 compared to PMd.
For the two monkeys performing 5 tasks in the same day, task-independent activity in PMd only cap-
tured about half of the total neural variance (50.7+10.0% for Mk-Ek and 55.1+8.0% for Mk-Nt). The
amount of variance captured by task-dependent components depended on the amount of tasks be-
ing compared. As a control, we repeated the dPCA analysis in those two monkeys by comparing
only corridor vs ladder and stairs vs obstacles. Indeed, the amount of variance captured by task-
independent components with only two tasks was higher in PMd, but it was still lower than that cap-
tured in M1 and S1 (Figure 3.12b). To quantify the amount of task-dependent variance that could
be explained by trial-to-trial variability within a task, we performed dPCA on two sets where we ran-
domly selected trials of the same task (Figure 3.12c). Task-dependent components in the three cor-

tices explained less than 10% of neural variance.

108



- PART 3 - NEURAL POPULATION DYNAMICS IN SENSORIMOTOR CORTEX

Figure 3.10 | Locomotion and task-related activity of sensorimotor cortex in basic and skilled locomotion

a. Decomposing population activity of one session into task-dependent and task-independent components (dPCA). b.
Activity of six dPC neural components for each brain region, grouped by the parameter they are most strongly associated
with (task-related or locomotion-related). The number of the top left of each panel indicates the ranking of that neural
component in terms of VAF. Scale is arbitrary. ¢. Average population trajectories in locomotion-dependent subspace. d.
Neural variance accounted for (VAF) by each dPC in one session of monkey Mk-Ek. Pie charts indicate how the total vari-
ance for one session is split between task and locomotion-dependent parameters. e. Total VAF for task and locomotion-

dependent parameters, averaged over all sessions. Wilcoxon signed rank test; Bars: mean = s.d.
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Figure 3. 11 | Latent activity in top three neural modes

a. Latent activity in the three task and locomotion-dependent neural modes explaining the highest amounts of variance
for a representative session in monkey Mk-Ek. Latent activities are aligned at foot-strike and foot-off. Neural modes, indi-
cated by the number on the top-left corner of each panel, are numbered by descending magnitudes of explained variance.

b. Three-dimensional projections of neural population trajectories for five locomotor tasks in the locomotion subspace.
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Figure 3.12 | dPCA controls

a. We repeated the dPCA decomposition into
task and locomotion related neural components
when the three monkeys performed two tasks:
stairs and obstacles or corridor and ladder. Activ-
ity of first three task-dependent and locomotion-
dependent dPCA neural components in motor
cortex for monkey Mk-Ka. b. Total variance ac-
counted for by locomotion-dependent compo-
nents, averaged over all two-task sessions for
monkeys Mk-Ek, Mk-Nt, and Mk-Ka. €. We cre-
ated surrogate datasets of the same task where
trials of the same task were randomly selected
and computed the variance that could be ac-
counted for by the locomotion-dependent com-
ponents. Two-sided Wicoxon's rank-sum test;

bars: mean + s.d.

The strong similarity in the neural activity and orientation of the neural manifolds suggests
that S1 structure is well preserved across rhythmic and skilled locomotor tasks. In contrast, PMd may
generate unique dynamics for each task, as evidenced by low correlations in single unit activity
across tasks, increased dimensionality estimates in the combination of tasks, and an equal amount

of variance explained by task and locomotion-related components.

3.3.5. Generalized decoders with task-independent neural manifolds.

Muscle activity and kinematics can be reasonably well predicted based on brain-decoding
algorithms that are trained on the same task that they are to be tested (Fitzsimmons 2009; Weiguo
Song et al. 2009; Rigosa et al. 2015; Xing et al. 2019). However, decoding performance may degrade
for locomotion tasks that require substantially different patterns of cortical activity (Figure 3.2a). La-
tent activity in the locomotion-dependent subspace for all three cortical regions remained stable
across conditions (Figure 3.11) and appeared to resemble EMG and kinematic activity during loco-
motion (Figure 3.6 a-c). We first asked whether this type of locomotion-dependent activity captured
valuable contributions of neural activity to behavior and if so, whether it remained stable across lo-

comotor tasks. For each cortical region, we build a linear discriminant analysis (LDA) based classifier
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(Capogrosso et al. 2016) to predict the occurrence of foot-strike and foot-off gait events in ‘real time’
(Figure 3.13a, Methods). Our hypothesis predicts that if neural activity within a cortical region cap-
tures robust, task-independent contributions of neural activity onto behavior, decoding perfor-
mance in generalization may be improved by projecting neural activity of a single task onto the low-
dimensional locomotion-dependent subspace for decoding training and testing. Decoding gener-
alization performance in PMd and M1 was higher when using the locomotion-dependent subspace
projection compared to using the full neural space or the task-independent projection (Figure
3.13b). These results suggest the locomotion manifolds in PMd and M1 carry important information

about behavior that remains stable across tasks.

Figure 3.13 | Robust decoding of gait parameters across basic and skilled locomotion

a. We trained decoders to predict foot-strike and foot-off gait events. We compared the decoding performance of decod-
ers using the full neural space or a projection onto the locomotion-dependent or task-dependent manifolds b. Real and
predicted foot-strike and foot-off gait events. ¢. F-scores in generalization of gait event predictors for decoders trained on

a single task and tested on all other tasks. Wilcoxon signed rank test; Bars: mean + s.d.
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3.4. DISCUSSION

The role of the sensorimotor cortex in the control of gait is assumed to play a larger role in
humans than in quadrupedal mammals (Eidelberg 1981; Fedirchuk et al. 1998; Nielsen 2003). Un-
derstanding how the different areas within the cortex interact towards the natural control of gait
remains therefore a significant question in neuroscience. Previous studies of cortical control of loco-
motion have shown that cortical neuronal activity in PMd (Fitzsimmons 2009; Churchland et al. 2012;
Nakajima et al. 2019; Nordin et al. 2019), M1 (Armstrong and Drew 1984b; Beloozerova et al. 2003;
D Foster et al. 2014; Yin et al. 2014; DiGiovanna et al. 2016; Xing et al. 2019), and S1 (Fitzsimmons
2009; Favorov et al. 2015; Ayaz et al. 2019; Karadimas et al. 2019) covaries with different parameters
during locomotion. These regions in the sensorimotor cortex are believed to be crucial for the coor-
dinated adjustment of leg movements associated with volitional modifications of gait such as con-
trolling speed (Armstrong and Drew 1984a; D Foster et al. 2014; Xing et al. 2019), walking along
uneven terrain (Beloozerova et al. 2005; Rigosa et al. 2015; DiGiovanna et al. 2016), or avoiding
obstacles (Drew 1988; Beloozerova and Sirota 1993; Widajewicz et al. 1994; Drew et al. 2002;
Nakajima et al. 2019; Nordin et al. 2019). Indeed, we observed that single neurons were phase-
locked to the different phases of gait in all locomotor tasks (Figure 3.2d), and in agreement with
previous studies, there was an overall, although modest, increase in firing rate and modulation depth
of single unit activity for skilled compared to rhythmic tasks (Figure 3.4b). However, as apparent in
this figure and previously observed by other groups, as the number of tasks and recorded neurons
increases, it becomes increasingly difficult to extract meaningful, interpretable structure from the
activity of individual neurons (Cunningham and Yu 2014). Moreover, the initial difference in firing
rate between distinct cortical areas for the same task (Figure 3.4¢) makes understanding their rela-
tive contributions towards the voluntary control of locomotion by comparing single unit firing rates
across cortices quite challenging.

Rather than attempting to determine the independent encoding of functions by the activity
of single neurons (Thach 1978; Kakei et al. 1999), we studied how populations of neurons in the
sensorimotor cortex behave during rhythmic and skilled locomotion. We extracted the low-dimen-
sional portions of the full neural space explored by the neural populations for individual tasks, and
measured whether the structure of these neural manifolds is preserved across tasks. We reported
the first comparison across neural manifolds in the sensorimotor cortex associated with a variety of
locomotion tasks. Our results suggest that dorsal premotor, primary motor, and somatosensory cor-
tices perform unique neural computations with distinct levels of contributions towards the volitional

modification of the gait cycle: neural manifolds in S1 were largely preserved across tasks; although
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population activity in M1 resided within task-dependent subspaces, most of the neural variance was
captured by neural modes whose activity was virtually the same regardless of task; neural activation
patterns in PMd also resided within task-dependent subspaces, however the amount of neural vari-
ance that was specific for each task and the amount that remained the same were virtually the same.

The different cortical regions in the sensorimotor cortex may play unique yet complementary
roles towards the proactive modification of the gait cycle. Based on our results and previous reports
on the role of each region towards cortical control of movement, we believe that M1 takes an active
partin the generation and control of the rhythmic activation of spinal locomotor circuits to generate
movement (Christensen et al. 2000), PMd plays a large role in the task-specific planning—and M1 in
the execution—of gait modifications (Nakajima et al. 2019; Nordin et al. 2019), and S1 integrates
peripheral information about the locomotor state (Christensen et al. 2000). These results provide
new insightinto how planned locomotion is generated by the different regions within the sensorimo-

tor cortex.

3.4.1. Simplicity of cortical population activity for locomotion

A significant portion of the variability in the activity of populations of neurons is captured by
a set of low-dimensional neural modes (Gallego et al. 2017) that can be obtained through dimen-
sionality reduction methods (Mazor and Laurent 2005; Shenoy et al. 2013). We found that population
activity in PMd, M1, and S1 occupied low-dimensional neural manifolds during both rhythmic and
skilled locomotion tasks (2 to 4 dimensions, Figure3.7c, Figure3.8a). For comparison, dimension-
ality estimates for PMd and M1 during center-out reaching in Macaca mulatta monkeys have previ-
ously been reported as 14 and 8.5 dimensions respectively (Perich et al. 2018). The theory that lim-
iting behavior complexity constraints the dimensionality of neural manifolds (Gao and Ganguli 2015)
highlights the simplicity of locomotor tasks compared to upper-arm reaching in terms of cortical

input.

3.4.2. Low contribution of somatosensory cortex towards voluntary gait modifica-

tions

Walking in ever-changing environments requires the continuous integration of propriocep-
tive, mechanical, cutaneous, and motor output information by the somatosensory cortex (Phillips et
al. 1971; Whitsel et al. 1971; Merzenich et al. 1978; Tanji and Wise 1981; Pons et al. 1985; Gardner
1988; Umeda et al. 2019). Although S1 has direct corticospinal pathways to excitatory neurons that

modulate the lumbar locomotion networks independently from other supra-spinal centers in mice
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(Karadimas et al. 2019), its role in modulating locomotion in primates remains an open question in
neuroscience. We found that unlike PMd and M1 where phase-locking of neurons was evenly dis-
tributed across the gait cycle, a great proportion of neurons in S1 seem to be tuned to key moments
where the gait cycle transitions from stance to swing or vice versa (Figure 3.2d, Figure 3.4a). Pat-
terns of single neuron activity in S1 were more likely to be preserved (Figure 3.5), and the neural
manifolds for individual tasks had a high degree of alignment and similarity compared to PMd and
M1. Most of the neural variance in S1 was captured by locomotion-dependent components (Figure
3.10d,e). However, the lack of improvement in decoder generalization by the projection of S1 ac-
tivity onto the locomotion-dependent neural modes makes it difficult to whether these neural modes
captured relevant contributions of neural activity onto behavior.

Together, our results suggest that S1 plays a small role towards the voluntary adjustment of
muscle activity patterns required for gait modification. Somatosensory feedback is nonetheless cru-
cial for the accurate execution of movement by the cortex (Sainburg et al. 1995; Scott et al. 2015).
One possibility for this discrepancy is that modifications of gait in response to the requirements of
the 5 locomotor tasks are proactive in nature, and probably originate in the central nervous system
(Barthélemy et al. 2011). In contrast, we may expect S1 to have a higher involvement in reactive
modifications of gait that originate from activation to the peripheral nervous system by the environ-
ment, for example during changes in balance (Safavynia and Ting 2013) or terrain friction, or during

unexpected movement errors (Perich et al. 2020).

3.4.3. Neural manifolds in motor cortex across rhythmic and skilled locomotion

Related behaviors with distinct muscle activity patterns may be generated by the motor cor-
tex through flexible combinations of a set of well-preserved neural modes (Shenoy et al. 2013;
Gallego etal. 2017; 2018; Lara etal. 2018). We observed lower similarities in orientation of the neural
manifolds corresponding to the different locomotor tasks in M1 compared to S1 (Figure 3.7), indi-
cating that the structure of the neural modes employed during these tasks is less preserved. How-
ever, the total neural variance was mostly explained by task-independent neural modes (Figure
3.10e). This suggests that although neural population activity in M1 resides within task-dependent
neural manifolds across locomotor tasks, there must be a portion of the task-dependent neural man-
ifolds that is shared across all tasks. Conceptually, this would be analogous to two orthogonal planes
with a shared axis. While there is a high number of aligned neural modes in S1 as evidenced by the
low principal angles in the leading modes (Figure 3.9a), the principal angles for the first (leading)

neural modes in M1 are small but quickly rise for increasing modes. Our results show that M1

115



- PART 3 - NEURAL POPULATION DYNAMICS IN SENSORIMOTOR CORTEX

generates the necessary adjustments to the locomotor pattern through flexible activations of neural

modes that are mostly preserved across locomotor tasks.

3.4.4. Task-dependent subspaces for locomotion in premotor cortex

Proactive modifications of the gait cycle originate in the central nervous system (Schubert et
al. 1999; Bonnard et al. 2002; Farrell etal. 2015; Nordin et al. 2019). However, due the small number
of studies in human and non-human primates performed on this topic, much remains to be learned
regarding the neural mechanisms underlying proactive gait control (Barthélemy et al. 2011). The
activity of single neurons in PMd was strongly task-dependent, as evidenced by their low correlations
and high variabilities across tasks (Figure 3.5). Neural population activity in PMd resided within low-
dimensional neural manifolds that had different orientations for each locomotor task (Figure 3.7).
Our dPCA analysis revealed that a considerable amount of total variance in PMd was related to neu-
ral activity that was specific to each locomotor tasks. These modes therefore likely reflect inputs and
outputs to and from PMd, rather than the generic temporal features of locomotion that are present
regardless of the task (Perich et al. 2018) (Figure 3.11). We believe the high variance captured by
task-dependent components might reflect preparatory activity (Churchland et al. 2010; Vyas et al.
2018) by premotor cortex to adjust the locomotion cycle. This interpretation would be in agreement
with previous observations that premotor cortex contributes towards the temporal evolution of a
planning process to avoid obstacles (Nakajima et al. 2019; Nordin et al. 2019). A remaining open
question is how the premotor cortex shares this information with M1 and S1 in order to adjust the

gait cycle.

3.4.5. Improvement in generalization and variance explained by task-independent
components

We expected that the extraction of task-independent neural activity would lead to an im-
provement in the decoding generalization performance of the three cortices. However, although
projection of neural activity into the locomotion-dependent subspace had a significantimprovement
in generalization performance for M1, PMd and S1 showed only a slight, sometimes minimal im-
provement (Figure 3.13c). The improvement in generalization might be a reflection of the stability
of population activity across locomotor tasks. Compared to M1 and S1, a lower amount of neural
variance in PMd was explained by locomotion-dependent components (Figure 3.10e). This may
explain the lower generalization performance in PMd compared to the other cortices, and the lack

of improvement after projection in the locomotion-dependent subspace, which explained only half
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of the total variance. In contrast, most of the neural variance in S1 was explained by locomotion-
dependent components (Figure 3.10e), probably due to consistent activation during foot-strike and
food-off across tasks (Figure 3.5a, Figure 3.4a). Therefore, the generalization performance of foot-
strike and foot-off events with the full ST population activity was already quite high, leaving small
room for improvements after projection onto the locomotion-dependent subspace. Generalization
performance of the full M1 population lies in the middle of PMd and S1, and benefited from a pro-

jection onto the low-dimensional locomotion-dependent subspace.

3.4.6. Locomotion-subspace for generalized control of neurotechnologies

Although neural correlates with behavioral parameters during locomotion can be used to
train decoders that accurately predict the parameters on the tasks they have been trained on (Fitz-
simmons 2009; Weiguo Song et al. 2009; Yin et al. 2014; Rigosa et al. 2015; Xing et al. 2019), de-
coding models of one type of behavior have not been able to be generalized to other types of be-
haviors (Umeda et al. 2019). Therefore, it remains difficult to determine whether the neural correlates
of a single locomotor task truly capture the fundamental building blocks of the neural activity that
control locomotion and whether they differ from the ones that contribute towards the voluntary ad-
justment to behavior across a wide variety of locomotor tasks (Sussillo et al. 2015; Gallego et al.
2017; Russo et al. 2018). Recorded population activity may include intrinsic computations as well as
responses to inputs from other cortical regions or the periphery. In this work, we used dPCA to iden-
tify a set of neural modes with robust latent activity across different types of rhythmic and skilled
locomotion. These locomotion-dependent neural manifolds likely captured the global temporal
evolution (Churchland et al. 2012; Sussillo et al. 2015; Russo et al. 2018) of each cortical region dur-
ing different types of locomotion. Projecting neural activity onto the locomotion-dependent neural
manifold improved decoding performance in tasks that decoders were not explicitly trained on. Alt-
hough the extraction of this locomotion-dependent neural manifold that can be used to improve
generalization performance required monkeys to perform the 5 tasks in the same session, an analysis
of what combination of 2 tasks provides significant improvements in generalization may already fa-
cilitate the development of decoders that can be used to control neurotechnologies in a variety of
non-trained tasks.

Neurotechnologies used to restore function in patients with neuromotor disorders (Ethier et
al. 2012; Bouton et al. 2016; Donati et al. 2016; Seanez-Gonzalez et al. 2016; 2017; Biasiucci et al.
2018; Wagner et al. 2018) will need to adapt to the changing environment of everyday life (Shenoy
and Carmena 2014). Having a clear understanding of the complex activity patterns of neurons in the

different regions of the sensorimotor cortex, and the mechanisms by which their populations of
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neurons can generate a rich repertoire of behaviors, will allow the development of user-controlled

neurotechnologies that can adapt to the ever-changing environments of daily life.
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3.5. MATERIAL AND METHODS

All the surgical and behavioral training procedures were described in chapter 2.1, 2.3 and

2.4.

3.5.1. Data pre-processing

Gait events, namely foot-off and foot strike, were manually marked by visual video inspection

in MATLAB (Mathworks, USA). Gait cycles were rejected if the duration of the step was longer than
1.5 seconds, and based on gait cycle duration and stance duration relative to the gait cycle with an
outlier detection algorithm. Outliers in step and stance duration were detected as exceeding 1.5
times the 75th and 25th interquartile range. In total, there were 295, 312, 124, 208 and 256 steps for
corridor, ladder, stairs, obstacles and treadmill at 3km/h, respectively in Mk-Nt, 140, 197, 176, 66
and 320 in Mk-Ek, and 74, 64, 110, and 68, in Mk-Ka. Mk-Ka performed the treadmill task on a sepa-
rate session. Therefore, Mk-Ka treadmill trials are not included in this analysis.
Kinematic 2D coordinates were obtained using DeeplLabCut (Mathis et al. 2018), a pose estimation
method based on transfer learning with deep neural networks. Pixel coordinates were then imported
into SIMI and combined with a 3D calibration to obtain 3D coordinates of each marker. All kinematic
features (joint angles, speed, etc...) were computed as previously described (Courtine et al. 2005a;
Capogrosso et al. 2016). EMG signals were band-pass filtered (Butterworth filter at 50-450 Hz, 4th
order), rectified, and then low-pass filtered (Butterworth filter at 10 Hz, 4th order) to obtain the EMG
profiles. To extract the spike events, we first concatenated the data streams of all trials of the 5 con-
ditions and sorted using Offline Sorter (Plexon, Dallas, USA) to identify putative single neurons.
Throughout this paper we refer to these as single neurons. For neural population activity and multi-
dimensional analyses (see below), we identified neural units through threshold crossings (-4x RMS)
on each electrode. These could include well-isolated single units as well as multi-units. Throughout
this paper we refer to these as neural units. For both, single and neural units, we counted the number
of spikes occurring in 10ms bins matching the 100 Hz kinematic data and finally we converted them
to an instantaneous firing rate by convolution with a Gaussian kernel (50ms standard deviation) to
compute a smooth firing rate. Both EMG profiles and firing rates were down-sampled to 1KHz for
storing purposes.

We computed the average firing rate of single neurons for each task by normalizing the time
of each step as a percentage of the gait cycle. Steps from foot-strike to foot-strike were resampled
to a uniform length of 100 samples using the MATLAB function interp 1. Foot-off events were forced
to be at 60% of the gait cycle. This procedure creates firing rate vectors that can be averaged across

steps of different durations and can be defined as the discharge rate of the ‘average neuron’ in the
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sample during the step (Armstrong and Drew 1984b; Capogrosso et al. 2016). Note that the align-
ment of firing rate to normalized time does not change peak firing rate or modulation depth. As a
precaution, we confirmed that the distribution of foot-off was centered at 60% of the gait cycle for
the different conditions (data not shown). The same procedure was used to align and average mul-

tiunit activity, kinematics and EMGs.

3.5.2. Single neuron correlates

We computed the preferred gait phase of each neuron was as the time (percent) of peak in
average firing rate. Neurons were ordered by their preferred gait phase on each task for plotting in
Figure 3.2d, so that neurons that fired immediately after foot-strike appear at the top on the panel.
In Figure 3.5a, neurons were ordered by their preferred gait phase on the corridor task, and the
same order was kept on the panels of the other tasks.

For each pair of tasks (5 tasks, 10 comparisons), we computed the correlation coefficient (r)
between average neuronal responses measured in each task to obtain a distribution of r across all
neurons in a cortex for each day. To compare the change in preferred gait phase across tasks for
each cortical region, we computed the circular standard deviation (Zar 1999) using the Circular Sta-
tistics Toolbox for MATLAB. Each procedure created a distribution of neural correlates for each cor-
tical region in one session. The average of this distribution represents each gray circle in Figure
3.5¢c. Comparisons across cortical regions were performed by computing the average across ses-

sions (bars *+ s.d.) and performing a Wilcoxon signed rank test.

3.5.3. Dimensionality estimates for task-dependent neural manifolds

We estimated the dimensionality of neural manifolds based on the conceptual framework
developed by Machens et al (Machens et al. 2010) and then adapted by Perich et al (Perich et al.
2018). We sought to estimate an upper bound of the variance that could be explained by noise using
trial-to-trial variation in each unit's firing rate. We first subtracted the activity of a random pair of steps
and performed Principal Component Analysis (PCA) on the residuals. We iterated this process 1000
times to build a distribution of eigenvalues for each principal component. The noise-related variance
was estimated by a 99% threshold on the obtained distributions. We estimated the dimensionality
of the dataset as the number of components needed to explain 95% of the remaining variance after

having removed the variance that could be explained by noise (Figure 3.7a).
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3.5.4. Comparison of task-dependent neural manifolds

To assess whether neural manifolds from the different tasks were similar to each other, we
compared the dimensionality estimates of individual tasks to the dimensionality of the 5 tasks com-
bined (Figure 3.7b). We performed dimensionality estimates for individual tasks within a session
(color bars in Figure 3.7¢) and all tasks within a session combined (gray bars). To rule out the possi-
bility that the increase in dimensionality was driven by a single task of high dimensionality compared
to the others, we performed a control experiment where we computed the dimensionality of the
combined-task dataset when a single task was excluded. This method allowed us to understand the
contribution of each task towards the increase in dimensionality of the combined dataset (Figure
3.8b).

Principal angles (Bjérck and Golub 1973) are a measure of similarity between two linear sub-
spaces, thus giving an estimate of the linear independence of the two. We computed principal an-
gles between two m-dimensional neural manifolds as implemented by Gallego et al (Gallego et al.
2018). In this process, basis vectors are sequentially ordered from the smallest angle to the biggest.
Those basis were computed to minimize the principal angles between the two manifolds. To com-
pute the principal angles between two m dimensional manifolds, we can consider two m x t matrices
A and B with orthonormal basis of their latent space W,, W, of size n x m, we defined the principal

angles as the cos™? of the diagonal elements of matrix C, such that:

w,”w, = p,cP,” (3.1)

where P, and P, of size mxm are a new basis of the low-dimensional subspaces minimizing the
principal angles. In this example, m is the number of dimensions, n is the number of recorded neural
units, t is the number of time samples. For each comparison of two manifolds, the m number of
dimensions being compared was equal to the dimensionality of the task manifold with the lowest
dimensionality. As control, we estimated principal angles between all tasks where we set the mani-
fold dimensionalities m to be 15 (Figure 3.9). This somewhat arbitrary selection of the number of m
dimensions does not affect the results in principal angles (Gallego et al. 2018). To establish whether
these principal angles were significantly small, we generated 10,000 surrogate datasets according
to the Tensor Maximum Entropy (TME) method of Elsayed et al (Elsayed and Cunningham 2017). We
considered principal angles to be significantly small (with a probability P < 0.001) if they were lower
than a threshold defined by the 0.1th percentile of the distributions of principal angles between
surrogate datasets. We computed principal angles between real and surrogate datasets in 10 pos-

sible combinations of the five tasks.
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As an additional method to assess whether two task-dependent manifolds were similarly ori-
ented, we measured how much of the neural variance of one task could be accounted for when we
projected the data of that task onto the neural manifold of a different task (Elsayed et al. 2016). We
computed the variance accounted for (VAF) when projecting the data of task 1 onto the neural man-
ifold of task 2, and compared it to the VAF when data from task 1 was projected onto the neural
manifold of task 1. If the two task-dependent manifolds have almost identical orientations, we would
expect the ratio of the two VAF to be close to one. Variance accounted for was computed in terms

of the corresponding reconstruction error as described in Gallego et al (Gallego et al. 2018):

2 2
X[ —|IX = DmEmX
var, = K= 1X - DuEnx
|Ix1]

(3.2)

where the n by t data matrix X matrix contains the trial-averaged data, and matrices E,,, and D,, are
the encoding and decoding matrices respectively. The E,, matrix projects the original neural data
onto the m-dimensional neural manifold, and the D,,, matrix optimally reconstructs the original neu-

ral data from the latent activity.

3.5.5. Separation of neural activity into task-dependent and task-independent com-

ponents

We used dPCA (Kobak et al. 2016), a linear dimensionality reduction technique, to under-
stand the role of neural activity in the generation of movement across and within locomotor tasks.
This approach decomposes neural population activity within each cortical region into parameter
specific averages: a task-dependent part that is obtained by averaging population responses for
different tasks over the gait cycle, and a task-independent part, obtained by averaging the responses
over tasks. The ability to identify a single task-independent neural manifold for all tasks within a ses-
sion is possible when there is a strong similarity in orientation of the corresponding task-dependent
manifolds (Gallego et al. 2018) (Figure 3.10c).

We begin by concatenating mean-subtracted, trial-averaged, neural data into a 3-dimen-
sional matrix X of size nx p x 100 where n is the number of channels per cortex, p the number of
tasks and 100 the length of the time-wrapped average firing rate for each condition. This matrix X is

decomposed into a sum of matrices describing Xy behavioral parameters, plus measurement noise

Xnoise:

X = Zng + Xnoise (33)
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Given the decomposition in (3.3), the loss function of dPCA is given by:

Ly = |IXo —FeDeX”Z (3.4)

where decoder matrix Dg and encoder matrix Fg are two distinct linear maps, and the activity to be
reconstructed is the one demeaned with respect to one of the parameters. In our case, we have only
two behavioral parameters 8: the time (percent of gait) along the trial, and the task. After this mar-
ginalization where neural activity is decomposed into parameter-specific averages, it becomes pos-
sible to extrapolate the activity related to one parameter by subtracting the average activity of the
other parameter. The remaining activity represents the activity related to only one parameter. A de-
tailed description of dPCA for neural population data has been given by Kobak et al (Kobak et al.

2016).

3.5.6. Signal variance
Using the decomposition in (3.3), we can split the fraction of explained variance of each
dPCA component into the additive contributions of each marginalization. To compute the fraction

of variance explained by each dPCA component, we use:

) ||Xev||2 - |1Xg - FDX@HZ

R% =
lixi|?

(3.5)

We used this decomposition to show how the variance explained by each dPCA component
is split between each marginalization in Figure 3.10d. The pie charts in Figure 3.10d show the
amount of total variance explained by each marginalization. A detailed description of the estimation
of the amount of variance in different marginalizations with subtracted estimated contributions of

the residual noise variance has been given by Kobak et al (Kobak et al. 2016).

3.5.7. Decoding of gait events and generalization across tasks

To assess whether the locomotion-dependent neural components captured valuable contri-
butions of neural activity to behavior, and whether these remained stable across locomotor tasks,
we compared the predictions of decoders based on the full neural space to the predictions of de-

coders that used as inputs the neural activity projected onto the locomotion-dependent or the task-
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dependent neural modes. Decoders were trained on the neural and gait event data from the corridor
task and evaluated for generalization performance on the 4 other tasks.

We built neural decoders that predicted gait-related motor states from neural activity based
on a multiclass regularized linear discriminant analysis (rLDA) (Friedman 1989) decoding model as
previously described by our group (Milekovic et al. 2013; Capogrosso et al. 2016).We used the tim-
ings of the manually-marked right hindlimb foot-strike (FS) and foot-off (FO) gait events to identify
sets of neuronal features that could be used to calibrate the decoders. We derived three motor state
classes of neural features based on these two gait events and no event. The amount of neural data
taken before each gait event (feature length), the number of bins within it (feature dimension), and
the regularization coefficient for each decoder were determined based on a measure of mutual in-
formation by cross-validation as previously described by our group (Milekovic et al. 2013). The three
motor state classes of optimized neural features were then used to calibrate the rLDA decoder
model. We computed the probability of every feature vector in the test dataset to belong to either
class using the trained decoder. When one of the motor state probabilities crossed an 80% thresh-
old, that motor state was ‘predicted’. There was a refractory period 100ms after a motor state was
predicted where it could not be predicted again. Decoding performance was quantified by the mu-
tual information as described by MacKay et al (MacKay-Lyons et al. 2013) and used previously by our

group (Milekovic et al. 2013; Capogrosso et al. 2016).
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4.1. INTRODUCTION

In the context of brain-machine interfaces (BMls), fundamental knowledge described in the
previous chapter might be useful for building brain decoders that predict behavioral parameters.
Such approach has already been carried out in a nonhuman primate (NHP) model of spinal cord
injury (SCI) by our laboratory (Capogrosso et al. 2016). Brain signals were recorded from M1 and
used to train a decoder to predict foot off and foot strike. The gait event detection triggered spatio-
temporal spinal stimulation via a dorsal epidural spinal array located below the injury. Therefore, the
information, which were normally conveyed by the spinal cord, digitally bypassed the lesion for al-
leviating gait deficit after SCI (Capogrosso et al. 2016). Along this line, we already built a potential
applicable brain decoder (see chapter 3.3.5); however spinal array technology specific to our ani-
mals was missing. The available spinal array was designed for other macaque monkey species
(Capogrosso et al. 2016) but in an universal fashion (i.e. not subject-specific). We therefore took the
advantage of MRl and CT scan facilities access to build personalized neuroprosthetics targeting the
lumbosacral spinal cord in a subject-specific manner. In this part, | will describe our effort to develop

lumbar spinal cord array in the context of SCI.

4.1.1. Spinal cord injury

Spinal cord injury (SCI) interrupts the communication between the brain and the spinal cir-
cuits. The descending cortico-spinal tract and ascending sensory fibers are damaged, leading to the
loss of motor function, sensation and autonomic function of body parts innervating by circuits lo-
cated below the injury. However, the spinal circuits below the injury remain intact and therefore con-
serve the ability to generate rhythmic motor output (Forssberg et al. 1980; Barbeau and Rossignol
1987). The dormant spinal circuits (Rossignol and Frigon 2011) can nevertheless be reactivated, thus
restoring a connection with supraspinal command. This can be achieved by different therapeutic
strategies: (1) locomotor training (De Leon et al. 1999); (2) pharmacological treatments (Edgerton et
al. 2008); (3) epidural electrical stimulation (EES) of the spinal cord below the injury (Courtine et al.
2008; 2009; van den Brand et al. 2012; Asboth et al. 2018) and (4) combination of the above. EES
has already been applied in human patients with stroke or SCl and showed improvement in upper-

limb function (Cioni et al. 1989) and locomotion (Wagner et al. 2018).

4.1.2. Epidural electrical stimulation mechanisms

Computational and experimental studies have demonstrated that EES of the spinal cord re-

cruits large diameter afferent fibers carrying proprioceptive information (Capogrosso et al. 2013;
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Moraud et al. 2016). These fibers enter the spinal cord via the dorsal roots and their activation mod-
ulates the local spinal circuits in accordance with the natural activity from muscle spindle feedback
(Figure 4.1). Thanks to the local spinal cord circuits, motor output can be appropriately shaped dur-
ing EES (Courtine et al. 2009; van den Brand et al. 2012; Wenger et al. 2014; Moraud et al. 2016;
Wenger et al. 2016).

Figure 4.1 | Biologically realistic neural net-
work of muscle spindle feedback for two an-
tagonist muscles

An electrical current applied on the dorsal aspect
of the spinal cord recruits large proprioceptive af-
ferent(la). Thanks to the local circuits of the spinal
cord, the la modulation via EES will generate ap-
propriate motor outputs. Modified from (Moraud

etal. 2016).

In clinic, EES can been delivered via commercial epidural arrays (Medtronic) commonly used
for the treatment of chronic pain. While this technology showed remarkable effectin human with SCI
(Wagner et al. 2018), their efficiency could be improved with tailored array manufactured based on
the patient’'s own morphology (Borton et al. 2013; Kibleur et al. 2020). Since EES recruits preferen-
tially large proprioceptive afferents via the dorsal roots, an electrode placed laterally achieves better
selectivity of motoneurons (Greiner et al. 2020). Taken together, we piloted an experiment in nohu-

man primate to assess the feasibility of personalized lumbar spinal array for EES.
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4.2. VARIABILITY IN LUMBAR SPINAL CORD MORPHOLOGY

To ensure a successful experiment, the spinal array must be designed in accordance with
the animal size. Based on previous NHPs spinal cord stimulation experiment in our laboratory
(Capogrosso et al. 2016), we performed measurements of lumbar spinal cord of rhesus and long-

tailed macaque monkeys and assessed their variability.

4.2.1. Inter-species variability

Generally, rhesus macaque monkeys (Macaca mulatta) are bigger than long-tailed macaque
monkeys (Macaca fascicularis) (see chapter 2.4). As our animals were adult female fascicularis mon-
keys, we carried out morphological analysis in four other adult female fascicularis monkeys involved
in another studies (Borgognon etal. 2017; 2019). After the sacrifice of these animals, the spinal cords
were extracted and stored in PFA 4%. First, the longitudinal vertebral lengths (from caudal to rostral
dorsal root exit points) were measured with an electronic caliper (150mm, Tesa shop-cal, Tesa Tech-
nology). Then, the length of each segment, defined as the root attachment length plus the upper
inter-root length (Ko et al. 2004), was measured. Three different experimenters performed the meas-
urements four times. Then, we computed the average among the 12 measures. Finally, the average
of the length across monkeys as well as the relation between segmental and vertebral length were
plotted. Based on previous data from our laboratory (Capogrosso et al. 2016), we performed the
same analysis in order to compare the length of lumbar spinal cord from both species. As expected,
the length of the lumbar spinal cord is smaller in fascicularis than in mulatta monkeys. Moreover,
there was a gradual mismatch between the spinal cord segment and the vertebrae as the cauda
equina started between L4 and L5 (Figure 4.2). Consequently, we could not implant the same array

as previously used in (Capogrosso et al. 2016).
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Figure 4.2 | Comparison of lumbar spinal cord
and vertebral length between two macaque
species

The vertebral length (from caudal to rostral dor-
sal root exit points) is represented with the black
rectangles. The spinal cord segments with the
gray rectangles. Left panel: representation of ver-
tebral and spinal segment lengths in rhesus ma-
caque monkeys (Macaca mulatta). Right panel:
representation of vertebral and spinal segment
lengths in long-tailed macaque monkeys
(Macaca fascicularis). Note the that only the ros-
tro-caudal length is scaled in this graph. The

width proportions do not reflect the real size.

4.2.2. Inter-individual variability

The first idea was to develop an universal spinal array for fascicularis monkeys. We thus ac-
quired MRI and CT scans as previously described in chapter 2.4 of our animals. We measured the
ventral vertebral length in the longitudinal (i.e. sagittal) axis and the horizontal spinal cord width

(Figure 4.3).

Figure 4.3 | Vertebral length and spinal cord width in adult female fascicularis monkey

a. Left panel: the vertebral length (orange lines) was measured in a T2 MRI scan for each animal (Mk-EK as an example).
Right panel: bar plots showing the means * standard deviations of all our animals. b. Left panel: for each segment, the
horizontal width (orange line) was taken at the middle of the corresponding vertebrae (purple line). Right panel: means +

standard deviations of all our animals.
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Additionally, 3D replicate of the lumbar vertebral column was 3D printed from CT scan fol-
lowing the procedures described in chapter 2.4 and compared with a dissected vertebral column
from another adult female fascicularis monkey (Mk-CA) from the laboratory (see above). Mk-CA dis-
section confirmed the global morphology of Figure 4.2. However, after aligning both specimens at
T12 vertebra, a gradual misalignment occurred and finally reached a shift of 2.5 cm at L7 vertebra

(Figure 4.4).

Figure 4.4 | Comparison between two adult fe-
male fascicularis monkey

On top, Mk-KA 3D replicate of the lumbar verte-
bral column. On the bottom, dissected lumbar
vertebral column of Mk-CA. T12 vertebra was
easily identifiable as it is the last vertebra with a
rib. Both specimens were aligned at T12. Gradu-
ally, a shift took place. At the last lumbar vertebra
(L7, green dots), the misalignment reached ap-

proximatively 2.5 cm.

The small variability in vertebral length in Figure 4.3 indicated the possibility to use universal
fascicularis lumbar spinal arrays. However, the direct comparison between two animals (same spe-
cies and same gender) favored the design of tailored implants. For safety reason, we chose the sec-
ond option. Indeed, personalized spinal array would better fit specific subject properties such as the
uniqueness of SCl and lumbar morphology. The therapy can also be adjust depending on the sub-

ject's needs (Borton et al. 2013).
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4.3. LUMBAR SPINAL ARRAY PERSONALIZATION

Variability in lumbar vertebral column and spinal cord dimensions across species and indi-
viduals advocated designing personalized lumbar spinal cord implant. The implants must be soft
enough avoiding any compression or damage of the spinal cord. They were thus made of polydime-
thylsiloxane (PDMS) silicone. The activate sites, namely the electrodes, were made of platinum inter-
facing chromium, gold stack for current conductivity. Therefore, the lumbar spinal arrays offered a
good elasticity and biocompatibility. The lumbar spinal arrays were manufactured in the Laboratory
for Soft BioElectronic Interface (LSBI) of Professor Stephanie P. Lacour at EPFL (Minev et al. 2015;
Schiavone et al. 2020). The lumbar spinal arrays were interfacing with an implantable pulse genera-
tor (IPG, Activa RC, Medtronic) through wired connectors of 2x8 stimulation sites. Because of this
limitation and the softness of the array, we designed two lumbar spinal arrays (8 electrodes per ar-
ray), namely the rostral lumbar spinal array and the caudal lumbar spinal array. They covered the

entire lumbar vertebral column.

4.3.1. Lumbar spinal array design

EES recruits large proprioceptive fibers within the dorsal roots (Capogrosso et al. 2013;
Moraud et al. 2016). Thus, electrodes targeting the dorsal root entry points within the spinal canal
would offer an optimal selectivity. We used 3D anatomical reconstructions from CT scans to develop
two personalized lumbar spinal arrays designed according to the size of vertebral bodies of an indi-
vidual monkey (Mk-Ka). The length of the lumbar spinal array was chosen in order to reach dorsal
roots of interest (L1 to L6 roots), while the electrode placement was distributed among its length. By
adopting this strategy, the lumbar spinal arrays covered the proximal and distal muscles of the leg
(Capogrosso et al. 2016). We discarded the midline electrodes as we observed unspecific elicited
movement from these electrodes (Capogrosso et al. 2016). Therefore, we maximized our chances
to recruit dorsal afferents with only lateral electrodes (Figure 4.5). The lumbar spinal arrays were

connected to the IPG allowing wireless stimulation via a stimulator programmer.
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Figure 4.5 | Tailored lumbar spinal arrays in Mk-Ka

a. Overlay between 3D reconstructed lumbar vertebral column and lumbar spinal arrays. This procedures allowed the
proper design of the arrays. The entry point of the caudal array was between vertebrae L6-L7 (bottom blue arrow) and the
exit point between vertebrae L4-L5 (bottom green arrow). The entry point of the rostral array was therefore between ver-
tebrae L4-L5 and the exit point between vertebrae L1-L2. b. Design of the caudal spinal array in mm. The white rectangles
represent electrodes that deliver the electric current. ¢. Design of the rostral spinal array in mm. d. Electrode layout di-
mension in mm. e. Manufactured caudal spinal array. The 8 black arrows show the electrodes. ** shows the spinal array
connector. The green arrow shows the interface between the array and the IPG connector. f. X-ray in Mk-Ka right after the
surgery showing the implanted lumbar spinal arrays: caudal spinal array from electrode 08 (E08) to 15 (E15); rostral spinal

array from electrode 0 (E00) to 07 (EQ7). * shows the IPG. ** shows the array connectors located outside the spinal canal.

4.3.2. Surgical procedure

Once the lumbar spinal arrays manufactured, we performed the surgery (anesthesia and
post-operative care protocols are described in chapter 2.4) that consisted of first performing a dorsal
longitudinal skin incision. We pushed the muscle aside in order to expose the dorsal aspect of the
vertebral column. After vertebra identification, we performed a laminectomy at the entry and exit
points (Figure 4.5a). The spinal array was then attached to a passing elevator allowing its insertion
within the spinal canal as it was more rigid than the lumbar spinal arrays. We then inserted the pass-
ing elevator in the entry point and slid it until the exit point located more rostrally. The passing ele-
vator was pulled out. The lumbar spinal array slid within the spinal canal by gently pulling on the
passing elevator. We adjusted the spinal arrays location by electrically stimulating and assessing the
leg responses. Once correctly placed, we secured the spinal array to the spinal process. Then, the
connector cable (interface with the IPG, green arrow in Figure 4.5e) was tunneled to the abdomen.

We performed a pocket into the abdomen in order to place the IPG for wireless stimulation. We
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plugged in connector to the IPG, suture the muscles and the skin. More detailed about surgical pro-
cedures are found in (Capogrosso et al. 2016; 2018). All the surgical procedures were performed by

a trained functional neurosurgeon (Figure 4.6).

Figure 4.6 | Surgical procedure

Step1: longitudinal skin incision. Step 2: laminectomy at the entry points (L6-L7 and L4-L5 for caudal and rostral spinal
arrays, respectively) and at exit points (L4-L5 and L1-L2 for caudal and rostral spinal arrays, respectively). Step 3: connect
the spinal array to a passing elevator. Step 4: insert passing elevator in entry point and push it until reaching the exit point.
Then, insert spinal array by pulling on the passing elevator. Step 5: secure the spinal array by attaching the connector to

the spinal process (Capogrosso et al. 2016; 2018).
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4.4. SPINAL CORD STIMULATION PROTOCOL DESIGN

A custom-made stimulation protocol (MATLAB_R2017b) prompted a stimulator unit (IZ2H,
Tucker Davis Technologies) for delivering biphasic cathodic-first current pulses (1Hz) of 300us dura-
tion and increasing current intensities ranging from sub-threshold to a saturation value of the rec-
orded muscle activation for the electrode being tested. The muscle activity was amplified (1000x,
PZ5, Tucker Davis Technologies), filtered (50 Hz notch and 10-5000 Hz bandpass) and acquired at
12 kHz via a processor (RZ2, Tucker Davis Technologies) for offline analysis. We stimulated each
electrode with four repetitions of 10 current steps. The average peak-to-peak amplitude of the
evoked muscle response was used to analyze the relationship between the muscle activity and the
stimulation intensity, namely the recruitment curves. The muscle activities were normalized to their
maximal amplitude obtained during the experiment. This experiment was performed right after the

surgery while the animal was still under propofol anesthesia (Barra et al. 2018) (Figure 4.7).

Figure 4.7 | Muscle recruitment during EES

Left panel: X-ray taken right after the surgery showing the location of the electrodes. Middle panel: level of muscle activa-
tion while stimulating with different amplitude for each electrode. Top right panel: motoneurons location within the spinal
cord. Modified from (Capogrosso et al. 2016). Bottom right panel: muscle activity projection of electrode 0 (EO) to the

anatomical location of the corresponding motoneurons.

The recruitment curves computed for the different electrodes showed the spatial selectivity
suggesting good location of the spinal arrays. Given their good selectivity, we therefore designed a

stimulation protocol that reproduced the normal pattern activation during locomotion. We first
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identified the spatiotemporal motoneuron recruitment pattern underlying healthy locomotion on a
treadmill of the same animal. To this aim, we back projected the muscle activity to the anatomical
location of the corresponding motoneuron over a normal gait cycle (average of 30 steps) (Figure
4.8, top panel). We then developed an algorithm that reproduced the spatiotemporal map in a time
window of 50ms for each electrode at 10 different amplitudes (the range was obtained by the re-
cruitment curve analysis). Each obtained spatiotemporal map was compared (Euclidean distance)
with the cropped original map during natural gait (window size= 50ms). The electrode and ampli-
tude giving the smallest Euclidean distance was chosen as the optimal configuration to reproduce
that specific muscle activity. This was then repeated 20 times to cover the entire gait cycle of 1 sec-
ond. Finally, the reconstructed spatiotemporal map of the spinal cord was plotted (Figure 4.8, bot-
tom panel) with the corresponding electrode and given current amplitude (Figure 4.8 middle

panel).

Figure 4.8 | Spatiotemporal map of the spinal
cord during EES

Top panel: spatiotemporal map of the spinal
cord during natural gait in a treadmill in Mk-Ka
(average of n=30 steps). Middle panel: selection
of different available electrodes implanted in Mk-
Ka (see Figure 4.7) at a given amplitude. Bottom
panel: optimal selection of electrodes allowed to

reconstruct a theoretical spatiotemporal map.

Spatiotemporal maps of motoneuron activation showed a successive activation of hotpots
during natural gait. This natural spatiotemporal motoneuron activation can be reproduced by tar-
geting the dorsal roots with EES through the personalized lumbar spinal arrays. Amplitude, duration,
and electrodes can be finely tuned to recreate motoneuron pool activation and therefore find the
most suited EES parameters. Personalized neuroprosthetics (i.e. lumbar spinal array) can be safely

tailored to individual anatomy and potentially help to regain function after SCI.
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4.5. LIMITATION AND CONCLUSION

Personalized lumbar spinal arrays showed good selectivity and could theoretically repro-
duce natural patterns of spinal cord activation through fine tuning of stimulation parameters. Never-
theless, three considerations must be discussed.

First, the surgical procedure is highly challenging. Every step must carefully be reviewed
prior to the surgery and inventory of suitable instruments made accordingly. For instance, the com-
mercial available passing elevator (Medtronic, step 4 in Figure 4.6) cannot be used in adult female
fascicularis monkeys as it is designed for humans, and is therefore too large. Its insertion within the
spinal canal could compress the spinal cord and thus create irreversible damage. Thanks to the ad-
vance in in-vivo imaging and 3D printing technologies (Ploch et al. 2016; Choy et al. 2017), this prob-
lem can easily be tackled before any surgical intervention by designing a passing elevator that fits
the spinal canal of small animals, and has the appropriate stiffness to pass through the spinal canal
without causing damage to the spinal cord (Schiavone et al. 2020). The risk of surgical failure is
thereby minimized.

Second, the reconstructed spatiotemporal map showed in Figure 4.8 was made within a
time range of 50ms. In other words, every 50ms, a stimulation should be delivered to reproduce the
natural spatiotemporal map. Therefore, the chosen IPG must meet this requirement with the smallest
stimulation delay as possible. Moreover, the IPG must be upgraded with wireless communication
modules that enabled real-time control of EES parameters of pre-programmed sequences of stimu-
lations (Capogrosso et al. 2016; Wagner et al. 2018). Finally, the described experiment was per-
formed under anesthesia. During walking, the stimulation would certainly not affect the muscle re-
sponses in the same manner (Gerasimenko et al. 2006). Therefore, the re-evaluation of EES during
walking in healthy condition must be performed (Capogrosso et al. 2016).

Third, the spinal array needs to fulfill various requirements such as robustness, elasticity and
biocompatibility. Therefore, the manufacture of such arrays is highly challenging, especially for long-
term application. Indeed, 20 days post-surgery, the implanted array in Mk-Ka showed mechanical

failure (Figure 4.9).
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Figure 4.9 | X-ray comparison

Left picture: same as Figure 5f but with another
contrast. The most rostral electrode (red circle)
was located at vertebra L2 delimited with the
white dashed line. The array connector (blue cir-
cle) was aligned to the vertebral column. Middle
picture: 20 days post-surgery, the most rostral
electrode was located at vertebra L3 (red circle
below the white dashed line). The state of the
connector was not assessable due to the IPG that
move medially. Right picture: we thus explanted
the IPG three days later and noticed that the spi-
nal array connector was probably broken (blue

circle).

The experience with Mk-Ka helped us to design a conceptual framework of neurotechnology
validation (Schiavone et al. 2020). The validation of neurotechnology translation from the laboratory
to clinical applications can be conceptualized in four steps: (1) tailored design; (2) manufacturing;
(3) in-vitro validation and (4) in-vivo evaluation. Those steps must be re-iterated for optimizing proof-
of-concept prototypes to translational study (Figure 4.10). In our case, we did not test the arrays in-
vitro (step 3); therefore, the risk of failure was high. If we have had tested them, they would most
likely have failed. Therefore, we would have built more robust spinal array before any surgical inter-

vention.
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Figure 4.10 | Conceptual framework for the technology translation
The translational path between innovative technology in laboratory to clinic represents 4 consecutive steps of develop-
ment: (1) design of tailored neuroprosthesis based on in-vivo medical imaging; (2) manufacture of the technology; (3) in-

vitro validation in biomimetic environment and (4) functional and biocompatibility assessments in animal models. Modified

from (Schiavone et al. 2020).

To summarize, tailored neuroprosthetics represented a promising, yet challenging ap-
proach for SCI. Before any in-vivo intervention, the technology must be tested following the concep-
tual framework. Assuming that this approach successfully passes the framework, it may provide a

practical path to establish a similar framework for clinical applications in humans.
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5.1. NEURAL ENCODING

The work presented in this thesis first describes the setup of a reliable technological frame-
work for studying freely behaving monkey in untethered condition. This setup encompassed recent
technologies allowing the simultaneous recording of multiple brain areas, muscle activities and
whole-body 3D kinematics. Additionally, surgeries have been performed in a subject-specific man-
ner based on the anatomy of each animal ensuring the successful positioning of intracortical micro-
electrode arrays. Finally, the percutaneous connectors were anchored to an implanted titanium
mesh integrated to the skull of the animals. This surgical approach led to long term stability of the
implants allowing the recording of the animals for months in several locomotor behaviors.

The animals were trained to perform multiple locomotor tasks (walking in a treadmill, over-
ground walking on a corridor, crossing an uneven horizontal ladder, climbing stairs and obstacles)
while we recorded the neural activity of the dorsal premotor (PMd), primary motor (M1) and primary
somatosensory (S1) cortices. Our hypothesis stated that (1) single unit activity showed different
phase-locked patterns across tasks and; (2) neural population activity is confined to a preserved neu-
ral manifold referred to as locomotion subspace. These two hypothesis were tested and confirmed.
Interestingly, neural dynamic patterns varied along the rostro-caudal axis: from PMd to S1. In the
context of brain-machine interfaces, these patterns of neural dynamics reliably predict locomotor-
related events across tasks.

Although this neural analysis at the population level revealed cortico-specific patterns that
can potentially underlie neuronal mechanisms, the question on how the sensorimotor cortex en-
codes movement remains (Lebedev et al. 2019). Here | will discuss different limitations and future

points than can be assessed.

5.1.1. Further analysis

Cortico-specific neural population dynamics describe how the brain is active during loco-
motion, butdid not portray its causal role with movement (see more details about causality in chapter
5.1.5). Different extended analysis could potentially improve our knowledge about sensorimotor
cortex involvement during locomotion. First, predictive analysis between neuronal modulations and
movement (kinematic or muscle activity) can be used with Granger causality (Wang et al. 2016) or
cross-correlation methods (Fitzsimmons 2009). In the latter, correlation peaks for lags in firing rate
of a neuron preceding the muscle activity (negative lags) could indicate a causal link (Fitzsimmons
2009). However, this method does not take into account biological properties (e.g. fiber lengths,

synaptic delay, etc) of the recorded neuron and the downstream motoneuron; therefore the lags of
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a recorded neuron have to be arbitrary assumed (Mulliken et al. 2008; Takei et al. 2018). Second, at
the population level, cortical activity can be captured in an output-null (= population activity that can
be modulated without affecting downstream target) or output potent subspaces (= population ac-
tivity modulating downstream target) (Kaufman et al. 2014; Perich et al. 2018). M1 and PMd employ
an output-null subspace before the movement occurrence, whereas the output-potent subspace
functionally maps the downstream activity (i.e. muscle activity). In our case, we could therefore com-
pare (e.g. principal angles, correlation, etc) the output-potent subspace with the locomotion sub-
space to further assess their similarity. The hypothesis would be that the locomotion subspace is
more similar to an output potent subspace than to an output-null subspace. If so, the locomotion
subspace would encompass neuronal mechanisms related to downstream activities. Finally, interac-
tion between cortices through communication subspaces might reveal interesting insights on the
routing of population signals between areas (Semedo et al. 2019; Perich et al. 2020). Is the sen-
sorimotor activity compartmentalized within distinct communication subspaces during locomotion?
Assuming that such communication subspaces exist, are the shared information more related to the
locomotion or task subspaces ? Since PMd plays a role in motor planning (Cisek and Kalaska 2005),
the hypothesis is that its receiving information from M1 and S1 are equally related to their locomo-
tion and task subspaces, whereas the other shared information are more related to the locomotion
subspace (Figure 5.1). If true, PMd might thus process task-related information that needs to be
properly integrated for preparatory purposes. Therefore, the other shared information might reflect

temporal features driving locomotion.

Figure 5.1 | Hypothesis of shared information
via communication subspaces during locomo-
tion

Assuming that communication subspaces reside
within the sensorimotor cortex, converging infor-
mation to PMd could be equally related to both
the task and locomotion subspaces of the source
cortex (M1 and S1). This would reflect prepara-
tory information needed to output an adequate

locomotor behavior for a given environment.

5.1.2. Electrophysiological signature of cortical encoding at the cellular level

Depending on the Utah array electrodes location, captured putative neurons are located in
the superficial layers (receiving information from other brain region) or deep layers (containing long

corticofugal neurons) (Donoghue and Wise 1982; Rathelot and Strick 2009; Gerfen et al. 2016;
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Ninomiya et al. 2019) (Figure 5.2). The signals are thus coming from myriad of neurons making
difficult to surely define the neural source of the signal. Some studies addressed this issue by classi-
fying waveform shape to distinguish cell types (Mountcastle et al. 1969; Chaisanguanthum et al.
2017). Paravalbumin-positive (PV+) interneurons, morphologically basket cells, show fast spiking
and narrow waveform profile. In contrast, broad waveform and regular low spiking rate likely corre-
spond to pyramidal cells (Trainito et al. 2019). One possible extended analysis is therefore to assess
the dynamics of distinct neural classes with the hypothesis that pyramidal neurons are more respon-
sible for creating dynamics seen in the locomotion subspace. This analysis would nonetheless re-
quire huge amount of neurons. Unfortunately, we could not perform the same analysis on sorted

units identifying putative neurons as their number was sometimes to low (<7) per sessions.

Figure 5.2 | Histological preparation after Utah array implantation in leg M1

Left panel: frozen left hemisphere block before cutting in a cryostat. a. Location of the Utah array (dashed rectangle). cs =
central sulcus. Middle panel: overview of an histological section after Nissl in magenta and GFAP (astrocytes) in green
immunostaining. Cx = cortex; LV = lateral ventricle ; cc = corpus callosum; Th = thalamus; HPC = hippocampus ; Pn =
Pontine nucleus; ac = anterior commissure as reference. Scale bar = Tmm. Right panel: b. Magnification of leg M1. Cx =
cortex. Scale bar = 500pum. ¢. Magnification of the Utah array localization. Scale bar = 250pum. d. Magnification of two Utah
array electrodes (dashed lines, *). Scale bar = 200um. Note that this animal was involved in another study (Capogrosso et

al. 2016). By the courtesy of Dr. Quentin Barraud.

Traditionally, pyramid tract neurons (PTN) have been identified as corticospinal neurons by
their antidromic responses to stimulation of the pyramidal tract (Evarts 1964; 1968). PTNs fired be-

fore movement onset, and their discharge frequencies are correlated with movement. Moreover,

153



- PART 5 - DISCUSSION AND PERSPECTIVE

some of these PTNs make direct connections to the spinal motoneurons and are therefore in position
to modulate or generate a movement (Rathelot and Strick 2006; Lemon and Kraskov 2019). Taken
these two considerations, PTNs are eminent candidate as ‘command’ neurons (Lemon and Kraskov
2019). One may thereby assume that specific inhibition or excitation of PTNs projecting to the lum-
bar region may unveil the possible causality link between neural activity and movements. Indeed,
the dynamical systems framework recapitulates neural responses during movement, but does not
attempt to ignore the complex features of single-neuron modulation. This complexity might be ex-
plained by underlying dynamics at the population level (Shenoy et al. 2013). Thus, one remaining
question is: what is the underlying neuronal circuit that produces these dynamics (Shenoy et al.
2013)? One could answer this question by perturbating observed dynamical structures by inhibition
or excitation of specific neural sub-populations (Shenoy et al. 2013). The identification of single neu-
rons would help for the understanding of neural encoding. In the next chapter, | will thus present a
pilot experiment conducted on rodents and primates assessing the feasibility and outcome of spe-

cific neural inhibition.

5.1.3. Biological tool to perturb cortical encoding at the cellular level

Recent advances in molecular engineering allow researchers to specifically target neurons
(Sheikh et al. 2018; Wang et al. 2018) by co-injecting a retrograde adeno-associated viral (AAV) vec-
tor carrying cre-recombinase and an AAV cre-dependent vectors (Asboth et al. 2018; Omlor et al.
2019). Thus, the genetic material carried by the AAV cre-dependent vector is only expressed if the
cre protein is transduced. AAV vectors can carry optogenetic, chemogenetic, synaptophysin marker
or axonal markers transgenes (Galvan et al. 2017). Chemogenetic approach seems more suitable
than optogenetic in term of surgical, post-operative following-up and technological challenges, es-
pecially in nonhuman primates. We therefore piloted a chemogenetic study in rodents and monkeys
where we specifically targeted the layer V corticospinal neurons projecting to the lumbar spinal cord
(Figure 5.3). To this aim, we injected leg M1 with a cre-dependent AAV carrying the human musca-
rinic type 4 (hM4Di) designer receptors exclusively activated by designer drugs (DREADDs). During
the same surgery, we injected a retrograde AAV-cre vector in the ventral horn of the spinal cord at
the lumbar level. Additionally, the same surgical procedure was performed with anatomical
transgenes for synaptic quantification along the rostro-caudal axis of the spinal cord. The material

and methods of this work are summarized in chapter 6.1.
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Figure 5.3 | Intersectional viral strategy specifically targeting the layer V projecting neurons to the lumbar spinal
cord

In this example, the monkey was injected with a retrograde cre-vector (rAAV2-CMV-cre) in the ventral horn of the lumbar
spinal cord. During the same surgery, a cre-dependent vector (AAV5-DIO-tdTomato) was injected in the leg area of M1.
After a waiting period allowing viral transduction, only the layer V projecting neurons expressed the axonal marker

tdTomato. cd = caudate nucleus, pu = putamen, th = thalamus, ic = internal capsule.

Our hypothesis was that the layer V lumbar corticospinal tract (CST) neurons (Figure 5.3) are
mainly engaged for voluntary leg movement, while during normal locomotion their inhibition would
affect the behavior to a lesser extent. Our motivation came from the fact that an increase of firing
rate is observed during complex locomotor tasks as compared to treadmill (see chapter 3.3.1) (Drew
1988; Beloozerova and Sirota 1993; DiGiovanna et al. 2016). Moreover, an inhibitory effect would
be more pronounced in nonhuman primates than rodents (Lemon 2008; Friedli et al. 2015). In order
to better understand the extent of a possible inhibition, we first characterize the synaptic density of

the lumbar CST in both species (Figure 5.4).
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Figure 5.4 | Synaptic connectome of the lumbar CST in the spinal cord

a. Intersectional viral strategy for targeting the lumbar CST in rodents (top panel) and monkeys (bottom panel). The axons
(tdTomato) are depicted in red, the synapses (Syn-GFP) in green and the neurons (NeuN) in white. b. Quantification of
synaptic density along the spinal rostro-caudal axis normalized by the maximal density value of all the histological slices
per species. Meanz sd. ¢. Dorsoventral distribution of synapse density along the spinal cord gray matter in three different

spinal levels. Meansem.

The synaptic density of the lumbar CST is located more ventrally in nonhuman primates com-

pared to rodents, which might lay emphasis on the corticomotoneuronal projection (Lemon 2019).
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Moreover, higher density of collaterals at cervical level in nonhuman primates suggest a stronger
lumbar CST involvement for movement.

To further asses the involvement of the lumbar CST in rodents, we specifically inhibited with
clozapine-N-oxide (CNO) (Roth 2016) the lumbar CST transfected with hM4Di DREADDs receptors.
The rats were trained to walk over-ground on a flat surface, across an uneven ladder and to flex the
leg after a vocal go-signal. Therefore, the level of task complexity, from the less complex to the most
complex task, could be assumed to be as followed: 1) over-ground walking, 2) uneven ladder cross-
ing and 3) voluntary leg flexion. After a baseline recording, the rats were injected with CNO (5mg/kg,
intraperitoneal) and were tested on the same tasks 50 minutes after the injection. Behavioral perfor-
mances were assessed with principal component analysis (PCA) performed on 20 kinematic features
and electromyographic (EMG) activities of four muscles, namely iliopsoas (IL), medial gastrocnemius
(MG), semitendinosus (ST) and tibialis anterior (TA). Furthermore, the leg of the animal was attached
to a force sensor during the voluntary leg flexion task. After the behavioral recordings, the animals
were sacrificed and the tissue (brain and spinal cord) collected for histological verification of the viral
transfection. Note that only the swing phase (from foot-off to foot strike) was considered in the loco-
motor tasks (i.e. over-ground and uneven ladder) as no proper stance phase was present in the vol-
untary leg flexion task. Therefore, leg movements across the three different tasks were comparable.

The viral transfection was effective and impressive in rats. The level of transfection was qual-
itatively similar to this observed in a previous study from our laboratory (Asboth et al. 2018) (Figure
5.5a). After CNO administration, the rats encountered difficulties to lift the leg during the voluntary
leg flexion task resulting in a decrease of the generated flexion force (Figure 5.5b, p-value < 0.01,
note that the force was normalized with the maximal peak amplitude for each ratin order to account
for variability across animals). During over-ground walking, no behavioral change was observed.
Thus, both kinematic and muscle trajectories (baseline and CNO) in the PC space as well as the
hindlimb length were overlapping. Furthermore, EMG activity of tibialis anterior (computed as the
area under the curve (AUC) normalized with the maximal area for each rat) pre-post CNO admin-
istration was statistically non-significant (p-value > 0.05) (Figure 5.5¢, top panel). In the uneven lad-
der, similar results were observed, albeit with less pronounced overlap in the PC space as well as the
limb length (Figure 5.5¢, middle panel). Interestingly, during the voluntary leg flexion task, two dis-
tinct trajectories were seen in the PC space. The same was true for the length of the leg during the
time course of the movement. A decrease in EMG activity of the tibialis anterior was present after the

CNO administration (p-value < 0.01) (Figure 5.5¢, bottom panel).
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Figure 5.5 | Inhibition of the lumbar CST in rodents
a. Intersectional viral strategy targeting the lumbar corticospinal tract. b. Left panel: design of a voluntary leg flexion task
in rodent. Middle panel: representative example in one animal after CNO administration. Right panel: decrease in gener-

ated force after CNO administration in 7 rats. €. Comparison of CNO administration effect in 3 different tasks, namely over-
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ground walking, uneven ladder and voluntary leg flexion task. Left panel: principal component analysis (PCA) performed
on 20 kinematic features and activities of four muscles (tibialis anterior, medial gastrocnemius, iliopsoas and semitendi-
nosus). Note that the stance phase was excluded in the locomotion tasks as there was none during the voluntary leg flexion
task (see text). Middle panel: one representative kinematic feature (length of the leg) explaining the PCA variance in all the
7 rats. Right panel: one representative muscle activity explaining the variance in the PC space in all the 7 rats. All the plots
show the mean + sem. Statistically significance (Wilcoxon sign rank test) are shown with * for p-value < 0.05, ** for p-value

< 0.01, “ns” meaning statistically non-significant (p>0.05).

The decrease in leg muscular activity during voluntary leg movement compared to locomo-
tion could reflect higher cortical modulation through the layer V projecting neurons of lumbar spinal
activity. However, this conclusion must be thoroughly validated, as this was a pilot study with only 7
rats. Indeed, many points have to be further addressed. First, the effect of CNO alone was not per-
formed in control animals that did not receive DREADDs receptors, and CNO alone produces be-
havioral effects in healthy rats (MacLaren et al. 2016). A control study is thus crucial. An alternative to
CNO is its metabolite clozapine (Gomez et al. 2017) or deschloroclozapine (Nagai et al. 2020). There-
fore, the same experiment could be repeated by testing this drugs instead of the CNO. Second, the
temporal precision of hM4Di activation might be too slow compared to the duration of the experi-
ment. Therefore, optogenetics—at least in rats—seems more suitable to see an immediate effect of
cells inhibition (Wiegert et al. 2017).

Translation of the DREADDs experiment in nonhuman primates was not successful (data not shown).
The main reason was a poor expression of hM4Di receptors. This issue can be tackle by using a new
engineered hM4Di non-fused with mCherry tag (Galvan et al. 2019). This technique allows a robust
protein insertion into cell membrane comparable to rodents (Galvan et al. 2019). Nonetheless, the
points addressed above still remain. Although local microinjection of CNO inhibits hM4Di-positive
neurons in the primate basal ganglia (Deffains et al. 2020), systemic effects of CNO alone must be
carefully assessed in primates (Raper et al. 2017). In our primate experiment, we saw a behavioral
effect after CNO administration, whereas the hM4Di was almost not present (~3-4 cells per histolog-
ical sections). The behavioral effects encompassed longer stance duration and smaller steps during
over-ground walking as well as missing rungs in the ladder. This result emphasizes the careful ex-
periment design involving CNO administration (MacLaren et al. 2016). Nonetheless, a recent study,
in mice, shows that inhibition mediated by hM4Di of the layer V projecting neurons to the cervical
spinal cord decreased correct paw placement (Wang et al. 2018). Overall, it is reasonable to assume
that layer V neurons encode for fine adaptive locomotion (Serradj et al. 2014). Ideally, combination
of selective inhibition with their corresponding neural activity would definitively help to extend our

understanding of locomotion encoding at the cellular level.
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5.1.4. Technological limitations in single cell encoding

Nature Journal defines ‘neural encoding’ as: “the study of how neurons represent information
with electrical activity (action potentials) at the level of individual cells or in networks of neurons. Stud-
ies of neural encoding aim to characterize the relationship between sensory stimuli or behavioral out-
put and neural signals” 2. Silencing neurons helps to characterizing the relationship between neural
signals and behavioral output. Assuming that specific neural silencing perfectly works, does it mean
that these particular neurons encode an output behavior? In my view, it does not. These neurons
could be arelay layer. Ultimately, the combination of methodological investigation, such as silencing
neurons, spiking activity and calcium-imaging, would definitively help for our understanding. To
date, only few studies have performed in-vivo calcium imaging in primates (Heider et al. 2010; Seide-
mann et al. 2016; Trautmann et al. 2019). Only in the latter study were motor cortical areas assessed,
and only at the dendritic level (not the soma). Moreover, technical issues and or challenges were
reported in all three studies. Few of them are listed as followed: 1) chamber and microscopy geom-
etry; (2) longevity of optical access; (3) image processing (blur images) and (4) neuron identification
(O'Shea et al. 2017). Finally but yet importantly, viral transfection efficiency is a factor to be taken
into consideration as for most of the primate studies. Few cells were transfected, possibly due to the
presence of pre-existing neutralizing antibodies to the viral vectors (Galvan et al. 2017). Thus, screen-
ing the animals for neutralizing antibodies could minimize this problem. Future advances in biotech-
nology might tackle these issues, and we might be able to better define the identity (molecular,
cellular, physiological) and function of the primate CST system. These advances include the possi-
bility of selective neuron block via intersectional viral strategy (Kinoshita et al. 2012) combined with
calcium imaging (Trautmann et al. 2019). Together, they might give further insights of the CST func-
tion (Lemon 2019). Supposing that we are able to precisely monitor and silence every type of neuron,
will it finally answer the question of a causal link between neuronal behavior and movement ? In the
next chapter, | will briefly describe a perspective about neural code. This perspective is proposed

by Jazayeri and Afraz in 2017 (Jazayeri and Afraz 2017).

5.1.5. Searching for the neural code by exploring the neural manifold

Classically, direct perturbation of neural activity via micro-stimulation or neural silencing is
qualified as causal, but conceptually, a causal inference must reside in randomization of the variables
(neural inputs, perturbation, stimuli, etc); otherwise they are correlational. In the motor system, the

layers in the causal chain are numerous, therefore limiting the inferences made from causal

2 https://www.nature.com/subjects/neural-encoding
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observation about the function of motor neurons. In an experiment where a random perturbation is
applied to a given variable (e.g. neural activity of a particular neuron), their relationship is causal.
However, the relationship between all the variables that are not randomized (e.g. brain activity in
another region not directly perturbed) is still correlational. Therefore, the choice of correlation and
causal inference depends on the variable of interest and not of the experimental methods. As pri-
mates show advanced sensorimotor attributes encompassing high-level interaction between neural
population and circuits, a one-to-one causal map proves to be too challenging. Therefore, perturba-
tions of the neural manifold might help the understanding of the neural code. However, this pertur-
bation must respect the intrinsic patterns of activity. Next-generation of tools might thus go beyond
targeting individual neurons types and/or neuronal population but should be able to (1) randomize
correlated patterns of activity and (2) navigate into the neural space through controlled perturba-

tions
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5.2. NEUROPROSTHETICS FOR SPINAL CORD INJURY

In the context of spinal cord injury (SCI), we designed personalized neuroprosthetics con-
sisting of two soft epidural arrays (8 electrodes each) covering the lumbar spinal cord. Previous re-
search conducted by the laboratory proposed a brain-spine interface (BSI) that converts the cortical
neuronal activity from M1 to spatiotemporal spinal stimulation patterns that alleviate gait deficit after
SCI(Capogrosso et al. 2016). Although the method showed remarkable effect, the spinal arrays were
designed in an universal fashion and could trigger ‘only’ flexion or extension of the leg. BSI efficacy
was thus not assessed in complex environment such as staircase or obstacles. We proposed thereby
subject-specific imaging-based spinal arrays that target each individual dorsal roots in order to re-
cruit multiple muscles, increasing therefore the selectivity {Greiner:jh}. The custom-made spinal ar-
rays were implanted and tested in one anesthetized animal. Although the implants showed remark-
able specificity, the challenges of long-term durability persist. | will thus briefly discuss future appli-

cation of spinal epidural electrical stimulation (EES).

5.2.1. Epidural electrical stimulation: a long clinical story

Historically, spinal EES was already applied for the treatment of chronic pain in the 1960s
but was recommended for treatment of motor disorders by Guillaume-Benjamin Duchenne in 1855
(Siegfried et al. 1978). Amelioration of quality of life was demonstrated after acute and chronic im-
plantation of EES devices at cervical level in patients with multiple sclerosis, SCl and stroke in the late
1970s and early 1980s (Siegfried et al. 1978; Campos et al. 1981; Siegfried et al. 1981; Barolat-Ro-
mana et al. 1985; Waltz et al. 1987; Cioni etal. 1989). In 1998, spinal EES efficiency, reported in 1336
patients suffering from multiple motor disabilities (SCI, dystonia, cerebral palsy, etc), depends on
the tuning parameters (polarity, frequency of stimulation and field configuration) (Waltz 1998). In
paraplegic patients, continuous stimulations at the lumbosacral level (Harkema et al. 2011; Angeli et
al. 2018) might show less beneficial outcomes than stimulation patterns coinciding with the intended

movement (i.e. spatiotemporal stimulations) (Wagner et al. 2018).

5.2.2. Future directions: combinatorial therapies

The above study (Wagner et al. 2018) utilized commercial spinal arrays normally used for
chronic pain treatment. Therefore, the efficiency of EES might be enhanced with subject-specific
neuroprosthetics (Borton et al. 2013; Courtine and Bloch 2015). However, such neuroprosthetics
must carefully be assessed and validated in-vitro and in animal models (Schiavone et al. 2020). More-

over, the commercialization process might take several years. Therefore, the SCI research
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community can combine different biological therapies with available clinical EES. Ultimately, the
combinatorial therapy might include stem-cell grafts (Koffler et al. 2018; Rosenzweig et al. 2018),
chemical components (Anderson et al. 2018; Kucher et al. 2018; Rosenzweig et al. 2019) and spati-
otemporal EES (Wagner et al. 2018). This proposed approach will only be successful with a dedi-
cated multidisciplinary team of neuroscientists, biologists, engineers, neurosurgeons, and neurolo-
gists (Courtine and Sofroniew 2019). Validation of such combinatorial approach must nevertheless
be assessed in animal models from which the therapeutic strategy have emerged through funda-

mental research (Rouiller 2012).
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6.1. APPENDIX 1

This appendix describes the material and methods used in the pilot experiment presenting
intersectional viral tracing and neural silencing using Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) (technique in chapter 5.1.2). This work was performed at the laborato-

ries of Prof. Grégoire Courtine at Campus Biotech, and Prof. Erwan Bezard at Motac neuroscience.

6.1.1. Animal models

Rodent experiments were conducted on adult female Lewis rats (180 to 240g). Housing, sur-
gery, behavioral experiments, and euthanasia were performed in accordance with Swiss Veterinary
Law guidelines. All the experimental procedures were approved by the Veterinary Office of the Can-
ton of Geneva (Switzerland).

Nonhuman primate experiments were conducted on four adult macaque monkeys (two fe-
males, Macaca fascicularis, weighing between 3.3 and 4 kg, and two males, Macaca mulatta, weigh-
ing between 6.3 and 7.0 kg). Experiments were approved by the Institutional Animal Care and Use
Committee of Bordeaux (CE50, France) and performed in accordance with the European Union di-
rective on the protection of animals used for scientific aims in an AAALAC-accredited facility. Each
monkey was housed in cages accepted by European guidelines (2m x 1.6m x 1.26m) with play items

and soft music. The animals had free access to water and received food ab libitum.

6.1.2. Surgeries

The rats were anesthetized with isoflurane inhalation (1.0 - 2.0%). Prior to induction, the fol-
lowing medication was injected subcutaneously: 0.03ml of Dorbene and 0.5 ml NaCl 0.9% Rimadyl
(Carprophen). The post-operative care consisted of analgesia (buprenorphine, Essex, 0.01 - 0.05
mg/kg, s.c.) and antibiotic (Baytril 2.5%, Bayer Health Care AG, Germany, 5-10 mg per kg, s.c. or
Clamoxyl, Zoetis, France, 0.5mL per kg, s.c.) administration for 5 days following the surgeries. Simi-
larly to chapter 2.3, bipolar intramuscular electrodes were implanted for electromyographic record-
inginthe iliopsoas, medial gastrocnemius, semitendinosus, and tibialis anterior. The wires were con-
nected to circular percutaneous Omnetics connectors cemented to the skulls of the animals. Virus
delivery was performed through stereotaxic injections using glass pipettes, driven by a nanoliter
pump (UMP3-1 injector and Micro4 Controller, WPI system) at a rate of 3nlL/s. To prevent any reflux,
the needle was withdrawn 2 minutes post-injection. Twelve Tmm rostro-caudal spaced injections (6
per side, 250nL per injection sites) of the retrograde cre vectors were performed in the spinal cord

(-1.5mm dorsoventral; +0.7mm mediolateral) at L1-L2 vertebral lumbar level. Twelve cortical
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injections (6 per hemisphere, 250nL per site) were performed (rostro-caudal: -0.5mm, -1.5mm and -
2.5mm; mediolateral: +2mm and +3mm from bregma and -1.4mm dorsoventral). One hemisphere
received the viral tracers (Syn-GFP and TdTomato), whereas the other received the DREADDs recep-
tors (hM4Di).

In monkeys, all surgical procedures were performed under general anesthesia of 1-3% isol-
flurane, with hydration provided via continuous intravenous infusion of Ringer solution (5ml / kg / h).
One day before the surgery, the animals received antibiotics (Duphamox, 15mg kg-1, subcutaneous
injection). Prior to the surgery, monkeys were sedated with atropine (0.04 mg kg-1) and ketamine
(10 mg kg-1, intramuscular injection). Anesthetic cream (Xylocain) was applied before the subjects
were intubated. The post-op care consisted of daily administration of painkillers (Meloxicam, 0.2mg
kg-1, subcutaneous injection) for 3 days, and 6 days of daily antibacterial administration (Enroflaxine,
5mg kg-1, subcutaneous injection and Ceftriaxone sodium 100mg kg-1, intramuscular injection).
Microinjections were performed with the same material and protocol as for rodents. Apart from the
glass pipette, we used 10pl Hamilton syringes and 33G needles. In the female macaque monkeys,
ten unilateral spinal microinjections were performed at vertebral level L1, spaced by 1Tmm, at Tmm
from the midline, and -3mm dorsoventrally to target the ventral horn of the spinal cord. About 30
cortical microinjections were performed (contralateral to the spinal injections) in the leg primary mo-
tor cortex, following (Rosenzweig et al. 2009) protocol. The syringe contained a mixture of the 3
viruses: tdTomato, Syn-GFP, and DREADDs receptors. In the male macaque monkeys, about 40 bi-
lateral spinal microinjections (20 per side) were performed at vertebral level L1 and L2, spaced by
Tmm, at Tmm from the midline, and at -3mm dorsoventral depth. About 30 microinjections were
performed in one hemisphere with the viral tracer cocktail (Syn-Myc and tdTomato), while ~30 mi-

croinjections were performed in the other hemisphere with the DREADDs receptors.
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6.1.3. Viral vectors

All the viruses are summarized in the following table:

Table 6.1 | Viral vectors

All viral vectors used are listed in this table. Most
were supplied by the laboratory of Prof. Patrick
Aebischer and Dr. Bernard Schneider from EPFL.
* Physical titer is a measurement of how much vi-
rus is present, and is expressed as the amount of
viral genome per ml (vg/ml), or as genome cop-
ies per mL (GC/ml).

** Could be trans-synaptic.
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6.1.4. DREADD-mediated inactivation experiments

Rat testing was performed 50 minutes after intraperitoneal injection of clozapine-N-Oxide
(CNO) (5 mg/kg, diluted in saline). Prior to CNO testing, all the rats were recorded without any in-
jection.

Monkey testing was performed 15 minutes, 60 minutes, 90 minutes and 180 minutes after
CNO injection (5 mg/kg or 10mg/kg). The injection was performed either intravenously (saphenous

vein) or subcutaneously.

6.1.5. Kinematic and muscle activity recordings

All rat procedures are detailed in (Dominici et al. 2012; Asboth et al. 2018). Briefly, during
over-ground and ladder conditions, bilateral leg kinematics were captured using the Vicon high-
speed motion capture system (Vicon Motion Systems, UK), consisting of 12 infrared cameras (200
Hz). Reflective markers were attached bilaterally at the iliac crest, the greater trochanter (hip joint),
the lateral condyle (knee joint), the lateral malleolus (ankle), and the distal end of the fifth metatar-
sophalangeal joint. The same procedure was applied during voluntary hip flexion (custom-made
CAD platform with force sensor (DFS-BTA sensor, Vernier) connected to Vicon system) but only on
one leg. During the three tasks, the four muscles were recorded simultaneously with kinematics. The
signals (2 kHz) were amplified, filtered (10-1,000 Hz butter worth bandpass), stored, and analyzed
offline to compute the amplitude, duration, and timing of individual bursts.

The monkey kinematics were recorded as previously described in chapter 2.1.2.

6.1.6. Perfusion and histological preparation

Animals were deeply anesthetized with pentobarbital (50mg/ml; 0.5ml; intraperitoneal) and
transcardially perfused with about 100ml PBS with heparin followed by 250ml of cold 4% paraform-
aldehyde (PFA) pH 7.4. The brains and spinal cords were dissected out and were treated with an
overnight post-mortem perfusion in PFA4% at 4°C. The tissue was then transferred to a 30% sucrose

solution in PBS, after which it was cut to a thickness of 40pm on a cryostat.

6.1.7. Immunohistochemistry

Free-floating sections were first washed 3x in 0.1M PBS and in 5% normal goat serum with
0.3% triton. Sections were then incubated with a primary antibody (mouse anti-NeuN (1:300,
Chemicon #MAB5262, Millipore Corporation, USA) overnight at 4°C. Sections were then washed

three timesin 0.1 M PBS and incubated with a secondary antibody (Alexa Fluor 647, goat anti-mouse
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#A21235; Molecular Probes, Life Technologies, USA). Then, the sections were washed for 10 minutes
in PBS 0.1M, labelled over 15 minutes with DAPI (1:5000 in PBS 0.1M), and washed again in PBS
0.1M. Finally, the sections were mounted on histological slides and covered with a cover glass glued
with Mowiol. All histological sections were acquired at 10x and 20x with a slide scanner microscope

(Olympus VS120).

6.1.8. Synaptic connectome in the spinal gray matter analysis

We first used Fiji (version 2.0.0) to process the histological images. For each spinal segment,
we then extracted the ten best-quality histological slices (not torn up, good staining) only in the
green channel (Syn-GFP). We saved them in jpeg format. We then used a custom-made densitome-
try analyzer in MATLAB that allowed the computation of the synaptic density. We first converted the
image into a binary format and manually selected a threshold (the same for all the images). A circu-
larity criterion C (C=4*n*A/P?, where C is the circularity, A the area of pixels that connect to each
other, and P the perimeter of the same pixels) was used to minimize the noise, as the threshold was

not sufficient (Figure 6.1).

Figure 6.1 | Synaptic density analysis pipeline
The semi-automated image analyzer optimized the signal-to-noise ratio after applying a threshold and filters (size and

circular).
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ences Fribourg, Switzerland & Lemanic Neuroscience Doctoral School
- Thesis title: Neural population dynamics in premotor, motor and soma-
tosensory cortices during locomotion in primates
- Directors: Prof. E.M Rouiller & Prof. G. Courtine

MSc of Science in Neuro & developmental biology 2013 -2015
- University of Fribourg, Department of Medicine, Fribourg, Switzerland
- Thesis title: Transplantation of autologous neural cell ecosystems as ther-
apy for Parkinson’s disease: a preclinical study
- Director: Prof. E.M Rouiller

BSc of Science in Biology 2009 - 2013
- University of Fribourg, Department of Medicine, Fribourg, Switzerland
- Thesis title: Brain plasticity following neonatal hippocampal lesion in mon-
keys : quantitative analyses of c-fos immediate-early gene expression
throughout the medial temporal lobe
- Director: Prof. P. Lavenex

RESEARCH EXPERIENCE

Defitech Center for Interventional Neurotherapies (NeuroRestore), Switer- 2020 - present
land &
Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland &
University Hospital Lausanne (CHUV), Switzerland (CHUV)
Center for Neuroprosthetics and Brain Mind Institute (Prof. G. Courtine)
Department of Clinical Neurosciences (Prof. J. Bloch)
Head of the Translational Division
- Management of non-human primate experiments (mechanisms of re-
covery after subcortical stroke, cell auto-transplantation after cortical
stroke and single cell RNA sequencing after spinal cord injury)
- Supervising PhD students
- Analysis of neural population dynamics during motor behaviors

University of Fribourg, Fribourg, Switzerland & 2016 - 2020
Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland

Department of Neuroscience and Movement Science (Prof. E.M. Rouiller) &

Center for Neuroprosthetics and Brain Mind Institute (Prof. G. Courtine)

PhD student in Neuroscience



- Aim 1: implementing an universal brain decoder for locomotion and
design of personalized neuroprosthetic for spinal cord injury

- Technigues: macaque behavioral training, wireless electrophysiology,
brain-spine interface design for spinal cord injury, laboratory surgical
suite design

- Aim 2: understanding the neural encoding of locomotion in rodent

- Techniques: viral tracing (intra-spinal and intra-cortical microinjection),
electrophysiology recordings during locomotion and voluntary leg
movements, advanced histology analysis (CLARITY and automatized
densitometry)

- Aim 3: assessing the connectome of the lumbar cortico-spinal tract in
primate (work performed at Motac Neuroscience Ltd, Beijing, China)

- Techniques: viral tracing (intra-spinal and intra-cortical microinjection),
electrophysiology recordings during locomotion and voluntary leg
movements, surgical implantation of intra-cortical, epidural-spinal and
intra-muscular electrode

University of Fribourg, Fribourg, Switzerland
Department of Medicine (Prof. E.M. Rouiller)
Laboratory assistant
- Histological assessment of cell graft in the non-human primate stria-
tum
- Fine manual dexterity assessments in non-human primate

Department of Medicine (Prof. C. Bourquin)
Animal welfare collaborator
- Management of a specific-pathogen-free (SPF)-like animal mice facility
in a laboratory of cancer immunotherapy
- Weekly follow-up of animal well-being

University of Fribourg, Fribourg, Switzerland
Department of Medicine (Prof. E.M. Rouiller)
MSc of Science in Neuro & developmental biology
- Manual grasping and control of force in non-human primates before
and after biopsy lesion in the prefrontal cortex
- In-vivo brain imaging (PET scan, MRI & CT) assessments in non-human
primate model of Parkinson's disease after autologous neural cell eco-
system transplantation
- Cortico-bulbar projection following a lesion of the central nervous sys-
tem in non-human primates
- Fine manual dexterity assessments in non-human primate model of Par-
kinson's disease after autologous neural cell ecosystem transplantation

University of Fribourg, Fribourg, Switzerland
Department of Medicine (Prof. P. Lavenex)
BSc of Science in Biology
- Brain plasticity following neonatal hippocampal lesion in non-human
primates: quantitative analysis of immediate-early gene c-fos expres-
sion throughout the medial temporal lobe.

2015

2014 -2015

2013 -2015

2009 - 2013



PEER-REVIEWED JOURNAL PUBLICATIONS AND PROCEEDINGS

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Badi, M.*, Borgognon, S.*, O'Doherty, J.E. & Shokur S.# (2020). Cortical stimulation for soma-
tosensory feedback: translation from nonhuman primates to clinical applications. Book chapter
in: 'Somatosensory Feedback for Neuroprosthetics', ed. Burak Gugli. Elsevier/Academic Press.

In press.

Greiner, N.#, Barra, B., Schiavone, G., James, N., Fallegger, F., Borgognon, S., Lacour, S.P.,
Bloch, J., Courtine, G. & Capogrosso, M.* (2020). Recruitment of upper-limb motoneurons with
epidural electrical stimulation of the primate cervical spinal cord. Nature Communication. In

press.

Borgognon, S.*, Cottet, J., Badoud, S., Bloch, J., Brunet, J.-F. & Rouiller, E.M. (2020). Cortical
Projection From the Premotor or Primary Motor Cortex to the Subthalamic Nucleus in Intact and
Parkinsonian Adult Macaque Monkeys: A Pilot Tracing Study. Frontiers in Neural Circuits. 14,
1193 -10.

Schiavone, G., Kang, X., Barra, B., Fallegger, F., Vachicouras, N., Roussinova, E., Furfaro, I.,
Jiguet, S., Seafiez, |., Borgognon, S., Rowald, A, Qin, L., Qin, C., Bezard, E., Bloch, J., Courtine,
G., M. Capogrosso, M. & Lacour, S.P.#(2020). A translational framework for implantable soft bi-
oelectronics. Advanced Materials, , 24, 1906512-10.

Borgognon, S.*, Cottet, J.*, Moret, V., Chatagny, P., Carrara, L., Fregosi, M., Bloch, J., Brunet,
J.-F., Rouiller, EEM.**# & Badoud, S.** (2019). Fine Manual Dexterity Assessment After Autolo-
gous Neural Cell Ecosystem (ANCE) Transplantation in a Non-human Primate Model of Parkin-
son's Disease. Neurorehabilitation and Neural Repair, 33(7).

Fregosi, M., Contestabile, A., Badoud, S., Borgognon, S., Cottet, J., Brunet, J.-F., Bloch, J.,
Schwab, M.E., & Rouiller, E.M.# (2019). Corticotectal Projections From the Premotor or Primary
Motor Cortex After Cortical Lesion or Parkinsonian Symptoms in Adult Macaque Monkeys: A Pilot
Tracing Study. Frontiers in Neuroanatomy, 13, 1193.

Fregosi M., Contestabile, A., Badoud, S., Borgognon, S., Cottet, J., Brunet, J. F., Bloch, J,,
Schwab, M.E., Rouiller E.M.* (2018). Changes of motor corticobulbar projections following dif-
ferent lesion types affecting the central nervous system in adult macaque monkeys. The Euro-
pean Journal of Neuroscience, 591(suppl. 1), 5453-21.

Badoud, S.*, Borgognon, S.*, Cottet, J.*, Chatagny, P., Moret, V., Fregosi, M., Kaeser, M., Fortis,
E., Schmidlin, E., Bloch, J., Brunet, J.-F. & Rouiller, E.M.# (2017). Effects of dorsolateral prefrontal
cortex lesion on motor habit and performance assessed with manual grasping and control of
force in macaque monkeys. Brain Structure and Function, 222(3), 1193-1206.

Borgognon, S.*, Cottet, J.*, Moret, V., Chatagny, P., Ginovart, N., Antonescu, C., Bloch, J., Bru-
net, J.-F., Rouiller, E.M.* & Badoud, S. (2017). Enhancement of Striatal Dopaminergic Function
Following Autologous Neural Cell Ecosystems (ANCE) Transplantation in a Non-Human Primate
Model of Parkinson’s Disease. Journal of Alzheimer's Disease & Parkinsonism, 7(5), 1-11.

*co-first authors, *corresponding author, **co-senior authors



PRESENTATIONS

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Neural population dynamics are cortex-specific in premotor, motor, and somatosensory corti-
ces during locomotion (2020) - oral - The Day of Cognition - Fribourg, Switzerland.

Anatomical and functional properties of the lumbar corticospinal tract in rodent and non-human
primate (2019) - poster - Gordon Research Conferences (GRC), CNS injury and Repair - Water-
ville Valley (NH), USA.

Personalized brain-spine interfaces in freely-behaving non-human primates (2018) - poster -
Society for Neuroscience (SfN) - San Diego (CA), USA.

Personalized brain-spine interfaces for spinal cord injury rehabilitation in freely-behaving non-
human primates (2018) - poster and oral - Lemanic Neuroscience Annual Meeting - Les Diabler-
ets, Switzerland.

Brain-spine interface (BSI) technology for restoration of locomotion in non-human primates -
oral - Lemanic primate meeting - Fribourg, Switzerland.

Autologous neural cells ecosystem (ANCE) transplantation as therapy for Parkinson’s disease: a
promising approach (2016) - poster - IBSA Foundation - Geneva, Switzerland.

Autologous neural cells ecosystem (ANCE) transplantation as therapy for Parkinson’s disease: a
promising approach (2016) - oral - Cognition day - Fribourg, Switzerland.

Adult neural progenitor cells autotransplantation in a non-human primate model of Parkinson's
disease: a pre-clinical study (2016) - poster - Federation of European Neurosciences Societies
(FENS) - Copenhagen, Denmark.

Adult neural progenitor cells autotransplantation in a non- human primate model of Parkinson's
disease: a pre-clinical study (2015) - poster - XXI World Congress on Parkinson’s disease and
Related Disorders - Milan, Italy.

[10] Contribution of dorsolateral prefrontal cortex (dIPFC) in fine motor tasks execution in non-hu-

man primates (2015) - poster - Swiss Society for Neuroscience - Fribourg, Switzerland.

AWARDS AND HONORS

(1]

(2]

1%t place winner - Poster prize at Center for Neuroprosthetics EPFL Retreat 2020, Lavey-les-
Bains, Switzerland

1t place winner - Abstract award competition 2016 (IBSA Foundation), Geneva, Switzerland



TEACHING EXPERIENCES

Teaching assistant at the University of Fribourg, Switzerland
Muscular responses after peripheral nerves stimulation - undergraduate medical

students 2016-2018
Sensorimotor integration of reflexes - undergraduate medical students 2017-2018
Basic visual system - undergraduate medical students 2017-2018
Assessments of manual dexterity in primates - undergraduate bio-medical students  2016-2019
Bio-statistics courses - undergraduate biomedical students 2016-2019
Lecturer at the University of Fribourg, Switzerland
Ethical consideration in animal experimentation - students from the General 2017
Knowledge School of Fribourg (ECGF)
Guest lecturer at the University of Fribourg, Switzerland
Translational Neuroscience - undergraduate neuroscience students 2018
RESEARCH SUPERVISIONS
Master students
Dylan Aymon, University of Fribourg, Switzerland 2019-2020
Rafael Ornelas Kobayashi, University of Groningen, The Netherlands 2018
Nicolo Macellari, Campus Biomedico di Roma, Italy 2018
Alexandra M. Hickey, University of Fribourg, Switzerland. Best Master Award 2017-2018
Undergraduate students
Margaux Di Natale, University of Fribourg, Switzerland 2020
Elisabetta Pagliara, Swiss Federal Institute of Technology (EPFL),, Switzerland 2019
Damian Jandrasits, University of Fribourg, Switzerland 2019
Lucas Zweili, Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland 2018
Julie Martignoles, summer intern from University of Poitiers, France 2018
Floriane Naef, University of Fribourg, Switzerland 2017
Annika Wegmann, University of Fribourg, Switzerland 2017
Audélia Mechti, University of Fribourg, Switzerland 2017
Zulkaida Mamat, summer intern from Massachusetts Institute of Technology, USA 2017
Yoshija Walter, University of Fribourg, Switzerland 2017



EXTRACURRICULAR ACTIVITIES

University of Fribourg, Switzerland 2015
Department of Medicine
Administration employee
- Organizers of annual exams for medical students
- Curriculum Vitae inspections for full-professorship applications for the head of the de-
partment of Medicine

LABORATORY AND COMPUTING SKILLS

Non-human primate model (long-tailed and rhesus macaque monkeys)

Behavioral training (locomotion, hindlimb and forelimb reach and grasp tasks), in-vivo imaging
(computer tomography scan, magnetic resonance imaging, positron emission tomography scan),
anesthesia, titanium mesh implantation, acute implantation of intrafascicular electrode in the me-
dian nerve, craniotomy, spinal and cortical virus injections, electromyographical electrode implan-
tation, sterile assistance (laminectomy, intracortical multi-electrode array implantation, lumbar
epidural spinal array implantation), post-operative follow-up, electrophysiological recordings (in-
tra-cortical and electromyography), lumbar epidural electrical stimulation

Rat model

Anesthesia, craniotomy, laminectomy, spinal and cortical virus injections, behavioral training (lo-
comotion and complex hindlimb tasks), electrophysiology recordings (intra-cortical and electro-
myography), perfusion

Histology
Non-human primate and rat central nervous system dissection, immunohistochemistry, CLARITY,
confocal and epifluorescence microscopy

Programming and Data Analysis

Matlab, R, Python, TDT OpenEx, neural and muscular signal processing and filtering, spike sorting,
neural population dynamics, motion tracking, kinematic analysis, statistical analysis, 3D brain and
skeleton model extraction (OsiriX, 3D Slicers), "8F-DOPA and FDG influx rate constant measure-
ments (PMOD Technologies), synaptic densitometry (histological image processing)

Ethical reviews
Veterinary license authorization writing and trimestral report to the veterinary authorities

Administrative work

Researching, ordering and handling of toxic agents (neurotoxin and radioactive molecules), elec-
trophysiological hardware (Blackrock and TDT), motion system hardware (SIMI, VICON and Vi-
giePrimate) and human surgical equipment (Aesculap drill, KLS Martin coagulator, steam auto-
claves, hydrogen peroxide sterilizer, Leica microscope and surgical tools)

Languages
French (mother tongue), English (fluent in writing, reading and speaking), German (professional
competencies in writing, reading and speaking)
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Jocelyne Bloch, Professor and Associate Physician
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Marco Capogrosso, Assistant Professor
Department of Neurological Surgery
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