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Abstract

After brain injuries such as stroke, the primary motor cortex (M1) is often damaged leading to
motor deficits that include a loss of fine motor skills of the contralateral limbs. Recovery from
M1 lesions is accompanied by hemodynamic reorganization in motor areas distal to the site of
injury in both hemispheres that are most pronounced early after injury. However, we have
limited understanding of the rapid neuronal reorganization that occurs in this complex and
distributed cortical motor network. As these neural changes reflect the landscape on which
subacute plasticity involved in motor recovery will take place, an exploration of the rapid
reorganization in neural activity that occurs in motor regions of both hemispheres is long

overdue.

In the current thesis, we set out to explore the impact of a localized, unilateral and
reversible cortical injury to the M1 hand area on neuronal activity in motor-related areas of both
the ipsi and contralesional hemispheres as non-human primates performed a reach and grasp
task. Our inactivation model allowed us to continuously record isolated neurons before and after
the onset of motor deficits. In a first study, the rapid reorganization taking place in the ventral
premotor cortex (PMv) of both hemispheres was investigated (Chapter 2). The PMv is an area
well-known to be critically involved in hand motor control and recovery from M1 lesions. In a
second study, the rapid reorganization taking place in the contralesional M1 (cM1) was studied
and compared to those occurring in bilateral PMv (Chapter 3). The cM1 has a complex role in

recovery of dexterous hand movements following injury to its homologue.

We reveal extensive, and much more complex than expected, neuronal reorganization in
both hemispheres at the very onset of motor impairments. Our data demonstrate that neuronal
changes occurring within minutes after brain injury are heterogenous both within and across
areas of the cortical motor network. They occur in the two hemispheres during movements of
both the paretic and non-paretic arms, and they vary during different phases of movement. These
findings constitute a first step in a much needed and timely effort to unravel the complex
neuronal correlates of the reorganization that takes place across the distributed motor network

after brain injury.

Keywords: premotor cortex, primary motor cortex, neuronal reorganization, non-human

primate, hand, grasping, inactivation, plasticity, stroke
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Resumé

Le cortex moteur primaire (M1) est souvent endommagé lors des I€sions cérébrales telles que les
accidents vasculaires cérébraux. Ceci entraine des déficits moteurs tels qu'une perte de contrdle
des membres controlatéraux. La récupération des Iésions M1 s'accompagne d'une réorganisation
hémodynamique dans les zones motrices intactes des deux hémisphéres. Cette réorganisation est
plus prononcée dans les premiers jours et semaines qui suivent la Iésion. Toutefois, nous avons
une compréhension limitée de la réorganisation neuronale rapide qui se produit dans ce réseau
moteur cortical complexe. Ces changements neuronaux nous informent sur I’évolution possible
de la plasticité subaigué impliquée dans la récupération motrice. Par conséquent il était grand
temps qu’une caractérisation de la réorganisation rapide de 'activité neuronale dans les régions

motrices des deux hémisphéres soit entreprise.

Dans cette thése nous avons exploré 1'impact d'une lésion corticale localisée, unilatérale
et réversible dans M1 sur l'activité neuronale des zones motrices des hémisphéres ipsi et
contralésionnel lorsque des primates non humains ont effectués des mouvements d’atteinte et de
saisie. Notre modele d'inactivation nous a permis d'enregistrer en continu des neurones isolés
avant et apres 1'apparition des déficits moteurs. Dans une premiére étude, la réorganisation rapide
qui se produit dans le cortex prémoteur ventral (PMv) des deux hémispheres a été étudiée
(Chapitre 2). Le PMv est une zone connue pour étre impliquée dans le contrdle moteur de la
main et la récupération des 1ésions M 1. Dans une seconde étude, la réorganisation rapide du M1
contralésionnel (cM1) a été étudiée et comparée a celles se produisant dans les PMv bilatérales
(Chapitre 3). Le cM1 joue un réle complexe dans la récupération des mouvements de précision

de la main suite a une blessure a son homologue.

Nous révélons une réorganisation neuronale importante et beaucoup plus complexe que
prévu dans les deux hémispheres lors de 1’apparition initiale des déficiences motrices. Nos
données démontrent que les changements neuronaux survenant quelques minutes aprés une
Iésion cérébrale sont hétérogenes a la fois dans et entre les zones du réseau moteur cortical. Ils se
produisent dans les deux hémisphéres lors des mouvements des bras parétiques et non parétiques,
et ils varient au cours des différentes phases du mouvement. Ces découvertes constituent une
premicére étape nécessaire pour déméler les corrélats neuronaux complexes de la réorganisation

au travers du réseau moteur des deux hémispheres a la suite d’une 1ésion cérébrale.



Mots-clés: cortex prémoteur, cortex moteur primaire, réorganisation neuronale, primates non-

humains, main, préhension, inactivation, plasticité, accidents vasculaires cérébraux
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Chapter 1- Introduction

1. A cortical control of arm and hand movements

Reaching in the environment to grasp objects is a fundamental and ethologically relevant
behavior in humans and other primates (Kaas et al., 2013). The coordination between numerous
cortical structures is involved in generating reach to grasp with the upper limb (Kalaska et al.,
1997; Shadmehr and Wise, 2005), with each contributing to different extents to various
components of the movement. This network includes the primary motor cortex, considered to be
the main executor of motor actions, as well as the premotor cortex, which encode higher-order,
motor-related processing. Of particular importance to the current thesis, the ventral premotor
cortex has mostly been implicated in the control of hand grasping. In this section an overview of
the role of these two areas in the control of dexterous movements will be presented, with an

emphasis on motor control of the arm and particularly the hand.

1.1 The primary motor cortex

Among the many cortical areas that are decidedly motor-related (Dum and Strick, 1991; Luppino
etal., 1991; He et al., 1993; Luppino et al., 1993; He et al., 1995; Dum and Strick, 2002), the
primary motor cortex (M1) is considered to be the cortical motor area with the most robust and
direct connections with the body’s contralateral motor apparatus (Biber et al., 1978; Murray and
Coulter, 1981; He et al., 1993, 1995). Indeed, M1 has numerous connections with the spinal
cord, a large part of which are projections to spinal interneurons that synapse onto the
motoneurons that innervate the musculature (Maier et al., 2002). Of these corticospinal
projections, 90% are to the contralateral spinal cord (Dum and Strick, 1996; Brosamle and
Schwab, 1997; Lacroix et al., 2004; Rosenzweig et al., 2009; Morecraft et al., 2013). Of those
that remain ipsilateral, most bifurcate and synapse bilaterally, such that very few synapse purely
with motoneuron pools that control ipsilateral muscles (Rosenzweig et al., 2009). As a
consequence, M1 outputs are highly lateralized. In addition, some of M1 neurons with

corticospinal projections to the cervical segments of the spinal cord synapse directly onto the
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motoneurons that innervate contralateral hand muscles (Bortoff and Strick, 1993; Maier et al.,
1993; Bennett and Lemon, 1996; McKiernan et al., 1998; Rathelot and Strick, 2006, 2009; Smith
and Fetz, 2009). No such connections have been shown to occur to ipsilateral motoneurons
(Soteropoulos et al., 2011). These corticomotoneuronal connections are only present in humans
and other primates with a great manual dexterity (Bortoff and Strick, 1993; Maier et al., 2002)
and have been suggested to be instrumental in controlling independent movement of the digits of

the contralateral hand (Lemon, 1993, 2008).
1.1.1 Movement representation in M1

The origin of our knowledge about the motor cortex stems from classical studies in humans and
other animals that demonstrated that an electrical stimulation of the surface of the brain, in a
region of the frontal lobe just anterior to the central sulcus, could evoke movements in the side of
the body contralateral to the hemisphere stimulated (Ferrier, 1874; Leyton and Sherrington,
1917; Penfield and Boldrey, 1937; Fritsch and Hitzig, 2009). Across this surface, the entire
contralateral musculature was found to be represented with major body segments arranged in a
medio-lateral fashion, with leg movements evoked at the medial extent of this region and mouth
movements at the lateral extent (Penfield and Boldrey, 1937; Woolsey et al., 1952). Thus, these
studies demonstrated that there was a somatotopic organization within the motor cortex, the
‘homonculus’, with different cortical territories dedicated to specific body movements. Notably,
these territories were shown to occupy more or less cortical space based on the complexity of
possible movements that can be evoked from the territory, rather than on the size of the body
parts represented. As a consequence, the representation of the hand is notably large relative to
other body parts such as the leg, occupying a large extent of the homunculus consistent with its

functional complexity.

While it was the initial view that M1’s somatotopic cartography was orderly with
different muscle representations occupying discrete locations (Asanuma, 1975), subsequent
cortical mapping investigations using electrical stimulation in anesthetized primates revealed that
motor cortex 1s organized as a mosaic, where certain representations of the body, such as the
hand and the forearm, overlap partially (Gould et al., 1986; Huntley and Jones, 1991; Donoghue
et al., 1992; Park et al., 2001). Indeed, the arm representation area of M1 can be divided into
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Figure 1.1 Cortical motor areas.

Schematic representation of the different cortical motor areas of the macaque monkey discussed
in the current thesis. Some of the most commonly used nomenclatures to refer to these areas are
shown. The primary motor cortex M1 (also known as F1) is shown in beige. The ventral
premotor cortex PMv can be subdivided into two territories, F4 (red) and F5 (orange), as can the
dorsal premotor cortex PMd, into the two territories F2 (green) and F7 (light green). The SMA
proper (F3, blue) and pre-SMA (F6, light blue) are also shown; these territories wrap around the
medial wall of the hemisphere, and thus are only partially visible here. Other areas of interest
that are referred to in the thesis are also present. This includes the primary somatosensory cortex
S1, the extent of which is shown by the dotted line, as well as secondary somatosensory cortex
S2, located mostly in the lunate sulcus. The parietal areas shown include area 5 (BAS) and two
areas located in the intraparietal sulcus, the ventral intraparietal area VIP and the anterior
intraparietal area AIP. Also shown are approximate locations of some of the arm (includes hand),
face, leg and eye representation areas of the motor and premotor cortex. CS: central sulcus; AS:
arcuate sulcus; IPS: intraparietal sulcus.
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three major sections, with an inner central zone near the anterior wall of the central sulcus that
evokes distal movements only (e.g. hand), an outer enveloping zone that evokes proximal
movements only (e.g. shoulder), and a transitional zone between them where both distal and
proximal movements can be evoked (Park et al., 2001). Furthermore, localized stimulation and
even activation of individual corticospinal (CS) neurons can evoke complex patterns of activity
across several muscles, for example of the forearm (Cheney and Fetz, 1985) or the hand (Buys et
al., 1986). Anatomical studies of M1 provide further support that muscles are represented in a
distributed manner. For example, CS neurons can terminate on several motoneurons innervating
different hand muscles, and CS neurons that control a specific hand muscle can be found spread
out across the territories of several functionally related muscles, such as those of the shoulder or
upper arm (Shinoda et al., 1981; Lawrence et al., 1985; Rathelot and Strick, 2006). This general
somatotopographic organization complete with functional overlap between muscles would allow
MI to coordinate the activity of numerous muscles during complex multi-joint movements such
as reaching towards and grasping objects in the environment (Park et al., 2001). Thus, M1’s
organization and projections point to this region as being a primary executor of dexterous motor

actions.
1.1.2 Functional contributions of M1 to contralateral limb use

The electrophysiological responses of M1 neurons during motor performance also support the
preferential role of M1 in purely motor processing. Evarts (Evarts, 1968) was the first to record
neural activity in M1 and demonstrated that the greater the neural activity, the more pronounced
the evoked contralateral movement. Since then, numerous studies in non-human primates have
set out to explore M1 neurons’ response properties in greater complexity during voluntary limb
movements, particularly reaching movements to spatial targets. To do so, they have performed
experiments designed to dissociate different motor-specific variables, such as hand trajectory,
force, direction, amplitude, velocity, and joint configuration during reaching (Thach, 1978;
Kalaska et al., 1989; Riehle and Requin, 1989; Alexander and Crutcher, 1990a; Crutcher and
Alexander, 1990; Bauswein et al., 1991; Werner et al., 1991; Georgopoulos et al., 1992; Fu et al.,
1993; Riehle et al., 1994; Riehle and Requin, 1995; Scott and Kalaska, 1995, 1997). These
studies have found evidence that M1 is involved in the computation of limb kinematics, such as

the position, direction and speed of limb segments and joints in space during reaching
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movements (Kalaska and Hyde, 1985; Kalaska et al., 1989; Riehle and Requin, 1989; Alexander
and Crutcher, 1990a; Crutcher and Alexander, 1990; Fu et al., 1993; Fu et al., 1995; Riehle and
Requin, 1995) as well as the computation of limb dynamics, such as the amount of muscle force
and joint torques required to perform a reaching movement (Thach, 1978; Kalaska and Hyde,
1985; Kalaska et al., 1989; Crutcher and Alexander, 1990; Bauswein et al., 1991; Werner et al.,
1991; Georgopoulos et al., 1992; Riehle et al., 1994; Riehle and Requin, 1995; Scott and
Kalaska, 1995, 1997). Nonetheless, the extent to which M1 encodes purely kinematics versus
dynamics of movement is an ongoing debate, and M1 neurons may best be viewed as encoding

an amalgamation of different kinematic and dynamic parameters of movement (Kakei et al.,

1999).

Studies have also specifically explored M1 neural activity during dexterous use of distal
musculature to elucidate its role in voluntary control of the hand and fingers. In humans,
functional imaging reveals extensive activation of M1 during hand use (Ehrsson et al., 2000;
Takasawa et al., 2003; Kuhtz-Buschbeck et al., 2008) and transcranial magnetic stimulation
(TMS) can be used to alter M1 neural excitability and corticospinal motor outputs, altering motor
behavior of the hand during voluntary behavior (Lemon et al., 1995; Chouinard et al., 2005;
Schabrun et al., 2008). Studies in primates have shown that M1 neural activity is strongly
modulated during hand and finger movements, being very active during grasping, including
precision or power grasps (Wannier et al., 1991; Maier et al., 1993; Gardner et al., 2007; Umilta
et al., 2007; Hendrix et al., 2009), and information related to different grasp configurations can
also be found in M1 local field potentials (Spinks et al., 2008). In addition, M1 neurons are
sensitive to different properties of the objects to be grasped, for example being modulated by
texture or weight (Picard and Smith, 1992) or grasp force required to hold the object (Wannier et
al., 1991; Maier et al., 1993; Hepp-Reymond et al., 1999; Hendrix et al., 2009).

Finally, the importance of M1 as a motor controller can be readily seen following lesions
to this area, which have profound effects on motor performance (Travis, 1955; Rouiller et al.,
1998). Large lesions of the M1 arm area makes movements with the contralateral limb weaker
and slower, perturbing movement kinematics and normal patterns of muscle activity (Hoffman
and Strick, 1995). Even small lesions of the M1 hand area lead to deficits in fine motor control of

the contralateral digits, highlighting the crucial role of this area in the generation of motor
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commands for grasping and other hand movements (Friel and Nudo, 1998). Complimentarily,
the use of pharmacological agents such as muscimol, a GABA-A receptor agonist, have been
used to locally and precisely inactivate cortex to produce reversible ‘lesions’ (Martin, 1991;
Matsumura et al., 1991; Martin and Ghez, 1993; Schieber and Poliakov, 1998; Brochier et al.,
1999) (see section 4). Such an approach allows one to explore M1 contributions to motor control
without the mechanical damage, tissue inflammation, or hemorrhaging that can accompany
actual brain damage. Using a variety of tasks that challenge the dexterity of the hand, studies in
primates have demonstrated decreased speed, longer reaction and movement time, weakness of
hand muscles and decreased grip force, and loss of independent finger movements following
muscimol injection in the M1 hand area (Matsumura et al., 1991; Kubota, 1996; Schieber and
Poliakov, 1998; Brochier et al., 1999; Fogassi et al., 2001). Fine motor control, such as precision
grip which requires opposition of the index and thumb, can become impossible to execute
(Brochier et al., 1999; Fogassi et al., 2001). Thus, these studies solidify the critical role of M1 in

voluntarily-generated hand movements such as grasping.

Overall, the studies described above highlight the centrality of this area in direct control
of the contralateral musculature. Nonetheless, it has been argued that M1 activity may also have
a role in other processes that are not purely motor, such as cognitive processes (Georgopoulos et
al., 1989; Georgopoulos et al., 1993; Georgopoulos, 1995), or in the processing of
somatosensory information (Mountcastle et al., 1992). For example, as part of its role in motor
control M1 responds to proprioceptive feedback about contralateral limb position (Evarts and
Tanji, 1976; Wolpaw, 1980; Pruszynski et al., 2011; Takei et al., 2018) and represents loads
applied to the contralateral limb (Kalaska et al., 1989; Cabel et al., 2001; Herter et al., 2009;
Omrani et al., 2014; Pruszynski et al., 2014). In addition, M1 has been suggested to participate in
the sensory or associative processing of visuospatial information for reaching (Georgopoulos et
al., 1989; Alexander and Crutcher, 1990b; Hocherman and Wise, 1991; Lurito et al., 1991; Shen
and Alexander, 1997a), which is generally considered the purview of premotor cortex (see next
section). For example, in a task that dissociated the location of reach targets from the
movements required to reach them, some neurons in M1 are target-dependent, representing the
location of a reach target irrespective of the type of reach performed (Alexander and Crutcher,
1990b; Shen and Alexander, 1997a). Other neurons show more complex, associative

relationships between the position of targets and reach movements, being modulated by both
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such that their activity is target- and limb-dependent (Shen and Alexander, 1997a). Of course,
many neurons are also present that only care about movement direction, i.e. are purely limb-
dependent. Whereas target-dependent neural activity was more pronounced prior to movement
during motor planning, limb-dependent activity was dominant during the movement (Shen and
Alexander, 1997a). The presence of these different signals, and their progression as motor
processes occur, suggests that M1 partakes in a sensorimotor transformation converting
information about the visuospatial position of targets into motor commands to reach to the

designated spatial location (Shen and Alexander, 1997a).
1.1.3 Cortical inputs to M1

The intrahemispheric connections of M1 support its role in motor control. In particular, M1 is
strongly interconnected with several areas related to somatosensory processing. Somatosensory
connections with M1 are primarily with areas 3a, 1, 2 (and 3b to a lesser extent) of the primary
somatosensory cortex (S1), as well as area S2 in the parietal operculum, and area 5 of the
posterior parietal cortex (Stepniewska et al., 1993; Dea et al., 2016; Hamadjida et al., 2016). The
S1 is well known to be responsible for the processing of somatic sensations, including touch,
proprioception, nociception, and temperature. It plays a critical role in processing afferent
somatosensory input and contributes to the integration of sensory and motor signals for skilled
movement. The interactions between M1 and S1 are critical for motor control. For example,
inactivation of S1 induces errors in finger coordination and the application of grasp and lifting
forces when interacting with objects (Brochier et al., 1999). In addition, projections from the
sensory to the motor cortex are important for the learning of motor skills in the monkey, such as
catching food pellets being dropped (Pavlides et al., 1993). Area S2 is involved in higher-order
processing of tactile information, such as object recognition and expected feedback from object
interaction (Murray and Mishkin, 1984; Romo et al., 2002; Del Vecchio et al., 2019; Del
Vecchio et al., 2020). Area 5 (also referred to as Broadmann Area 5) is involved in
somatosensory processing to represent spatial information for limb movement (Kalaska et al.,
1983; Lacquaniti et al., 1995). Thus, both these higher-order somatosensory areas provide M1

with important information for limb motor control.

In addition to these somatosensory interactions, M1 is strongly interconnected with the

premotor cortex (Stepniewska et al., 1993; Dum and Strick, 2002; Dea et al., 2016; Hamadjida et
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al., 2016). The role of the premotor cortex, and its interactions with M1, have important

functional implications for motor control, and are the subject of the next sections.

1.2 The premotor cortex

Reaching and grasping an object in the environment, such as a glass of water, requires
performing a temporally precise sequence of movements, from reaching out towards the glass,
grabbing it, lifting it, and moving it towards the mouth. To perform this movement, the brain
must take sensory information about the physical properties of the object and the visuospatial
position of the hand and object relative to each other and transform it into a motor plan that can
execute the required actions. It must also take into account more abstract, context-dependent task
requirements, such as choosing the correct glass among several. The premotor cortex, a frontal
region situated just rostrally relative to M1, contributes critically to these sensorimotor
transformations. It has classically been considered to perform more complex, or ‘higher-order’
processing than the computations performed in M 1. Premotor areas are defined as regions of the
cortex that project directly to M1 as well as the spinal cord (Dum and Strick, 2002). Initial
exploration of the premotor cortex began at the start of the 20" century, when a new hypothesis
emerged suggesting that the motor cortex was not a singular entity but rather could be
subdivided into several cortical regions. In 1905, Campbell performed a cytoarchitectonic
analysis that demonstrated that the motor cortex could be separated into a posterior region that
contained a dense population of large pyramidal cells, and an anterior region that did not contain
such cells (Campbell, 1905). Furthermore, Campbell speculated that there were functional
differences between these areas, with the posterior region, the primary motor cortex M1, focused
on controlling simple movement parameters, whereas the anterior region controlled more higher-
order, complex parameters of movement. Subsequent studies supported this hypothesis of non-
uniformity of motor cortex (Broadmann, 1909; Vogt and Vogt, 1919) and the anterior region was
given the moniker of “premotor” cortex (Fulton, 1935). While initially it was suggested that only
the medial cortex may actually be premotor (Penfield and Welch, 1951; Woolsey et al., 1952),
subsequent investigations supported the inclusion of a premotor region located on the lateral
surface of the cortex anterior to M1 (Roland et al., 1980; Weinrich and Wise, 1982; Weinrich et
al., 1984; Matelli et al., 1985; Gentilucci et al., 1988; Rizzolatti et al., 1988). Since then, it is the
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consensus that voluntary motor control does not emerge from one cortical region, but rather from
several sub-regions that work together. Of particular importance to the current thesis, on the
lateral surface of the cortex is situated the ventral premotor cortex (PMv). This area and its
connections with M1 have been implicated in parietofrontal circuits involved in grasping. Other
premotor areas include the dorsal premotor cortex (PMd), the supplementary motor area (SMA),
and the cingulate motor areas (CMA) located on the median wall of the cortex. In this section, an
overview of the organizational and functional properties of the PMv in relation to unimanual

motor control of the arm and hand will be presented.
1.2.1 The ventral premotor cortex

The ventral premotor cortex (PMv) is situated on the lateral surface of the cortex, lateral to the
genu of the arcuate sulcus. Similar to M1, the PMv contains a somatotopic representation of the
contralateral body and contains neurons with corticospinal projections. However, in contrast to
M1, the somatotopic representation of PMv is mostly limited to the arm and face (Gentilucci et
al., 1988; Rizzolatti et al., 1988; Hepp-Reymond et al., 1994; Preuss et al., 1996). The PMv can
be subdivided into two main sections based on anatomical and functional differences, a caudal
area F4 and a rostral area F5 (Geyer et al., 2000; Rizzolatti and Luppino, 2015). Stimulation of
area F4 using electrodes in the anesthetized monkey can evoke arm, neck, face and mouth
movements (Gentilucci et al., 1988). Area F5 is located more rostrally on PMv than area F4 and
continues in part into the arcuate sulcus. Area F5 has been shown to contain a motor
representation of the hand that is located more dorsally, and a representation of the mouth more
ventrally, that overlap considerably (Kurata and Tanji, 1986; Gentilucci et al., 1988; Rizzolatti et
al., 1988; Hepp-Reymond et al., 1994; Maranesi et al., 2012).

Both areas are a source of corticospinal outputs and provide input to M1. The
corticospinal projections of the F5 hand area are made to the intermediate zone of the cervical
spinal cord (Dum and Strick, 1991; He et al., 1993; Borra et al., 2010). While there are some
weak projections to the C6-T1 segments where motoneuronal pools of contralateral hand
muscles are located, the projections are mainly to the C2-C5 segments, which contains
propriospinal neurons that mediate disynaptic pyramidal excitation to contralateral forelimb
motoneurons (Isa et al., 2006; Isa et al., 2007). Areas F4 and F5 are also strongly connected with

M1 in a somatotopically consistent manner. More specifically, area F4 sends direct projections to
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the arm and mouth representation areas of M1 (Matelli et al., 1986). In parallel, area F5 is
robustly and extensively connected to the hand field of M1 (Borra et al., 2010; Gerbella et al.,
2011). This connection may be critical to PMv’s ability to control grasping movements. Indeed,
while corticospinal F5 neurons show grasp-related activity (Kraskov et al., 2009; Kraskov et al.,
2014), motor actions evoked by microstimulation of the PMv hand area seem to depend in large
part on cortico-cortical interactions with M1, modulating its neural activity and corticospinal
outputs (Cerri et al., 2003; Shimazu et al., 2004; Umilta et al., 2007; Schmidlin et al., 2008;
Prabhu et al., 2009; Kraskov et al., 2011).

The neural activity in PMv is suggested to contribute to the sensorimotor control of arm
and hand movements in several important ways. Briefly, area F4 has been implicated in encoding
the peripersonal space, which is the space around the body that is within reaching distance
(Gentilucci and Rizzolatti, 1990; Graziano et al., 1994; Fogassi et al., 1996; Rizzolatti and
Luppino, 2015) In parallel, neural activity in area F5 has been implicated in the visuomotor
control of grasping movements. The role of PMv in both of these processes will be discussed in
turn, with a strong emphasis on the latter, before concluding with a concise overview of the

inputs to PMv associated with these functions.
1.2.1.1 PMv encodes the peripersonal space for reaching

The computation of peripersonal space in PMv comes from observations of neurons with
multimodal sensory responses in area F4. A large majority of neurons in this area have sensory
responses to tactile and visual stimuli (Rizzolatti et al., 1981a, b; Gentilucci et al., 1983;
Gentilucci et al., 1988; Graziano and Gross, 1994). Neurons whose sensory responses are limited
to tactile stimuli have been called “unimodal”, whereas others that respond to both visual and
tactile stimuli have been labelled “bimodal” neurons (Fogassi et al., 1996). Bimodal neurons
have also been referred to as simply visuo-tactile (Brozzoli et al., 2012). Both unimodal and
bimodal neurons have large tactile receptive fields that are located on the face, arm and upper
torso, consistent with its motor somatotopy (Gentilucci et al., 1988). The visual responses of
bimodal F4 neurons are characterized by three-dimensional receptive fields that are positioned in
conjunction with their tactile receptive fields. These receptive fields are contained within the
space around the body that is in reaching distance and are best evoked by moving objects. Thus,

their visually evoked responses are modulated based on the distance between the visual object
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and the tactile receptive field. In addition, these visual fields are often fixed in place relative to
the body, such that changes in gaze direction do not alter the position of the neurons’ visual
fields (Fogassi et al., 1996; Rizzolatti and Luppino, 2015). As such, sensory information in PMv
is mostly encoded relative to the body, such as the arm or face, instead of relative to the eye, as
appropriate to be used in motor processes (Gentilucci et al., 1983; Fogassi et al., 1992; Graziano
et al., 1994; Fogassi et al., 1996). This suggests that bimodal F4 neurons could be implicated in
transforming the position of reach targets located in the peripersonal space, into motor actions

that involve those targets.
1.2.1.2 A central role of PMv in visuomotor control of grasp

Neurons in both subdivisions of PMv are active during the preparation and execution of
movements that are guided mainly by vision (Kurata and Tanji, 1986; Gentilucci et al., 1988;
Rizzolatti et al., 1988). Nonetheless, neural activity in area F5 is much more strongly related to
hand motor acts, consistent with its somatotopy (Gentilucci et al., 1988; Fluet et al., 2010;
Nelissen and Vanduffel, 2011; Maranesi et al., 2012; Theys et al., 2012, 2013). Neurons in this
area have also been shown to encode mouth or combined hand and mouth motor acts (Godschalk
et al., 1995; Maranesi et al., 2012), and some neurons located in the convexity of the arcuate

sulcus are specifically active during monkey vocalization (Coude et al., 2011).

The PMv has been strongly implicated in the processing of sensorimotor transformations
that underlie visuomotor control of the hand (Jeannerod et al., 1995; Borra et al., 2017). In
particular, the PMv has been shown to be critically involved in the preshaping of the hand that
occurs prior to contact with a target object. When reaching to an object, the hand first
progressively opens with the fingers straightening out, before the grip is closed until it matches
object size as tactile contact becomes eminent (Jeannerod, 1984; Gentilucci et al., 1991;
Jakobson and Goodale, 1991; Paulignan et al., 1991). This process is considered to be the
behavioral consequence of a visuomotor transformation that is using visual information about
object properties to progressively shape the hand and fingers into an orientation that facilitates
object interaction. When experimenters unilaterally inactivated the PMv of monkeys using the
GABA-A agonist muscimol, contralateral hand preshaping was severely affected (Fogassi et al.,
2001). More specifically, the inactivation induced a mismatch between the hand shape required

to grasp the object and the intrinsic properties of the object. As such, the shape of the hand was

27



inappropriate to properly grasp the object based on its size and form when tactile contact is made

(Fogassi et al., 2001).

Neurons in the PMv hand area display motor and sensory responses that strongly
implicate it in visuomotor control of the hand. It is well known that different subpopulations of
neurons in PMv are tuned to the execution of specific configurations of the grasping hand
(Rizzolatti et al., 1988; Spinks et al., 2008; Fluet et al., 2010; Bonini et al., 2012; Schaffelhofer
and Scherberger, 2016). In a classic study using macaque primates trained to perform a reach and
grasp task towards a variety of objects, Rizzolatti et al. (1988) classified neurons in the PMv
hand representation area that were related to distal motor acts into three categories: precision grip
neurons, finger prehension neurons, and whole hand prehension neurons. Precision grip neurons
were active during the opposition of the thumb and index finger, finger prehension neurons
during the opposition of the thumb with the four other digits, and whole hand prehension neurons
were selective for flexions that involve closing all the digits around the object (Rizzolatti et al.,
1988). Thus, neurons in F5 display activity that is correlated with very specific goal-related hand
motor behaviors, such as grasping and manipulating objects, rather than precisely controlling
individuated, single digit movements as seen in M1 activity (Rizzolatti, 1987; Rizzolatti et al.,
1988; Murata et al., 1997; Umilta et al., 2007). Indeed, they show a much greater affinity for
particular objects and the grasp associated with that object than M1 neurons (Umilta et al., 2007).
These grasp preferences occur independently of vision, being maintained in the dark (Raos et al.,

2006).

Many of these grasp neurons also show sensory responses to visual stimuli. “Canonical”
visuomotor neurons are modulated when objects of certain size, shape and orientation become
visible, and during subsequent grasping with them (Rizzolatti et al., 1988; Gallese et al., 1996;
Murata et al., 1997; Rizzolatti and Fadiga, 1998). The activation of these visuomotor neurons
occur even if objects are simply observed, and no hand movement is requested by the task
(Murata et al., 1997; Raos et al., 2006; Umilta et al., 2007; Fluet et al., 2010; Vargas-Irwin et al.,
2015). Thus, neurons in PMv are conditionally modulated by visual stimuli or ongoing

movement depending on the specific type of grasp involved.

Consistent with this role of PMv in encoding more abstract motor representations, area

F5 is also home to a significant proportion of visuomotor neurons with particular properties,
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named mirror neurons (di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996;
Rizzolatti and Craighero, 2004; Kraskov et al., 2009; Papadourakis and Raos, 2017). Such
neurons discharge not just when a monkey performs a hand or mouth movement, but also when
the animal visually observes another human or monkey perform a similar action. Notably, they
are not responsive to the visual presentation of a grasp object alone, such that their responses are
related to the motor act itself. Thus, PMv neurons can show a specific preference for a grasp type
not just during motor preparation and execution, but also during motor observation, with
important implications for observational learning (Murata et al., 1997; Raos et al., 20006).
Furthermore, by mapping these observed actions onto the corresponding motor representations
that are used to produce voluntary motor actions in the brain, these neurons could be used to
allow the observer to understand what the agent they are observing is attempting to accomplish
(Rizzolatti et al., 2014). Since their initial discovery in PMv, mirror neurons have also been
found in other motor areas, including PMd (Papadourakis and Raos, 2019) and M1
(Vigneswaran et al., 2013), highlighting the close computational bond shared between these
regions. Thus, PMv neural activity, while motor-related, appears to be involved in more

complex, even cognitive processes.

Based on the neural responses described above, it has been strongly implied that PMv
may encode the goal of the motor act and not just the motor action itself (Rizzolatti and Luppino,
2015). Following this interpretation, the PMv would contain a motor “vocabulary”, or lexicon,
of internal representations of goal-directed hand and/or mouth motor acts , where each “word” is
represented by populations of F5 neurons encoding these motor actions in more or less abstract
terms (Rizzolatti and Luppino, 2001; Rizzolatti et al., 2014). Within this framework, neural
responses like those of canonical or mirror visuomotor neurons reflect sensorimotor
transformations, where the extraction of object-specific characteristics by sensory means
automatically induces the activation of the repertoire, or vocabulary, of potential motor acts that
would underly possible hand-object interactions (Rizzolatti and Luppino, 2001; Castiello and
Begliomini, 2008; Rizzolatti and Luppino, 2015). Subsequently, the appropriate motor act from
this list of potential actions would be selected based on task requirements and behavioral

constraints, and executed via PMv’s interactions with M1 (Umilta et al., 2007).
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Such abstraction could extend to tool use. For example, in one study monkeys were
trained to grasp small objects using either “normal pliers”, where the object was grasped by the
tool via first opening the hand and then closing it, or “reverse pliers”, where the object was
grasped by using the opposite movement sequence where the hand was first closed and then
opened (Umilta et al., 2008). Interestingly, neurons that discharged when the hand was opening
with normal pliers also discharged when the hand was closing with reverse pliers, such that the
discharge remained linked to the initial phase of the motor act (i.e. closing the tool around the
object). Thus, neurons in F5 encoded the temporal organization necessary to reach the goal, and

not the hand movement itself (Umilta et al., 2008).

Finally, more recent studies have demonstrated that the complete kinematics of the
contralateral arm, hand and finger movements can be decoded from PMv population neural
activity (Bansal et al., 2011; Bansal et al., 2012; Kang et al., 2012; Menz et al., 2015; Takahashi
et al., 2017). Furthermore, PMv has been shown to encode the kinematics of both reaching and
grasping muscle synergies in single neurons (Takahashi et al., 2017). Neurons in PMv have also
been shown to encode some dynamic aspects of movement, as they are modulated by the amount
of grip force required to hold an object (Hepp-Reymond et al., 1994). As such, in addition to
being implicated in abstract representations of motor acts, it has been suggested that PMv may
also represent kinematic and dynamic information about hand movements to a similar extent as
what is seen in M1 neural activity (Menz et al., 2015). Thus, PMv may encode a full range of

movement-related information, from more sensory to purely motor.
1.2.1.3 Cortical inputs to PMv

The PMv receives inputs from parietal and somatosensory areas that support its roles in the
computation of peripersonal space and visuomotor control of grasping. Area F4, which encodes
peripersonal space, is strongly interconnected with several areas in the inferior parietal lobule
related to sensory processing for motor action, such as area PF, which contains somatosensory
information related to the face and mouth (Rozzi et al., 2008), and the ventral intraparietal area
(VIP), which is involved in the processing of visual targets (Luppino et al., 1999). Area VIP is
well known to receive inputs from what is known as the dorsal visual stream, which includes
areas such as MT, MST and FST, which are involved in analysis of motion perception for action

(Colby, 1998; Rizzolatti et al., 1998). Furthermore, VIP also contains bimodal visual neurons
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with similar functional properties as F4 bimodal neurons (Colby, 1998). As such, areas VIP and
F4 appear to be involved in the processing of visual information to create peripersonal space
representations useful for actions such as reaching (Rizzolatti et al., 1997; Colby, 1998;
Rizzolatti et al., 1998). As part of this processing, bimodal neurons in both areas likely play an
essential role in the neural circuit that transforms the position of reach targets located in the
peripersonal space, into motor actions that involve those targets, such as reaching towards or

away from them (Fogassi et al., 1996).

The inputs to area F5 support the role of PMv in the computation of sensorimotor
transformations for grasping. Area F5 is well interconnected with several areas of the inferior
parietal lobule related to sensory processing for motor action, particularly the anterior
intraparietal area (AIP) (Luppino et al., 1999; Tanne-Gariepy et al., 2002; Gregoriou et al., 2006;
Gerbella et al., 2011; Gharbawie et al., 2011b). AIP is critically relevant to visuomotor grasp
control, being a hand-related field in the rostral part of the lateral bank of the intraparietal sulcus
and contains many neurons that discharge during the execution of specific grasping movements
(Sakata et al., 1995). Neurons in AIP also discharge passively during object fixation in absence
of movement, and appear to reflect the intrinsic properties of the observed object. Other neurons,
in addition to discharging during object fixation, also discharge during observation of hand
movements and hand/object interactions, and thus can be considered mirror neurons (Sakata et
al., 1995). Furthermore, inactivation of AIP leads to grasping deficits that reflect errors in
visuomotor transformations, similar to inactivation of F5 (Gallese et al., 1994). Thus, it is clear

that AIP and PMv are part of a circuit that play an important role in visuomotor grasping.

In addition to these parietal connections, PMyv is strongly interconnected with
somatosensory area S2 (Gerbella et al., 2011; Gharbawie et al., 2011b). S2 is a somatosensory
area in the parietal operculum, that is in turn also strongly interconnected with AIP (Rozzi et al.,
2006; Borra et al., 2008) and M1 (Gharbawie et al., 2011a; Gharbawie et al., 2011b). It is
involved in higher-order processing that contributes to the tactile recognition of objects, and in
coding the tactile feedback expected from an upcoming interaction with an object. As such, the
interaction between S2 and area F5 may be instrumental in providing information about tactile
recognition and expected tactile feedback, important for selecting which grasping motor action to

be performed, and controlling digit forces to stabilize grasping of an object. Finally, PMv is also
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connected with somatosensory areas 3a, 1 and 2 of S1, and can thus receive proprioceptive and
tactile inputs from these areas to help in grasp control (Dancause et al., 2006a; Stepniewska et

al., 2006).

To resume, PMv is involved in different aspects of reach to grasp behavior, from the
encoding of peripersonal space for reaching movements to visuomotor transformations for
grasping. Neural activity can reflect various stages of sensorimotor processing, and is involved in
more abstract representations of movement when compared to M 1. Nonetheless, similar to M1, it

also encodes kinematic and dynamic motor parameters of movement.

1.3 Intrahemispheric interactions of premotor and motor cortex

In the sections above, we described the functional properties of the M1 and PMv separately,
mostly in relation to contralateral arm and hand use. However, these areas do not work in
isolation. Rather, the planning and execution of arm and hand movements involves the
coordination of numerous cortical areas (Kalaska et al., 1997; Shadmehr and Wise, 2005), with
each contributing to various extents to components of the reaching and grasping movement. This
is supported by the anatomical connections that exist between these areas. Intrahemispherically,
neuroanatomical tracing in the primate has shown that the hand region of M1 is the site of major
inputs from the PMv, as mentioned earlier (Dum and Strick, 2005; Dancause et al., 2006c).
Conversely, the hand motor field of PMv receives numerous projections from M1. Together, the
PMv and M1 hand areas are considered to be part of the “visuomotor grasping network”
(Jeannerod et al., 1995; Borra et al., 2017), utilizing information obtained from sensory

modalities to plan and execute grasping movements.

Functionally, premotor areas can modulate M1 activity and outputs in humans (Civardi et
al., 2001; Koch et al., 2007; Davare et al., 2008; Davare et al., 2009; Groppa et al., 2012; Vesia
et al., 2018) and monkeys (Tokuno and Nambu, 2000; Prabhu et al., 2009; Quessy et al., 2016;
Cote et al., 2017; Cote et al., 2020). Studies exploring these interactions used double or paired
pulse protocols using electrode or transcranial magnetic stimulations. These experimental
protocols involve using a subthreshold stimulation in one area, which does not evoke a motor

response, followed by a suprathreshold stimulation in another area, that does evoke a motor
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response. Thus, it becomes possible to quantify the modulatory effect of the subthreshold
stimulus on the motor response evoked by the suprathreshold stimulus. The modulation of M1
outputs by the premotor cortex can be very diverse, with facilitation or inhibition being observed
based on many factors such as the time between stimulations, the intensity of stimulation used,

and the state of the system when stimulation occurs.

The effects of PMv on M1 outputs are complex, but often facilitatory. In the anesthetized
monkey, PMv exerts much more facilitation than inhibition (Quessy et al., 2016; Cote et al.,
2017; Cote et al., 2020). In awake monkeys, the PMv can modulate the activity of neurons in the
M1 (Tokuno and Nambu, 2000; Kraskov et al., 2011), and can induce both facilitatory and
inhibitory effects on M1 outputs to contralateral hand musculature depending on the type of
grasping required to interact with different objects (Prabhu et al., 2009). For example, much
more facilitation is observed during precision grip than whole-hand grasp. In humans, PMv has
an inhibitory effect on M1 outputs at rest, but facilitates them during precision grip (Davare et
al., 2008). In addition, during preparation to grasp, PMv facilitates activity specifically in the
contralateral hand muscles that will be used to execute the movements (Davare et al., 2009). As
such, PMv plays a clear functional role in modulating M1 outputs to facilitate complex hand

movements such as grasping.
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2. A bihemispheric control of arm and hand movements

The role of the a given hemisphere is not limited to simply control of the contralateral limb, but
is also involved in the control of the ipsilateral limb (Bundy and Leuthardt, 2019). Indeed, many
studies have shown robust neural activity during ipsilateral arm and hand movements in M 1
(Tanji et al., 1988; Donchin et al., 1998; Kermadi et al., 1998; Cisek et al., 2003; Bundy and
Leuthardt, 2019) and PMv (Rizzolatti et al., 1988; Tanji et al., 1988; Kurata, 2007). There is
debate as to the function of ipsilateral motor activity and to what extent it contributes to
ipsilateral movement. This is particularly relevant considering that motor outputs are highly
lateralized, such that the contralateral hemisphere is the dominant contributor to ipsilateral
movement control. There is evidence that the ipsilateral hemisphere can drive some movements
on its own, but not others. For example, humans are still able to produce voluntary movements
with the arm contralesional to large and significant lesions caused by hemispherectomies
(Gardner, 1933). In split-brain monkeys where connections between hemispheres have been
severed, the ipsilateral hemisphere can initiate proximal movements of the arm on its own
(Brinkman and Kuypers, 1973). However, the ipsilateral hemisphere is unable to appropriately
control the distal musculature, i.e. the hand and fingers (Brinkman and Kuypers, 1973). Thus,
while a given hemisphere clearly encodes a complete motor plan of the movement to be
produced with the contralateral hand, it might only contribute to some aspects of the planning
and execution of an ipsilateral movement. Below, the extent to which neural activity in M1 and
PMyv represents movement-related information differently for each limb will be discussed.
Subsequently, an overview of how the ipsilateral PMv can modulate the outputs of the

contralateral M1 will be presented.

2.1 Bilateral representation of arm and hand movements in motor cortex

In M1, while the majority of neurons are specifically modulated by movements with the
contralateral limb, many neurons are also active during ipsilateral movement (Evarts, 1966; Tanji
et al., 1987, 1988; Aizawa et al., 1990). Among these neurons, there exists a small subset of
them, about 8%, that exclusively respond to ipsilateral movement, without changing their firing

patterns during use of the contralateral limb (Tanji et al., 1988). These neurons have been shown
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to be specifically tuned to the movement direction of the ipsilateral arm (Cisek et al., 2003). In
addition, different parameters such as speed, velocity, joint angles and muscle activations of the
ipsilateral arm can be decoded from monkey M1 neural activity (Ganguly et al., 2009; Ames and
Churchland, 2019). In humans, non-invasive techniques such as electrocorticography over the
ipsilateral motor cortex can also be used to decode kinematics of ipsilateral arm reaching
movements (Ganguly et al., 2009; Bundy et al., 2018). Thus, it seems that M1 may compute, or

contain a copy, of the motor parameters required to drive ipsilateral arm movements.

Several studies have set out to specifically explore how M1 represents movement of the
contralateral limb relative to that of the ipsilateral limb in its neural activity. To do so, they have
studied M1 activity through the perspective of dynamical system models (Shenoy et al., 2013;
Pandarinath et al., 2018) and have focused on investigating the latent factors that make up the
computations occurring in neural populations. These studies have confirmed that there is a
notable redundancy of motor information in the M1 of both hemispheres during unimanual
movements in monkeys (Michaels and Scherberger, 2018; Ames and Churchland, 2019; Heming
et al., 2019) and humans (Downey et al., 2020). They have also shown that the encoding of

specific movement parameters is performed differently for each limb.

In monkeys, the M1 of both hemispheres contain similar information in their neural
activity during movement of one arm or the other (Ames and Churchland, 2019; Heming et al.,
2019). More specifically, during a novel cycling task with the upper limbs, muscle activity of
the arm can be decoded from the M1 of either hemisphere with equivalent precision, meaning
that motor control signals present in one hemisphere were also present in the other, and with the
same signal strength (Ames and Churchland, 2019). Furthermore, the information related to
movement of each arm was decorrelated, with neural activity related to each arm occupying
orthogonal subspaces. This means that it was possible to separately decode information related to
movement of each arm, such that decoded activity from M1 is enough to fully control two
separate robotic arms using a brain-machine interface. Similarly, it has been shown that the
neural activity that occurs in M1 in response to mechanical perturbation of the ipsilateral or
contralateral arm is also separated, occupying orthogonal subspaces (Heming et al., 2019). Thus,

M1 appears to contain complete, and distinct, computational representations of each arm.
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However, this sort of discrete encoding may not be the case for hand motor control.
Recent electrophysiological recordings in the M1 of human tetraplegic and spinal patients show
that ipsilateral grasp tuning is strongly correlated to contralateral grasp tuning, unlike for arm
movements (Downey et al., 2020). Thus, it may be difficult to extract separate information from
M1 concerning each hand if both hands are used simultaneously. This result is consistent with
the observation that, during bimanual finger movements in humans, functional magnetic
resonance imaging (fMRI) activations in M1 that are related to ipsilateral finger movements
disappear, being dominated by activations related to contralateral finger movements
(Diedrichsen et al., 2013). Thus, these results suggest that neural representations for ipsilateral
and contralateral hand movements may not occupy distinct neural subspaces in M1, and instead

are dominated by contralateral hand use.

2.2 Bilateral representation of the limb in the premotor cortex

The premotor cortex is well known to perform more abstract, higher-order processing of
sensorimotor information than M1. It is possible that this processing may be strongly lateralized
such that it is discretely represented for each limb like in M1. However, a great deal of task-
related information encoded by premotor cortex, such as the position of movement targets, the
size and orientation of grasping objects, grasp-type, or the associative meaning of sensory cues,
does not necessarily need to be encoded in a limb-dependent manner. Initially, it was shown that
during tasks where movements are performed with either arm or both together, premotor neurons
will show a variety of movement-specific responses, include being active during use of each arm
separately, but not during bimanual movements, or being active during use of one limb
exclusively, or being active during bimanual movements exclusively (Rizzolatti et al., 1988;
Tanji et al., 1988). Thus, they can show substantial context-dependent movement relationships in
tasks that involve both arms. Since these initial investigations, several studies have set out to
explore the extent to which processing of different task parameters and movements have a
bilateral representation in premotor cortex (Hoshi and Tanji, 2002; Cisek et al., 2003; Hoshi and
Tanji, 2006; Kurata, 2007, 2010; Michaels and Scherberger, 2018).
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2.2.1 Bilateral representation of the arm and hand in PMv

The PMyv is particularly well known to be active during the planning and execution of
movements with either limb (Rizzolatti et al., 1988; Tanji et al., 1988; Kurata, 2007). During the
planning of arm reaches, PMv neurons will respond to visual cues regardless of whether they are
presented in the contra or ipsilateral visual hemifield. They also exhibit a tight relation to their
spatial locations regardless of which arm will perform the movement (Hoshi and Tanji, 2002,
2006). Indeed, up to 60% of PMv neurons are tuned to target selection, but not arm use, during
movement planning (Hoshi and Tanji, 2002). Nonetheless, neurons do show tuning to arm use,
particularly as movement execution draws near, with a preference for the contralateral limb. As
such, PMv contains bilateral representation of both visuospatial information and arm effector
information (Hoshi and Tanji, 2006). A recent study set out to specifically explore the extent to
which PMv neural activity during grasping with the ipsilateral or contralateral hand is lateralized
(Michaels and Scherberger, 2018). During grasp planning, much of the neural activity
represented the grasp invariant of which hand would perform the action. However, as planning
gave way to movement execution, PMv neural activity became tuned to hand used, and this
hand-dependent signal persisted throughout the movement (Michaels and Scherberger, 2018).
Interestingly, information related to the orientation of the grasping hand was strongly hand-
dependent, being encoded in neurons with a preference for the contralateral hand. Limb-
independent activity may reflect more abstract encoding of the motor act as part of PMv’s
“vocabulary” of internal representations of goal-directed movements (Rizzolatti and Luppino,
2001; Rizzolatti et al., 2014; Rizzolatti and Luppino, 2015). Limb-independent and limb-
dependent activity in PMv may also reflect different stages of a visuomotor transformation. More
precisely, limb-independent information may reflect an earlier stage of processing of task-related
visual information that does not require limb-specificity, whereas the more lateralized neural
activity may reflect later stages of processing into more motor-centric movement information
where limb-specificity becomes important (Hoshi and Tanji, 2002, 2006; Kurata, 2007, 2010).
Overall, these results suggest that visuomotor grasp with either hand is well-represented in PMv

and that a great deal of similar processing occurs in both hemispheres.
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2.3 Interhemispheric interactions of premotor and motor cortex

While the control of ipsilateral movements by the ipsilateral cortex could be mediated in part by
ipsilateral descending outputs, the dominant source of control of the ipsilateral hand remains the
contralateral hemisphere. Indeed, there is a lack of evidence for a direct corticospinal control of
the ipsilateral forelimb by M1 in the healthy monkey (Soteropoulos et al., 2011). Thus, it is
likely that any contribution of the ipsilateral hemisphere to ipsilateral hand control involves
coordination with the contralateral hemisphere and modulation of the outputs of the contralateral
M1. This coordination between the premotor and primary motor cortex of each hemisphere is
mediated in large part by their interconnections via the corpus callosum (Jones and Wise, 1977;
Jenny, 1979; Gould et al., 1986; Kaas, 1995). Such interactions may play a particularly important
role in ipsilateral hand motor control. Indeed, as stated earlier, when interhemispheric
connections are severed the ipsilateral hemisphere can drive reaching with the ipsilateral arm to
some extent but it cannot contribute to appropriate pre-shaping of the ipsilateral hand whatsoever
(Brinkman and Kuypers, 1973). Based on neuroanatomical studies, the main interhemispheric
connections of M1 and premotor cortex are with their homologues in the contralateral
hemisphere (Rouiller et al., 1994; Marconi et al., 2003; Boussaoud et al., 2005; Dancause et al.,
2007). For example, 45% of interhemispheric projections from the hand region of PMv are made
to the contralateral PMv (Dancause et al., 2007). Interestingly, while the arm area of monkey M1
is callosally interconnected, the hand area of M1 appears to be mostly devoid of callosal
terminals (Pandya and Vignolo, 1971; Zant and Strick, 1978; Jones et al., 1979; Gould et al.,
1983). In contrast, the premotor cortex of one hemisphere is interconnected with the contralateral
M1 hand area, although much less so than with the ipsilateral M1 (Muakkassa and Strick, 1979;
Dancause et al., 2007). As such, ipsilateral motor and premotor cortex can influence contralateral
M1 both via its direct connections, and indirectly via interactions with contralateral premotor
areas that can then influence contralateral M1 activity and outputs. Some of these

interhemispheric interactions are described below.

The primary motor cortex of one hemisphere has been shown to have both inhibitory and
facilitatory effects on the activity and outputs of its homologue (Ferbert et al., 1992; Meyer et al.,
1995; Hanajima et al., 2001). Most studies exploring these interactions have been performed in

humans. For example, one study using transcranial magnetic stimulation (TMS) paired pulse
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protocols in humans while simultaneously recording descending spinal volleys via an implant
demonstrated that conditioning stimulation of M1 can reduce motor potentials produced by a test
stimulus applied over the M1 of the other hemisphere (Di Lazzaro et al., 1999). This decreased
spinal activity was associated with deceased electromyographic (EMG) activity evoked by the
test stimulus. While this suggests that M1 can produce interhemispheric inhibition of its
homologue, it has also been suggested that facilitation can occur. For example, the motor
potentials evoked in a contralateral limb muscle by M1 TMS stimulation in humans become
facilitated when subjects are asked to perform submaximal contractions of the homonymous
muscle in the ipsilateral limb (Stedman et al., 1998; Tinazzi and Zanette, 1998; Muellbacher et
al., 2000; Stinear et al., 2001). Facilitation versus inhibition of M1 by its homologue may depend
on task requirements. For example, increased facilitation occurs as more complex patterns of
finger movements are produced (Tinazzi and Zanette, 1998). In addition, whereas phasic, low-
force movements are associated with greater inhibition between motor cortexes, tonic, high-force
movements are associated with greater interhemispheric facilitation (Liepert et al., 2001).
Finally, it has been reported that the extent of transcallosal inhibition depends on phases of
movement preparation and execution. Whereas inhibition is reduced during movement
preparation of fast movements, it becomes increased during motor execution (Tazoe and Perez,
2013). Taken together, while the modulation of M1 by its homologue can be complex and task
dependent, such interactions play functionally relevant roles in motor control of unimanual

movements.

The premotor cortex of one hemisphere can have complex modulatory effects on the M1
outputs of the opposite hemisphere. In the anesthetized monkey, modulatory effects of PMv on
contralateral M1 outputs to the ipsilateral hand are more inhibitory than facilitatory (Quessy et
al., 2016; Cote et al., 2017; Cote et al., 2020). During behavior in humans, PMv has a facilitatory
effect on the outputs of the contralateral M1 during preparation and execution of ipsilateral hand
movements. However, the PMv has an inhibitory effect on contralateral M1 outputs when the
task requires that ipsilateral hand movement be suppressed (Buch et al., 2010). It has been
suggested that inhibition of the contralateral M1 could help prevent mirror movements during the
planning and execution of a unilateral movement (Mayston et al., 1999; Beaule et al., 2012).
Taken together, modulation of contralateral M1 activity and outputs by premotor cortex appear

to play important functional roles during unimanual movements.
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3. Bihemispheric reorganization in the sensorimotor system following cortical injury

The distributed, bihemispheric nature of sensorimotor control can also be demonstrated by the
changes in activity that occur following localized perturbations to this network at short and long
timescales. At short timescales after a perturbation (minutes to hours), studies have highlighted
that there are important changes in sensory processing that can occur in both hemispheres
(Meyer et al., 1985; Sakatani et al., 1990; Clarey et al., 1996; Sigler et al., 2009; Ding et al.,
2011; Mohajerani et al., 2011). On longer timescales of weeks to months, it is well-known that
cortical damage to motor cortex, such as that often caused by stroke, induces a cortical plasticity
that leads to important functional reorganization within the motor network as recovery occurs
(Dancause, 2006; Nudo, 2006; Dancause, 2013). Together, these observations promote the
concept that recovery requires the understanding of how signals are rerouting within a
sensorimotor “connectome” that underlies sensorimotor control (Grefkes and Fink, 2014; Silasi

and Murphy, 2014). Below, these different topics will be discussed in turn.

3.1 Rapid changes in information processing following localized perturbations

Studies that have explored the rapid reorganization that can occur following a cortical injury
have focused on changes in cortical sensory processing. Hours or even minutes following
unilateral inactivation or lesion of sensorimotor cortical areas in rodents, cats or primates,
sensory processing becomes altered in both the lesioned and in the “intact” hemisphere (Meyer et
al., 1985; Sakatani et al., 1990; Clarey et al., 1996; Mohajerani et al., 2011). In the ipsilesional
hemisphere of rodents, as early as 30 min after a lesion, sensory-evoked responses that occur
when touching locations on the paretic forelimb normally encoded by the lesioned area become
concentrated instead within adjacent cortical areas, particularly the peri-infarct somatosensory
and motor cortex (Sigler et al., 2009; Mohajerani et al., 2011). Furthermore, stimulation of the
intact forelimb ipsilateral to the lesioned hemisphere produces enhanced sensory responses in
peri-infarct somatosensory hindlimb representation, as well as motor and barrel cortex of the
lesioned hemisphere (Mohajerani et al., 2011). Changes in sensory processing are also observed
in the contralesional, intact hemisphere. For example, 30-50 minutes after acute stroke in the
rodent enhanced contralesional sensory responses can be observed when stimulating either the

paretic or non-paretic forelimb, in both evoked response amplitude and extent of cortical area
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becoming active. These changes observed in the somatosensory system are suggested to reflect
wide-scale bihemispheric circuit level rearrangements despite the absence of new structural
connectivity, due to the short time frame within which they occur (Mohajerani et al., 2011).
Furthermore, no such changes in evoked sensory responses were observed for stimulation of
either hindlimb in either hemisphere, showing the changes were functionally dependent in the
sense that they were specific to the type of effector targeted by the lesion. Thus, changes

occurred specifically within circuits closely related to the lost function.

Similar changes in the processing of sensory responses following cortical injury have
been observed in primates. For example, in monkeys the inactivation of primary somatosensory
cortex of one hemisphere using cooling will induce the immediate expansion of somatosensory
receptive fields in the other hemisphere as well as increases in the response amplitude of neurons
to peripheral stimulation (Clarey et al., 1996). These changes may reflect an unmasking of latent
functional connections, possibly by disinhibition of the intact hemisphere. Interestingly, after
prolonged inactivation (50+ minutes), the receptive fields return to baseline, perhaps reflective of
a homeostatic mechanism occurring within the network, as a response to the ongoing, altered
pattern of activity (Clarey et al., 1996). Thus, it seems that the somatosensory network attempts

to “re-balance” itself following a localized perturbation.

However, it is not known how these rapid changes extend to motor processing
specifically. There are some indications that similar changes may occur in motor cortex, at least
at a longer timescale of weeks to months after stroke, which is the subject of the next section. For
example, it has been shown that the intact hemisphere of stroke patients finds itself with a lower
threshold for producing movement when stimulated with TMS (Volz et al., 2015). In parallel, the
motor output of the ipsilesional hemisphere is diminished (Escudero et al., 1998). As such,
additional studies are required to explore how rapidly such effects take place and progress after
cortical injury specifically in the motor network. Notably, an exploration of the neural changes
that take place in motor areas of both hemispheres in the immediate aftermath of a cortical injury

presents an important gap in the literature.

Nonetheless, there are indications that the motor system can respond very rapidly to
perturbations in order to preserve and restore network integrity. In a study performed in the

mouse that probed the robustness of neural representations about an upcoming tongue movement
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in both hemispheres, preparatory activity in a given hemisphere was extremely robust to large-
scale, transient unilateral silencing of that hemisphere using optogenetics (Li et al., 2016). The
optogenetic silencing was applied during movement preparation and was used to abolish “ramp-
up” neural activity associated with the upcoming movement. However, when the perturbation
ended prior to movement onset, the neural dynamics associated with the upcoming movement
were quickly and selectively restored in several hundred milliseconds. More precisely, neurons
showed accelerated ramping after the end of photoinhibition such that their activity “caught up”
to reach the same level of activity as they would have had at that time if they had been left
unperturbed. Importantly, severing the corpus callosum prevented this process of recovery from
occurring. In addition, no recovery was observed if bilateral silencing was performed. Thus, it
appears that a callosal-mediated interhemispheric dialogue between “nodes” in each hemisphere
that contain redundant but functionally relevant information about the upcoming movement

underlies this process (Li et al., 2016).

3.2 Long-term reorganization of motor cortex following cortical injury

In contrast to the paucity of information available concerning rapid (minutes to hours)
reorganization of motor cortex after injury, long-term motor reorganization has been the subject
of many studies. Cortical damage to the motor cortex induces a long-term plasticity that leads to
important functional reorganization within the motor network (Dancause, 2006; Nudo, 2006;
Dancause, 2013). This plasticity can involve reorganization that is localized within the affected
region, particularly with smaller lesions (Lashley, 1929, 1930); however, as the extent of damage
becomes more widespread, the motor network recruits more and more distal regions that
reorganize to support lost function. These regions, while not initially directly performing the
function of the damaged region, can demonstrate an adaptive plasticity known as vicariation of
function to “take on” the role once performed by the lesioned site (Munk, 1881; Ogden and

Franz, 1917; Glees et al., 1950).

The most common source of strokes 1s middle cerebral artery occlusion, which often
cause cortical lesions that include M1, and thus lead to devastating consequences for motor
function. Indeed, in human studies, functional outcomes and motor function correlate with the

extent to which corticospinal projections are disrupted (Pineiro et al., 2000; Zhu et al., 2010). In
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particular, hand function is notoriously difficult to recover, as even patients with good recovery
following stroke will often suffer from chronic motor deficits of the hand (Lai et al., 2002). It is
therefore critical to understand the mechanisms that allow recovery of hand function following

injury and the rules that subserve the plasticity of the motor network that accompanies it.

Importantly, this plasticity can include not just regions located in the affected hemisphere
but also in the other, intact hemisphere. Below, the reorganization that can occur in the
ipsilesional hemisphere following motor cortex lesions will be presented, followed by an
overview of contralesional hemisphere reorganization. In addition, a brief portrayal of how these
bihemispheric changes can be seen through the lens of a network “connectome” will be

discussed.
3.2.1 Reorganization in the ipsilesional cortex

Ipsilesional motor areas can undergo extensive reorganization following unilateral damage to M1
that bear functional relevance to recovery. In monkeys with a small lesion to the M1 hand area,
functional rehabilitation training of the affected limb can induce the cortical representation of the
digits to expand into the intact, perilesional cortex initially containing shoulder and elbow
representations (Nudo et al., 1996; Friel et al., 2007). Importantly, this plasticity is associated
with the recovery of hand motor function, demonstrating that ipsilesional M1 can contribute to
recovery (Nudo and Milliken, 1996; Nudo et al., 1996). Thus, with a small infarct, the surviving
M1 tissue appears sufficient to support recovery. This mechanism of plasticity requires
rehabilitative treatment, since without it, there is instead a reduction of digit representation, with
sites evoking digit or wrist instead evoking shoulder or elbow movements (Nudo and Milliken,

1996).

However, with larger lesions of M1, the remaining perilesional M1 tissue is not sufficient
to support functional recovery. As a consequence, more distal, but related, regions that were not
initially subserving the function of the injured area are recruited to vicariously take over the lost
function via adaptive plasticity mechanisms (Dancause, 2013). Importantly, premotor areas are
well placed to take over lost M1 function, due to several key factors. In particular, as discussed
in earlier sections, they are extensively interconnected with the rest of the motor network, they
boast their own corticospinal projections, and they are already involved in motor-related

computations. It is not surprising that human studies, while not discussed in detail here, have
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reported changes associated with functional recovery occurring in CMA, SMA, PMd, and PMv
e.g. (Loubinoux et al., 2003; Miyai et al., 2003; Fridman et al., 2004; Carey et al., 2005; Seitz et
al., 2005; Carey et al., 2006). Below, several studies performed in monkeys will be presented,
that have particularly highlighted the functional reorganization of PMv for recovery of hand

motor control.

The ventral premotor cortex has been shown to undergo important functional
reorganization following a unilateral lesion to the M1 hand representation area, as long as the
lesion was sufficiently large (Frost et al., 2003). In a series of experiments, lesions of different
sizes were performed in the region of M1 representing the distal forelimb. Monkeys then
underwent three months of functional training using a Kluver board to improve their reach and
grasp performance with the paretic hand. Following this recovery, intracortical microstimulation
(ICMS) mapping revealed an up to 53.8% increase in the PMv cortical surface dedicated to the
paretic hand, as compared to pre-lesion cortical maps. The extent of this increase was dependent
on the size of the M1 lesion, such that larger lesions affecting at least 50% of the M1 distal
forelimb area led to greater increases of hand cortical representation in PMv, whereas smaller

lesions did not (Frost et al., 2003).

These changes in PMv cortical representation are accompanied by anatomical rewiring.
Using anatomical tracers injected in PMyv, it has been shown that axons that initially projected to
M1 show abrupt changes in trajectory at the periphery where the M1 lesion starts, changing paths
to now orient towards S1. As such, there is a substantial increase in PMv-S1 connections,
particularly with area 1/2 (Dancause et al., 2005). Such an anatomical change could represent a
bypassing of the lesion site in M1, possibly to reestablish the sensorimotor loop that normally

involves M1 (Asanuma and Pavlides, 1997).

Finally, the role of the premotor cortex in recovery can also be seen in primate studies
that inactivated different motor regions following post-lesion reorganization and functional
training (Liu and Rouiller, 1999; Murata et al., 2015). For example, Liu and Rouiller (1999)
explored the functional role of surviving premotor areas in monkeys trained on a precision-grip
task that had undergone a permanent lesion of the hand representations of M1 and part of S1.
Following recovery 9 months after the initial lesion, muscimol was injected into different motor

areas of the ipsilesional hemisphere. They demonstrated that the combined inactivation of the
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ipsilesional PMv and PMd reinstated deficits, whereas inactivation of each area in isolation did
not, suggesting that either area by itself can take over part of the lost hand function (Liu and
Rouiller, 1999). In another study, a focal lesion of the M1 hand digit area was performed using
ibotenic acid in monkeys (Murata et al., 2015). They then performed daily postlesion motor
training to induce functional recovery of hand movements including precision grip and used
positron emission topography (PET) to image regional cerebral blood flow associated with this
recovery. Interestingly, they observed that there was enhanced activity of the ipsilesional PMv
during the early post-recovery period (1-2 months following lesion) that persisted during the late
post-recovery period (>2months following lesion) and increased functional connectivity within
perilesional M1 during the late post-recovery period. The causal roles of these areas in recovery
at these different post-recovery periods were confirmed using muscimol. Specifically,
inactivation of either ipsilesional M1 or PMv during the early or late post-recovery period led to
a reinstatement of deficits. Thus, taken together, both the primary motor and premotor cortex
appears to play a role in functional recovery, with PMv suggested to play a particularly important
role during the early post-recovery period, and perilesional M1 reorganization contributing to

functional recovery more intensely during the late post-recovery period (Murata et al., 2015).
3.2.2 Reorganization in the contralesional cortex

The contralesional hemisphere, while spared from direct damage, can display changes in activity
and organization induced by a lesion of the other hemisphere (Buetefisch, 2015). For example,
fMRI experiments performed in both rodents and human patients suggest that there is an increase
in brain activity in the spared hemisphere as functional recovery occurs (Dijkhuizen et al., 2001;
Weber et al., 2008; Rehme et al., 2011a). In monkeys, it has been shown using PET that the
contralesional PMv will show increased activity during the early post-recovery period, which

corresponded to 1-2 months after a unilateral M1 lesion (Murata et al., 2015).

In rodents, the extent to which the contralesional hemisphere can show changes in
activity or reorganization are dependent on the size of the lesion (Kim and Jones, 2010;
Touvykine et al., 2016), the severity of motor deficits (Dijkhuizen et al., 2003) and the
rehabilitation treatment used (Allred et al., 2010; Jones and Jefferson, 2011). For example, using
ICMS mapping in the rat it has been shown that larger unilateral lesions of M1 in one

hemisphere can induce a greater expansion of distal limb representations in the contralateral
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motor and premotor cortex (Kim and Jones, 2010; Touvykine et al., 2016). Complimentarily, in
chronic stroke patients, there is a relationship between abnormally increased activity in
contralesional M1 associated to the paretic hand and the extent of CS tract damage (Schaechter

and Perdue, 2008).

There is some debate as to the extent to which these changes in activity and
reorganization in the contralesional hemisphere may be beneficial or detrimental for the
functional recovery of the paretic limb (Buetefisch, 2015). For example, it has been shown that
while the contralesional M1 seems to support function in some patients after stroke (Lotze et al.,
2006), it may interfere with recovery in others (Mansur et al., 2005; Fregni et al., 2006).
Nonetheless, studies that have looked at corticomuscular coherence, which is the synchrony of
the neural activity of cortical areas with muscle activity, in human patients with stroke or brain
lesions have suggested increased contributions of the contralesional hemisphere to the muscular
activity of the paretic hand after injury (Gerloff et al., 2006a; Rossiter et al., 2012). It has also
been shown that there is an association between increased excitability of contralesional M1 and
good recovery of hand function in patients during the subacute phase of strokes that affected M1
or its CS projections (Butefisch et al., 2003). Furthermore, recovery from motor deficits is
associated with increased connectivity between the ipsilesional M1 and contralesional areas, as
determined using fMRI in stroke patients (Wang et al., 2010; Eickhoff and Gretkes, 2011). In
rodents having recovered from a large ischemic infarct, it has been shown that inhibiting the
contralesional hemisphere leads to greater behavioral deficits of the paretic limb relative to what

is observed when inhibition is performed in controls (Biernaskie et al., 2005).

Inactivation experiments in non-human primates have also been performed exploring the
role of the contralesional hemisphere following recovery from lesions to M1 or the CS tract.
However, results have been mixed. On the one hand, in a study where the CS tract from one
hemisphere was mostly severed via a spinal lesion, inactivation of the contralesional M1 or PMv
during early recovery led to impairments of paretic hand function (Nishimura et al., 2007). On
the other hand, muscimol inactivation of contralesional M1 during the early (1-2 month) or late
(>2 month) post-recovery period following a unilateral M1 lesion did not induce a change in
behavioral performance on a precision grip task (Murata et al., 2015). Furthermore, the same

study demonstrated that while there is increased activity in contralesional PMv during the early
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post-recovery period following a unilateral M1 lesion, its inactivation with muscimol also did not
affect performance on a precision grip task. Interestingly, there were differences between
subjects during the late post-recovery period. While inactivation of contralesional PMyv at this
time point had no effect in one monkey, it did lead to decreased hand motor performance in a
second monkey. In contrast to the unaffected primate, this latter monkey showed a continued
increased activation of the contralesional PMv during late post-recovery (Murata et al., 2015).
Nonetheless, 9 months after a unilateral lesion of M1 and S1 hand representational areas, the
inactivation of the contralesional PMv and PMd did not reinstate deficits (Liu and Rouiller,
1999). These different results could be due to variations in lesion sizes or locations, as well as

differences in how cortical reorganization occurred between subjects.

In addition, there may be an important temporal relevance to the contributions of the
contralesional hemisphere to recovery following stroke. In cross-sectional studies of stroke
patients during use of the paretic hand, it has been shown that there is an initial abnormal
bilateral activation of motor areas in subacute stroke patients (Chollet et al., 1991; Weiller et al.,
1992; Cramer et al., 1997; Cao et al., 1998; Johansen-Berg et al., 2002; Small et al., 2002; Ward
et al., 2003b; Butefisch et al., 2005; Nair et al., 2007) that shifts towards a more normal
unilateral activation pattern of ipsilesional motor regions in chronic stroke patients (Ward et al.,
2003b). This activation shift, based on a longitudinal study of stroke patients, has been
associated with good recovery (Ward et al., 2003b). In contrast, persistence of the abnormal
bilateral activation pattern is not, instead being associated with poor functional outcome (Ward et
al., 2003b). For example, patients with over-activity in the unaffected hemisphere that does not
go away 6-12 months after stroke, in the chronic phase, demonstrate poor recovery. These are
patients that often have substantial corticospinal damage (Ward, 2007). Overall, in stroke
patients with good recovery the contralesional hemisphere appears to contribute to the degree of
functional recovery (Gerloff et al., 2006b; Lotze et al., 2006; Braun et al., 2007), whereas in
patients with poor functional recovery, the contralesional hemisphere appears to have a more
detrimental role, possibly by losing what may be initially supportive effects (Gretkes et al., 2008;
Rehme et al., 2011a). Thus, the role of the contralesional hemisphere in recovery is complex and

remains to be fully elucidated.
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3.2.3 A bihemispheric sensorimotor connectome

As outlined in the above sections, motor control involves a large and distributed network that
includes numerous areas from both hemispheres. This bihemispheric network is not just involved
in unimanual hand control, but also in functional recovery of dexterous hand movements after
cortical damage. The interconnectedness of this network, and of the brain in general, has led

several to refer to it as a “connectome”.

Currently, there is a push to view recovery from lesions, such as stroke, in the lens of
signals rerouting within the bihemispheric connectome (Grefkes and Fink, 2014; Silasi and
Murphy, 2014). Within this paradigm, even small and localized perturbations can have
widespread consequences over the whole connectome. In a study using connectivity data
determined from resting-state fMRI scans in humans, where individuals are at rest (“resting-
state”) and no motor activity is being performed, the effects of a unilateral small virtual stroke
(5% of area) when simulated could lead to network-wide bihemispheric effects (Alstott et al.,
2009). Indeed, actual studies using longitudinal imaging techniques in both animals and humans
show that the initial impact of brain injury is widespread, inducing profound changes across

multiple areas in both hemispheres (Dijkhuizen et al., 2003; Rehme et al., 2012).

Furthermore, these effects tend to be focused specifically on related structures. In resting
state fMRI experiments, it was shown that patients with lesions show cortical dysfunction that,
while widespread, stays within the limits of existing interconnected networks that are
functionally correlated with the lesion sites (Nomura et al., 2010). For example, patients that
show motor impairments, but no visuospatial neglect, show abnormal connectivity in the motor
system but normal connectivity in attention-related networks (Carter et al., 2010). This is
reminiscent of the rapid changes in somatosensory processing discussed earlier that occur
following cortical injury to forelimb representations, where alterations in evoked sensory
responses were observed during forelimb, but not hindlimb, stimulation (Mohajerani et al.,

2011).

Notably, as briefly mentioned earlier, good recovery is associated with a shift towards
more normal functional connectivity in the affected network, and particularly with a refocusing
of activity in the M1 of the ipsilesional hemisphere (Grefkes and Fink, 2014). For example, in

rats or human patients recovering from stroke, resting-state measurements showed that while
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initial behavioral deficits were correlated with decreased interhemispheric connectivity between
sensory and motor regions of both hemispheres, subsequent functional recovery was associated
with a return to normal of interhemispheric connectivity (Carter et al., 2010; van Meer et al.,
2010). Indeed, as functional recovery progresses there is a steady increase of resting-state
connectivity between contralesional areas and the ipsilesional M1 (Wang et al., 2010; Golestani

etal., 2013).

Finally, and importantly, there is a relationship between early changes in activity and the
extent of functional recovery. For example, magnetoencephalography (MEG) and fMRI studies
in human patients have shown that initially higher connectivity estimates within the motor
system in the acute or subacute phases of stroke is correlated with better functional recovery 3-6
months later (Park et al., 2011; Westlake et al., 2012). Furthermore, and importantly, the
magnitude of early hemodynamic changes can be used to predict the extent of motor recovery
that will occur (Marshall et al., 2009; Rehme et al., 2015; Hannanu et al., 2017). As such, the
rapid, early changes observed in the sensorimotor connectome are informative of the direction
that the long-term reorganization of the motor system will take and are therefore directly linked
to the potential for and extent of recovery. Unfortunately, while a great deal of information about
the connectivity of the brain and the roles of these different sensory and motor areas in recovery
has been gleaned from the studies presented above, the rapid, early changes occurring in the

activity of motor-related neurons of these areas remains unknown.
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4. Muscimol as a tool to explore the central control of movement

The use of muscimol injections as a model of acute cortical injury has been well established (for
review see Martin and Ghez 1999). As the use of muscimol forms a critical element of the
current thesis, a concise overview centered on this topic is warranted. More specifically, we will
provide a brief characterization of this drug, its mechanism of action, and how it has been used in

the study of motor control.

4.1 Muscimol, a GABA-A receptor agonist

Muscimol, an analog of GABA, is a psychoactive drug obtained from the caps of Amanita
muscaria mushrooms, widely used as a selective GABA-A receptor agonist (Michelot and
Melendez-Howell, 2003; Johnston, 2014). GABA is the most widely distributed inhibitory
neurotransmitter in the mammalian central nervous system (CNS), being released by up to 40%
of neurons, and GABA-A receptors are responsible for the fast inhibitory synaptic transmission
in the CNS (Seeburg et al., 1990; Bowery and Smart, 2006; Hinton and Johnston, 2018). When
GABA released by the presynaptic neuron binds to the receptors at the postsynaptic site, the ion

channel opens and chloride diffuses into the cell, thus hyperpolarizing the post-synaptic neuron.

Specifically, muscimol is a 3-hydroxyisoxazole bioisostere of the carboxylate of GABA.
Muscimol has comparable potency to GABA, and is orthosteric, binding to the same active site
on the GABA-A receptor complex as GABA itself (Johnston, 2014). It is inactive at GABA-B
receptors and is a more potent partial agonist at GABA-C receptors. It is a weak inhibitor of
GABA uptake and is not a substrate for GABA transaminase, the enzyme that breaks down
GABA (Johnston, 2014). Only receptor bound, but not free, muscimol has physiological activity.

Muscimol is commonly injected into the nervous system in order to focally inactivate
regions that contain neurons expressing GABA-A receptors, to study the induced behavioral and
neuronal consequences of its use and thus infer brain function and neural interactions (Mink and
Thach, 1991; Dias et al., 1995; Partsalis et al., 1995; Zhang et al., 1995; Kubota, 1996; Rouiller
et al., 1998; Schieber and Poliakov, 1998; Brochier et al., 1999; Martin and Ghez, 1999;
Waitzman et al., 2000; Baron et al., 2002; Stepniewska et al., 2014). When muscimol is locally

injected in brain tissue, neural activity adjacent to the site of delivery becomes rapidly and totally
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suppressed (Arikan et al., 2002; Edeline et al., 2002) with hypometabolism in the affected region
(Martin, 1991). For example, following a 0.1 pLL muscimol injection into the nucleus basalis
magnocellularis of rodents, spontaneous activity of neurons 500 um from the tip of the cannula
used to deliver the drug falls to less than 20% of its initial value 2 min after muscimol injection.
From 25 min onwards, and until the final timepoint of the experiment 2 h later, spontaneous
activity was completely suppressed (Edeline et al., 2002). When injecting muscimol into rodent
cortex or cerebellum, 1 pL causes a spread to a 1.5 to 2 mm radius total (Martin, 1991; Arikan et
al., 2002). At .5-1.5 h after injection, neural discharge is completely suppressed in a roughly 2
mm diameter, with cellular activity being attenuated in an area roughly 4 mm in diameter
(Arikan et al., 2002). This suppression can last for more than 5 h with graded, partial return of
activity over time that progresses from the periphery of the attenuated area inwards. For
example, at 4.5-5.5 h after inactivation, the areal extent where cellular activity is still at least

weakly inhibited was roughly 1 mm in diameter (Arikan et al., 2002).

4.2 Muscimol as a model of primary motor cortex injury

The motor cortex provides a salient target for the use of muscimol as a model of acute cortical
injury and its functional consequences. In M1, GABAergic signaling is ubiquitous, as it contains
many neurons that are GABAergic as well as numerous neurons that strongly express GABA-A
receptors as shown across a variety of animal models, such as rodents and primates, including
humans (Houser et al., 1983; Lidow et al., 1989; Wisden et al., 1992; Petri et al., 2003). For
example, in the rhesus macaque, the GABA synthesizing enzyme, glutamic acid decarboxylase
(GAD), which can be used as a marker of GABAergic neurons, is markedly present throughout
M1 (Houser et al., 1983). All GAD-positive neurons are non-pyramidal cells, and are found in all
layers of motor cortex, often serving as inhibitory interneurons. GAD-positive putative axon
terminals (puncta) are present throughout motor cortex, and can be found immediately adjacent
to the somata, dendrites and initial axon segments of GAD-negative pyramidal cells, which
includes corticospinal neurons (Houser et al., 1983). Indeed, M1 pyramidal cells are extremely
receptive to GABA. For example, in healthy humans, mRNA histological analyses have shown
that most pyramidal neurons in layers III and V (~80%) express mRNA associated with different

subunits that make up the GABA-A receptors (Petri et al., 2003). Pyramidal cells are not unique
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in their sensitivity to GABA; small and medium sized cells in the same layers also express such
mRNA, albeit more moderately (~60%) (Petri et al., 2003). As such, the motor cortex is highly
sensitive to muscimol-induced inactivation of its neural activity, with important consequences to

motor function.

The behavioral consequences of M1 muscimol inactivation are comparable to those
observed acutely after M1 permanent injury in monkeys. For example, during reach and grasp
tasks, both inactivation and lesions to the M1 hand/arm area induce decreased movement speed
and trajectory errors during reaches, and impaired dexterous hand control such as digit muscle
weakness and a loss of independent finger movement during grasp (Matsumura et al., 1991;
Hoffman and Strick, 1995; Kubota, 1996; Schieber and Poliakov, 1998; Brochier et al., 1999;
Fogassi et al., 2001; Nudo et al., 2003; Hoogewoud et al., 2013). The behavioral effects of
muscimol inactivation can last as long as 24 h, peaking at roughly 1 h post injection and then
regressing with time (Martin and Ghez, 1993; Collins et al., 2005). Overall, there is a consensus

that muscimol is an effective tool to study the acute effects of brain injury.

Finally, there are several advantages to using muscimol relative to other approaches in
the study of motor control and the functional consequences of acute focal M1 injury. For
example, an important advantage of muscimol is its specificity, as it only inactivates local
neurons, unlike blockers of sodium channels (e.g. tetrodoxin) or local anesthetics (e.g. lidocaine)
which additionally prevent the occurrence of action potentials from fibers of passage (Hilles,
1966, 1977; Ritchie, 1979). There are important differences between using a reversible drug like
muscimol versus actual brain injury. Normally, brain injury is accompanied by a host of
consequences that extend beyond a mere perturbation of healthy neuronal network dynamics. For
example, stroke doesn’t just disrupt descending motor commands due to a loss of
cortical/subcortical inputs to muscles, but also leads to other processes such as inflammation,
which has its own cascade of consequences (Block et al., 2005; Muir et al., 2007). Furthermore,
it can also induce damage to other brain regions that have synaptic connections with the primary
lesion location but were not directly affected by the injury. For example, following a medial
cerebral artery occlusion, there is secondary neural death, gliosis, and axonal degeneration in
spared regions that are not normally irrigated by the medial cerebral artery, such as the thalamus,

substantia nigra, and distal pyramidal tract (Forno, 1983; Ogawa et al., 1997; Schmitt et al.,
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1998; Schmitt et al., 2000; Buss et al., 2004; Buss et al., 2005). As such, muscimol is a powerful
tool to study motor control as it allows elucidating the precise role of the inactivated tissue and

the neuronal dynamics of the circuitry that it is part of while limiting confounds that can arise.
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5. Thesis research question and objectives

Previously, direct in-vivo recordings that have explored the rapid neuronal reorganization that
occurs after brain lesions have been limited to somatosensory cortex. As presented above, these
studies were conducted in sedated animals and using externally applied passive stimulation. In
parallel, much work has been done using non-invasive imaging methods to probe bihemispheric
sensorimotor reorganization following brain injury. These studies relied on indirect measures
such as changes in hemodynamic activity, and therefore are unable to apprise of the actual neural
changes that are taking place. Thus, while informative, these direct and indirect studies have left
us with a very limited understanding of how brain injury specifically affects neural activity
related to the generation of impaired hand movements, particularly at very short time scales.
Notably, such early changes in neuronal activity can affect reorganization during the subacute

phase of a cortical injury such as stroke, with important consequences for recovery.

The work in this thesis addresses the general question of how neural activity in the
distributed motor network of both hemispheres rapidly reorganizes following a localized,
unilateral and reversible cortical injury in the non-human primate. To do so, we take the
approach of quantifying the short-term, rapid changes which occur in neurons of motor-related
areas of both hemispheres in the immediate aftermath of the suppression of one area, namely the
M1 hand representation area, during performance on a functional reach and grasp task. We
focused in particular on neural changes taking place during grasping, as the most pronounced
deficits are expected to occur during use of the hand. The results of these experiments are

divided into two chapters.

In chapter 2, we set out to quantify the rapid reorganization of neural activity in the
ipsilesional and contralesional PMv, two areas that have been shown to be heavily implicated in

the control of grasping and in recovery of dexterous hand movements following M1 lesions.

In chapter 3, we quantified the rapid reorganization of the contralesional M1, which has
a complex role in recovery of dexterous hand movements following injury to its homologue. In
addition, comparisons of the extent of reorganization taking place in M1 and the premotor areas

studied in chapter 2 were performed.
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Abstract

Brain injuries cause hemodynamic changes in several distant, spared areas from the lesion. Our
objective was to better understand the neuronal correlates of this reorganization in awake,
behaving female monkeys. We used reversible inactivation techniques to “injure” the primary
motor cortex, while continuously recording neuronal activity of the ventral premotor cortex in
the two hemispheres, before and after the onset of behavioral impairments. Inactivation rapidly
induced profound alterations of neuronal discharges that were heterogeneous within each and
across the two hemispheres, occurred during movements of either the affected or nonaffected
arm, and varied during different phases of grasping. Our results support that extensive, and much
more complex than expected, neuronal reorganization takes place in spared areas of the
bihemispheric cortical network involved in the control of hand movements. This broad pattern of
reorganization offers potential targets that should be considered for the development of

neuromodulation protocols applied early after brain injury.
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Introduction

Moving the hand to grasp an object is associated with modulation of neuronal activity in several
cortical areas, including the primary motor cortex (M1) (Schieber and Hibbard, 1993; Kakei et
al., 1999) and premotor areas (Tanji et al., 1987, 1988; Cisek et al., 2003; Nakayama et al.,
2015). Interestingly, the cortical network supporting unimanual movements extends to both
hemispheres, also involving premotor areas and even M1 ipsilateral to the hand (Donchin et al.,
1998; Ames and Churchland, 2019; Heming et al., 2019). In the ventral premotor cortex (PMv),
for example, many neurons show little selectivity to the hand used, but are rather coding for the
location of the target, its shape, or the configuration of the hand to grasp that target (Tanji et al.,
1988; Rizzolatti and Luppino, 2001; Michaels and Scherberger, 2018). Although the ipsilateral
hemisphere is not specifically driving the production of corticospinal outputs (Soteropoulos et
al., 2011; Li et al., 2015), at least some components of the control of unimanual hand movements
involve widespread coordination of neural activity across several cortical areas, in the two
hemispheres. In this distributed framework, dysfunction or injury in one region is expected to
have far-reaching impacts across multiple areas of the ipsilesional and contralesional

hemispheres (Grefkes and Fink, 2014; Silasi and Murphy, 2014).

Not surprisingly, there is extensive support that lesions in the brain cause bihemispheric
reorganization. However, most studies have used noninvasive imaging methods based on indirect
metabolic measures (Ward, 2015; Crofts et al., 2020). To date, direct in vivo recording of the
impact of brain injury on neuronal activity has revealed that cortical inactivation or lesion
profoundly alters processing of sensory information in the two hemispheres (Meyer et al., 1985;
Takatsuru et al., 2009; Sweetnam and Brown, 2013; Kokinovic and Medini, 2018), even within
minutes after injury (Sakatani et al., 1990; Ding et al., 2011; Mohajerani et al., 2011). Such rapid
neuronal changes can be viewed as consequences of the lesion on the network's homeostasis
(von Monakow, 1914; Carrera and Tononi, 2014), with a questionable active involvement in
motor function at this stage. They are, however, precursors that form the landscape on which
subacute plasticity later takes place and, as such, are likely to have profound effects on recovery

after brain injury.

Previous studies on rapid neuronal reorganization after brain lesions have been

essentially limited to the sensory cortex, conducted in sedated animal preparations, and using
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passive stimulation. They have left us with a limited understanding of the early consequences of
brain injury on neuronal activity associated with the generation of impaired hand movements.
This knowledge is particularly timely and could have a far reaching impact, now that
noninvasive neuromodulatory approaches, such as transcranial magnetic stimulation (TMS), are
being used to favor motor recovery after brain damage (Grefkes and Fink, 2014). Current
stimulation strategies are largely based on concepts of network connectivity and interactions.
Stimulations are often used to alter the excitability of areas spared by the injury to remotely help
reestablish the functional state across the network involved in the generation of movements. The
refinement of the hypotheses underlying the development of these treatments would thus greatly
gain from a better understanding of the impact of brain injury on neuronal activity across the

motor network.

To address some of these issues, we investigated neuronal reorganization associated with
the loss of fine control of hand movements in adult macaque monkeys. Motor deficits were
induced using reversible inactivation techniques in the hand representation of M1 while
continuously recording before and after cortical injury. This allowed us to identify changes in
individual neurons in a highly sensitive and powerful way. In the present report, we focused on
recordings in PMv, an area known to undergo physiological and anatomic reorganization after
brain lesions that cause impairments of hand movements (Dancause et al., 2005; Dancause et al.,

2006b; Murata et al., 2015; Yamamoto et al., 2019).
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Materials and Methods

Experimental model and subject details

Two adult female rhesus macaques (Macaca mulatta), Monkey M (5.5 kg) and Monkey S (5.7
kg), were used in the present study. All surgical and experimental procedures were performed in
accordance with the guidelines set forth by the Canadian Council on Animal Care and were
approved by Comité de Déontologie de I'Expérimentation sur les Animaux of the Université de

Montréal.

Surgical procedures

Surgical procedures were conducted under sterile conditions. Anesthesia was induced with
ketamine hydrochloride (15 mg/kg; Ketaset; Pfizer) and maintained with ~2%-3% isoflurane
(Furane; Baxter) in 100% oxygen. Monkeys were given atropine (atropine sulfide; 0.04 mg/kg;
Rafter 8 Products) and dexamethasone 2 (Dexacort 2, 0.5 mg/kg; Rafter 8 Products) as well as an
intravenous injection of mannitol 20% (1500 mg/kg; Fresenius Kabi Canada) to prevent
inflammation and swelling of the brain. Lactated Ringer's solution was injected continuously to
maintain hydration (10 ml/kg/h, i.v.). Body temperature was kept near 36.5°C with a self-
regulating heating blanket (Harvard Apparatus), and blood oxygen saturation and heart rate were

monitored throughout the procedures.

Muscles were intramuscularly implanted with insulated, multistranded microwires
(Cooner Wire) for recording of EMG signals. Each microwire was tunneled subcutaneously from
the target muscle to a connector embedded in bone cement on the top of the head. Accurate
placement of the EMG wires was tested by electrical stimulation of the muscles with the
implanted wires and observation of the evoked movements, both during the surgery and in later
sessions in the awake state, while the monkey was sitting quietly. We implanted the deltoideus,
biceps brachii, brachioradialis, palmaris longus, flexor carpi ulnaris, flexor carpi radialis, flexor
digit communis, extensor carpi ulnaris, extensor carpi radialis, extensor digit communis, first
dorsal interosseus, adductor of the thumb, and abductor of the thumb. Only channels with clear

EMG signals for all selected recording sessions were kept for analysis (see Figure 2.3). In the
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present set of analyses, the EMG signals were used primarily to control for the appearance of

covert movements after inactivation.

Craniotomies and durectomies were performed to expose M1 and the lateral premotor
cortex in both hemispheres. Multielectrode arrays were implanted in the left PMv and dorsal
premotor cortex (PMd) and the right PMv, PMd, the M1, and primary somatosensory cortex (S1)
(see Figure 2.1 B). In the left hemisphere, the dura was left intact over the central sulcus and a
chronic chamber (2 x 2 cm opening; Plexiglas) was positioned to provide access to the dura over
the M1 hand representation. The chamber was used to perform muscimol inactivation (see next
section) in the left hemisphere, which we refer to as the “ipsilesional” hemisphere. Consequently,
the right hemisphere was opposite to the lesion, and referred to as the “contralesional”
hemisphere in both monkeys. With this configuration, the right hand was the affected or

“paretic” hand.

The placement of the arrays was guided by anatomic landmarks, including the arcuate
and central sulcus. In Monkey M, 370 electrodes were implanted. In the ipsilesional hemisphere,
one 96-¢electrodes Utah array (Blackrock Microsystems) was placed in PMd (ipsilesional PMd
[iPMd]), and one 32-electrodes and one 16-electrodes floating microprobe array (FMA;
Microprobes for Life Science) were placed in PMyv (ipsilesional PMv [1iPMv]). In the
contralesional hemisphere, one 96-electrodes Utah array was placed in M1 (contralesional M1
[cM1]), as well as four 32-electrodes FMAs, two each in PMv and PMd (contralesional PMv and
PMd; cPMv and cPMd, respectively). In Monkey S, a total of 448 electrodes were implanted. In
the ipsilesional hemisphere, one 96-electrodes Utah array was placed in iPMv, and two 32-
electrodes FMAs were placed in iPMd. In the contralesional hemisphere, two 96-electrodes Utah
arrays were placed, one in cM1 and one in cPMyv, and two 32-electrodes FMAs were placed in
cPMd and one in S1. Signals from arrays implanted in iPMv and cPMv were used for the present

set of analyses.

At the end of each surgery, monkeys were given Baytril (5 mg/kg; enrofloxacin, Bayer)
to protect against infection, another injection of dexamethasone 2 (0.5 mg/kg; Dexacort 2, Rafter
8 Products) to prevent brain swelling, as well as carprofen (4 mg/kg; Rimadyl, Zoetis Canada)

and buprenorphine (5 pg/kg; Temgesic, Schering-Plough) to prevent inflammation and pain,
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Figure 2.1. Experimental design

A, llustration of the task (left). To initiate trials, the monkey placed the hand in the home plate
(red arrowhead; bottom right inset). After a variable delay, a pellet was delivered in a
distribution slot (green arrowhead) containing a food well (top right inset). Trial events and
epochs (right). The home plates and slots were equipped with infrared LED sensors that reported
trial events used to define trial epochs for neuronal analyses (see Materials and Methods). B,
Reconstruction of the location of the electrode arrays in the 2 monkeys relative to the sulci and
the location of the chamber (black square). The muscimol injection sites for the different
experiments are shown in the chamber. AS, Arcuate sulcus; CS, central sulcus; L, lateral; R,
rostral. C, Schematic representation of iPMv and cPMyv, and the paretic and non-paretic hands in
relation to the location of the inactivation, which was always in the left M1.
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respectively. Additional doses of Baytril and Carprofen were given for 2 d after the surgery or

longer, following the recommendations of the veterinarian.

Behavioral task

The monkeys were brought to the laboratory to conduct the neuronal recording sessions. They
sat in a custom-made primate chair placed in front of a pellet retrieval task (see Figure 2.1 A,
top). The chair had an opening in front of the mouth and removable panels on both sides to allow
the use of one hand or the other in different blocks of trials. The pellet rewards (190 mg Dustless
Precision Pellets; BioServ) were delivered in a target consisting of a well behind a vertical slot
(1.3 cm x 5.5 cm) that was positioned ~10 cm below the shoulder height and 20 cm from the
monkeys. To get the rewards, the animals had to reach with either the left or the right hand and
use a precision grip (opposition of the thumb and index) with the forearm pronated. Video
recordings of the behavioral task were collected using two computer webcams placed above and
on the left side of the animal. The task was controlled by a Tucker-Davis Technologies
acquisition system using two RZ2 BioAmp processors and custom software designed for this

experiment.

The hand used was determined by which side panel on the chair was removed. Each trial
began when the animal placed the hand on the home plate located in front of them, 15 cm below
the target. The home plate contained an infrared laser sensor, which detected the presence of the
hand. Trial progression is shown in Figure 2.1 A (right). After a variable delay period (0.8-2 s), a
pellet was delivered into the well by a pellet distributor (80209 Pellet Dispenser, Campden
Instrument). The clicking sound associated with the pellet delivery served as GO cue. The animal
then had 2 s to perform a self-paced reach toward the target. The movement of the hand out of
the home plate was signaled by the sensor and marked the onset of reach. The animal entered the
target to grasp the pellet. A second infrared laser placed in the slot containing the food well
signaled the hand entering and leaving the target, which were used to mark the onset and offset
of grasp. After grasp, the monkey brought the pellet to its mouth, before placing its hand back in

the start position to initiate the next trial. The intertrial interval was 3 s.
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In each recording session, the monkeys performed 25 trials with the left hand and then 25
trials with the right hand. In inactivation experiments (see below), additional recording sessions
were conducted to collect blocks of trials at different time points after the inactivation, always in

the same order. Each recording session took ~10 min to perform.

EMG recording and analysis

The EMG signals were recorded using a Tucker-Davis Technologies acquisition system. The
continuously recorded raw EMG signals were sampled at 4.069 kHz, and separated into
individual trials using a custom-built software, before being further analyzed using custom code
written in MATLAB (The MathWorks). For each recording session, we took a rectified mean of
the activity across a block of trials during use of a given hand, aligned on different task epochs
(see below for epoch descriptions). The mean EMG signals were then low-pass filtered at 50 Hz

using a second-order Butterworth filter.

To quantify potential changes of EMG after inactivation, we normalized the mean
rectified and filtered activity for each muscle using the 500 ms period before the onset of
movements for a given block of trials (from —0.6 to —0.1 s from reach onset). The area under the
curve of the mean and rectified EMG trace was extracted with data aligned on grasp onset (—0.1
to 0.5 s from event), and on grasp offset (—0.2 to 0.1 s from event). Values of all muscles in one
arm for a given block of trials were averaged (e.g., with non-paretic arm, Pre-inactivation). Two
paired ¢ tests were used to compare the Pre-inactivation to the Post-inactivation blocks of trials:
one test with data aligned to grasp onset and the other with data aligned to grasp offset. This was
done for EMG data in both the moving and the resting arm. Recordings from all inactivation

experiments were included in these analyses (see below).

Muscimol inactivation experimental procedures

In the first two recording sessions after the implantation of cortical arrays and chamber, we
confirmed the location of the hand representation in left M1 with intracortical microstimulation

trains. A custom-made borosilicate glass-coated tungsten electrode was lowered within the
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chamber, perpendicular to the dura, while the animal was sitting quietly. Trains were delivered at
1 Hz, and each train consisted of 13 monophasic cathodal pulses of 0.2 ms at 350 Hz (Dancause
et al., 2008). We included in the hand representation all cortical sites from which digit, wrist, or
forelimb (i.e., pronation/supination) movements were evoked and located its borders. At the
rostral and medial borders, proximal movements were evoked (i.e., elbow or shoulder). At the
lateral border, movements of the face were evoked (e.g., lip, tongue, or pinna). The caudal border
was located deep in the central sulcus, at cortical sites that did not evoke movement with low
stimulation intensity (i.e., < 30 pA). For cortical sites within the hand area, we identified the
depth at which the lowest stimulus intensity was required to evoke a movement. These sites and

depths were used to guide the muscimol injections.

A total of 13 inactivation experiments were included in the present analyses. Six of these
experiments were conducted in Monkey M, and 7 in Monkey S. For most experiments (n =9, 4
from Monkey M, 5 from Monkey S), we did one injection of 0.75 pul of the GABA-A receptor
agonist muscimol (5 mg/ml) in the hand area of the left hemisphere. In each monkey, we also
included one additional experiment in which we injected muscimol at two sites (2 x 0.75 pl) and
one other experiment in which we injected muscimol at three sites (3 x 0.75 pl) in the hand area

(see Figure 2.1 B).

For each inactivation experiment, we first recorded baseline behavioral performance and
neural data in a “Pre-inactivation” data collection session. Animals performed a block of trials (n
= 25) with the left hand followed by a block with the right hand. Then, the M1 hand
representation was reversibly inactivated with muscimol, delivered with a 5 pul Hamilton syringe
with a beveled 26-gauge needle (Hamilton). The syringe was positioned in the brain using a
micromanipulator (David Kopf Instruments) with stereotaxic frame mounted to the primate
chair. At each targeted cortical site, 0.75 pl of muscimol was injected at a rate of 4 nl/s with a
microinjector (Harvard Apparatus) at different depths adjusted based on intracortical
microstimulation data (range ~4.5-7 mm from top of the dura). Thirty minutes after the injection
of muscimol, the animal was required to perform two more blocks of trials (n = 25 trials), first
with the left hand and then with the right hand, in a second recording session (Post 0.5 h). The
animals showed some clear deficits (see Results) while still being able to perform some trials

successfully. Notably, neural activity was recorded continuously throughout the Pre-inactivation
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session, the injection of the muscimol, and the Post 0.5 h session. After the Post 0.5 h recording
session, the monkeys were returned to the home cage, where they could move freely and have

unlimited access to water.

To follow the progression and extent of motor deficits, monkeys were brought back to the
laboratory to record additional sessions 3 h (Post 3 h) and 10 h (Post 10 h) after the inactivation.
At Post 3 h after inactivation, the impairments had progressed to the point that monkeys were not
able to perform the task with the paretic hand (see Results). To evaluate behavior, the
experimenter presented food morsels in front of the monkey with large forceps held vertically,
which led the monkeys to attempt reaches and grasping with the forearm in pronation. Deficits
were milder at Post 10 h and no longer visible on the following day, confirming the transitory
effect of the pharmacological manipulation. We always had a minimum of 72 h between

subsequent inactivation experiments.

Neural recordings and identification of neurons

We focused the present neuronal analyses on Pre-inactivation and Post 0.5 h recording sessions
for two main reasons. First, at this time point, the monkeys were still able to successfully
perform the task, at least in some trials. This allowed us to compare the neuronal activity in a
similar behavioral context, before and after the inactivation. Second, since neuronal activity was
recorded continuously from Pre-inactivation to Post 0.5 h, this allowed us to unequivocally
follow individual neurons throughout these sessions and to perform “within-neuron” analyses
(see below), in which we quantified the changes of activity caused by the inactivation in the
discharge pattern of clearly isolated and continuously recorded neurons. To increase the number
of neurons in the control condition, we included sessions in which the monkey performed the

task, but no inactivation was induced (i.e., Unmanipulated sessions).

We simultaneously recorded neural activity from 256 channels, the maximum possible
count with our equipment. In different experiments, we alternated the areas/arrays we focused
on. Recordings included in the present analyses are from sessions that prioritized recordings
from the arrays implanted in PMv. Neuronal data were sampled at 24,414.1 Hz, bandpass filtered

between 100 and 5000 Hz, and recorded digitally using a Tucker-Davis Technologies acquisition
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system. An automatic threshold (x4 SDs above the baseline noise) was used on all channels that
was locked in place for the duration of the recording. When this threshold was crossed, a 1228 us
sample was recorded. These suprathreshold waveforms were sorted offline using principal
component analyses in Plexon Offline Sorter (Plexon). Waveforms from a given unit were
categorized as “well-isolated” when the waveform cluster was clearly separated from other
recorded signals using the first three principal components. Only well-isolated units were
included in the current analyses. Then, we verified the stability and isolation of the principal
components of each unit for the entire time of recording by plotting the first 2 principal
components over time. For the within-neuron analyses (see below), we discarded any unit that
completely disappeared or appeared after inactivation or for which the PC1-PC2 cluster isolation
in relation to other signals was lost at any point during recording. Thus, although some neurons
in these analyses had very few spikes during reaching and grasping in post-inactivation trials
(e.g., see Figure 2.5 F), they were sufficiently active during intertrial intervals or between blocks
of trials to follow their isolation from the beginning to the end of recording. It should be noted
that this approach could have resulted in the removal of neurons that truly shut off or started
discharging after inactivation and consequently to an underestimation of the number of neurons
with lower or higher firing rate after the inactivation. However, we preferred this potential
underestimation to an overestimation of the impact of inactivation. Initial sorting was done by
one experimenter (I.M.-D.) and the quality of the isolation of sorted waveforms confirmed by a
second (S.Q.). After sorting, we confirmed that units had no refractory period violation (0%)

using an interspike interval of <1 ms, before and after inactivation.

We ensured that most neurons included in the study were sampled only once in iPMv (66
of 94; 70.2%) and in cPMv (103 of 138; 74.6%) for within-neuron analyses. For this
subpopulation, only signals from a single inactivation experiment were selected for any given
electrode (i.e., 0% chance of double sampling). We verified that all analyses using “within-
neuron” data gave similar results with this subpopulation of neurons. However, because
muscimol could potentially affect the activity of a given neuron differently (e.g., depending on
the specific location of the injection in relation to the hand representation or the level and nature
of impairment it caused), we considered each inactivation experiment as an independent
sampling. We thus included signals from more than a single recording session for some of the

electrodes in iPMv and cPMyv in the total population of neurons (see Results).
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Task epoch modulation of individual neurons

To give an appreciation of the discharge pattern of the total population of neurons, we produced
heat plots of discharge rates in relation to the onset of grasp (see Figure 2.4 A,B). In these plots,
for each neuron the spike density estimate (SDE) of spike discharge at each moment in time was
divided by the average SDE across the time window of interest (—1 to 1 s around Grasp Onset) to
highlight when neurons had their peak discharge. To characterize if neurons were modulated
during one or several epochs of the task, we compared the average firing during the pre-cue
epoch (0.7 to —0.1 s before the Go cue), which served as a baseline of neural activity, to the
firing rate during other epochs of the task using two-tailed 7 tests. The different epochs of
interest, in chronological order, were pre-cue, post-cue, reach, and grasp. The post-cue epoch
was the first 0.1 s following the GO cue, and the reach epoch ranged from —0.1 to 0.2 s from
Reach Onset, when the monkey's hand left the home plate. The current set of analyses mostly
focused on the grasp epoch, which ranged from —0.1 s before the fingers entered the slot (Grasp
Onset) to 0.1 s after the fingers had left the slot with the pellet (Grasp Offset). Since the grasp
epoch encompasses both the Grasp Onset and Grasp Offset events, the ¢ test was performed on
spike times aligned on each event separately for some analyses. The two windows of time used
were —0.1 to 0.5 s from Grasp Onset and —0.2 to 0.1 s from Grasp Offset. A neuron whose firing
rate was modulated according to the ¢ test (p < 0.05) within either of these windows was
considered tuned to grasp during that block of trials. To visualize the modulation of individual
neurons during the task, in addition to raster plots, we calculated SDEs of the firing rate across
trials for each neuron (Nawrot et al., 1999), with spike times aligned at Grasp Onset (see Figure

2.5). The SDEs were performed using a Gaussian kernel function with a kernel of 50 ms.

Effect of inactivation on the total population of recorded neurons

To explore changes in the general discharge of neurons when the animals were at rest, we looked
at the firing rate of control and Post 0.5 h PMv neurons during the pre-cue epoch (—0.7 to —0.1 s
from cue) when the animal waited with either hand in the start position. For each neuron, we

determined the mean firing rate during the pre-cue epoch for each block of trials (right or left
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arm, pre or post 0.5 h inactivation). We compared the proportion of neurons modulated during
grasp (i.e., identified with the two-tailed ¢ test; see above) before and after inactivation (see
Figure 2.6 A,B) and the proportion of neurons modulated in function of the hand used (see
Figure 2.6 C,D). All available control and Post 0.5 h neurons were used for these comparisons.
When performing these analyses, “control” always included PMv neurons from both
hemispheres pooled together, using their activity during ipsilateral or contralateral hand
movements, as appropriate. For other analyses, we only used neurons that remained clearly
isolated throughout the inactivation experiments, both before (Pre) and Post 0.5 h after

inactivation (“within-neuron”; see below).

Quantification of changes within continuously recorded neurons before and after inactivation

(“within-neuron” analyses)

To take into account differences in grasp duration within a given trial block, but also following
inactivation, we normalized the duration of grasp for our “within-neuron” analyses (see Figures
2.7-2.11). The SDE of each trial was resampled, attributing a value of “0” at the time of Grasp
Onset and “100” at the time of Grasp Offset, such that time is visually represented as percentage
(%) of grasp completed. In this normalized time, each time bin represents 1/1000th (0.1%) of
grasp duration. The mean trial SDE during the pre-cue epoch for a block of trials served as a

baseline, which was then subtracted from the resampled SDE curves.
Incidence of neurons with increases and decreases of discharge rate during grasp

We were first interested in determining how many neurons increased or decreased activity during
grasp following inactivation (see Figure 2.7). For each neuron, and at each moment in
normalized time, we determined whether there was an increase or decrease of neural discharge
following the inactivation by subtracting the Post-inactivation SDE values from the Pre-
inactivation SDE values at that moment in time. We also performed unpaired ¢ tests on the SDE
values obtained in trials performed before and after inactivation. This provided counts of neurons
whose discharge increased or decreased at each moment during grasp and for how many neurons
these changes were substantial (i.e., “significant” change reported by the ¢ test). Furthermore, to

provide an alternative quantification of increases or decreases of neural activity throughout
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grasp, we calculated cumulative sums of neurons with higher and lower firing rates after

inactivation at each moment in time according to the following formula:

Neurons higher(i) — Neurons lower (i)

Cumulative sum = Y-, x 100

Total neurons x 1200

Where i is the time bin ranging from 1 to the total number of time bins per trial considered for
this analysis, n = 1200 (1000 bins for grasp duration, plus the last 100 bins before grasp onset,
and the first 100 bins after grasp offset). Total neurons represent the number of neurons included
in the population, which could either have higher (Neurons higher) or lower (Neurons lower)
firing rates after inactivation compared with Pre-inactivation values, at time #, regardless of
whether changes were significant or not. Accordingly, values are expressed as a percentage of
the maximum sum of neurons with increase possible (i.e., if only increases would occur across
the population throughout grasp). Positive values report that the proportion of neurons with
higher activity surpassed the proportion of neurons with lower activity as grasping progressed.
This reflects an increase of activity in the neuronal population after inactivation. Negative values
report that a greater proportion of neurons with lower activity cumulated along grasp and reflects
that the neural population became less active after inactivation. To better visualize the effect of
the inactivation on the cumulative traces compared with chance, we used Monte Carlo methods.
For each neuron, the firing rate at each time bin in the Pre- and Post-inactivation blocks of trials
was pooled. Two new artificial SDE traces were generated by randomly selecting data points
from this pool of bin values, with replacement. Then, we subtracted the two artificial SDE traces
to calculate the increase or decrease of firing rate at each time bin. The same procedure was done
for all neurons in a hemisphere and for a block of trials (e.g., iPMv, nonparetic hand trials) and
the cumulative sum of this population was calculated. This process was repeated 1000 times. The
mean and 95th percentile from all these artificial traces are shown in relation to real values in

Figure 2.7.
Changes of peak discharge time and burst rate

For both the peak discharge time (see Figures 2.8 and 2.9) and rate (see Figures 2.10 and 2.11),
we wanted to investigate further the changes of activity in neurons that specifically had a burst of

activity during grasp (in contrast to neurons modulated according to the 7 test). Because of the
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time devoted to each epoch, the 7 test is insensitive to neurons with either low spiking rate or
with discharge burst of short duration. Therefore, for these analyses, we opted to include neurons
that had a maximal discharge value >1 SD from baseline (i.e., pre-cue epoch) in the grasp epoch
of the normalized SDE curves, either before or after inactivation. For each neuron with such a
burst during grasp, we identified the time of maximal discharge rate during grasp before and
after inactivation (see Figure 2.8 C,D) and quantified the change by subtracting the two values

(see Figure 2.9 B).

For the analyses of burst rate, since neurons could have peaks at different moments
during the grasp epoch before and after inactivation, we characterized the amplitude and time of
the peak in both recording sessions, when present. For each neuron, we compared the firing rate
at the time of the peak for pre-inactivation (i.e., Pre Peak; see, e.g., Figure 2.10 A) to the firing
rate at the same moment in normalized time in Post 0.5 h and averaged the changes across the
population of neurons. This approach highlights the change of activity at the time when the
neuron was most active before the inactivation and emphasizes decreases of neural activity.
Similarly, we took the time of peak discharge in Post 0.5 h (i.e., Post 0.5 h Peak; see, e.g., Figure
2.10 C) and compared the firing rate of each neuron in the pre-inactivation to the Post 0.5 h at
this time and averaged changes across the population. This highlights the change of activity at
the time when the neuron was most active after the inactivation and emphasizes increases of

neural activity.

Finally, we verified that neural changes followed the time course of behavioral
impairments induced by the inactivation (see Figure 2.11). We selected well-isolated neurons
with a significant burst during grasp with the non-paretic hand and with consistent waveform
characteristics across recording sessions for a given inactivation experiment (i.e., Post 0.5 h; Post
3 h and Post 10 h). These analyses were exclusively conducted with trials of the non-paretic hand
because monkeys were not able to complete trials with the paretic hand in at least one of the
recording sessions. We compared the peak amplitude of neurons in the different sessions after
inactivation to the pre-inactivation values, similarly to what was described above. For each
neuron, we calculated the mean of the SDE values of trials of a given session in a 1200 bin
window that spanned across grasp duration (1000 bins for grasp duration, plus the last 100 bins

before grasp onset, and the first 100 bins after grasp offset). Complimentarily, we also performed
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the same analysis using the discharge amplitude of the population at the time of maximal

discharge before inactivation (see Figure 2.11 D).

Statistical analysis
Quantification of muscimol effects on movement duration and EMG

The effects of muscimol on movement duration were evaluated using unpaired ¢ tests (see
Figures 2.2 and 2.3). For each arm, one test compared the duration of the reach period and one
test compared the duration of grasp (p < 0.05). To compare the area under the curve of average
EMG signals before and after muscimol injections, we used paired ¢ tests (p < 0.05). Cohen's d
was used to measure effect sizes when appropriate. In some cases when the sample was too small

(i.e., n <20), we used Hedges' g to measure the effect size.
Quantification of muscimol effects on the total population of recorded neurons

To identify neurons significantly modulated during one or several epochs of the task, we used
paired ¢ tests (¢ test p < 0.05). The discharge of neurons at rest, when the animal waited with the
hand in the start position using a 600 ms window before Cue onset (—0.7 to —0.1 s), were
compared using a three-way ANOVA (p <0.05), using area (iPMv, cPMv), arm (non-paretic,
paretic), and session (control, Post 0.5 h) as factors. The effect size for ANOVAs was estimated
using the partial  squared (1,?). Finally, the proportion of neurons modulated during grasp or in
function of the hand used was compared using > tests (p < 0.05) followed by post hoc two-
proportion Z tests with Bonferroni correction (see Figure 2.6). The effect size for the ¥* tests and
Z tests was calculated using Cramer's V" and the correlation coefficient r (r = z/sqrt(nl + n2)),

respectively.
Quantification of changes within continuously recorded neurons

We compared the variance of peak discharge time after inactivation to control neurons recorded
for ~1 h using Bartlett's test, followed by post hoc two-sample F tests with Bonferroni correction
(see Figure 2.9). Comparison of spike discharge rate before and after inactivation was done using

paired ¢ tests (see Figure 2.10).
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For the progression of changes with time after muscimol injection (see Figure 2.11), we
evaluated the effect of time and cortical area (iPMv and cPMv) with two-way repeated-measures
ANOVAs, one for mean spike firing rate during grasp (see Figure 2.11 B) and one for discharge
amplitude of neurons at the time of their maximal discharge (see Figure 2.11 C,D). Since in both
cases, there was no effect of area nor interaction between area and session, we merged data from
the two hemispheres. Values from each post-inactivation session (i.e., Post 0.5 h; Post 3 h and
Post 10 h) were then compared with pre-inactivation using a ¢ test, and the p value adjusted using

a Bonferroni correction (p < 0.017).
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Results

We trained 2 adult female rhesus macaques on a reach-to-grasp task (Figure 2.1 A), in which
monkeys retrieved food pellets using precision grip with the right or the left hand. Both animals
were implanted with chronic electrode arrays in PMv of the two hemispheres (Figure 2.1 B). In
addition, a chamber was placed over the left M1, giving access to the dura. After implantation,
we located the hand representation in the chamber using intracortical microstimulation trains
before initiating inactivation experiments. In each inactivation experiment, we first recorded the
neuronal activity during grasping before inactivation (i.e., recording session Pre). Then, the
GABA-A receptor agonist muscimol was injected in the hand area of the left M1 through the
chamber to induce a reversible inactivation (see Materials and Methods). With this design, the
left PMv was always in the same hemisphere as the “lesion” (i.e., “ipsilesional” PMv or iPMv)
and the right PMv was in the opposite hemisphere (i.e., “contralesional” PMv or cPMv) (Figure
2.1 C). The monkey resumed performing trials ~30 min after the injection of muscimol (i.e.,
session Post 0.5 h). Recordings were uninterrupted throughout these different steps, allowing us

to quantify the effect of inactivation on individual neurons.

As previously reported when using comparable inactivation techniques (Matsumura et al.,
1991; Schieber and Poliakov, 1998; Brochier et al., 1999), both monkeys showed clear
impairments with the contralateral, right hand, which we refer to as the “paretic hand.” In session
Post 0.5 h, animals were still able to perform some trials on the task with the paretic hand
(minimum = 5, maximum = 25; average = SD =21.4 £ 5.5), albeit with clear impairments.
Examples of deficits included difficulty to oppose the thumb to the index and a reduction of
individuated movements of the index (e.g., D2 and D3-5 being moved together), increased
number of digit flexions to grasp the pellet, and abnormal coordination between the hand and
forearm. Reaching and grasping movements with the paretic hand became slower at Post 0.5 h (¢
test: reach T(sse) = 5.15, p=3.57 x 1077, d = 0.43; grasp T(ss6) = 7.49, p =2.41 x 10°'%, d = 0.62)
(Figure 2.2). In contrast, we found no change in reach (7(642) = 1.26, p = 0.21, d = 0.099) or grasp
duration (T(e42) = —1.36, p = 0.17, d = —0.11) with the left, “non-paretic hand.” For EMG signals,
the pattern of activation was generally well-preserved during movements of the non-paretic arm

(Figure 2.3). However, changes were apparent in some muscles of the paretic arm during reach
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Figure 2.2. Impact of the inactivation on movement duration 0.5 h after injection of muscimol

A, B, Average reach and grasp duration (=SEM) before (Pre) and 0.5 h after injections of
muscimol (Post 0.5 h) during movement of the non-paretic (4) and paretic arm (B). Data from all
sessions for both monkeys are combined. While no changes were observed with the left, “non-
paretic hand” (blue bars), both reach and grasp duration were increased with the right, “paretic
hand” (red bars). ***p < 0.001 (unpaired ¢ tests).
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Figure 2.3. Impact of the inactivation on EMG activity 0.5 h after injection of muscimol

A, Mean rectified and filtered EMG traces in the various muscles recorded during grasp with the
non-paretic arm (left) and the paretic arm (right) in Monkey M (top) and Monkey S (bottom). In
each plot, EMG traces are shown aligned on Grasp Onset and Grasp Offset using the same time
widows used for the neuronal analyses. For each monkey, data from successful trials across
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inactivation experiments are combined. For each muscle, the average EMG trace of trials
collected after inactivation (Post 0.5 h; black line) is overlapping the SDs from the mean of trials
collected before inactivation (shaded gray). B, Quantification of EMG changes after inactivation
using the area under the curve of the average EMG trace (= SEM) across recorded muscles.
During trials with the non-paretic arm (left plots), there were no significant changes of EMG
activity in the moving arm (i.e., non-paretic arm, blue bars) after inactivation. The error bars
show standard errors. This was true both at the onset and the offset of grasp. Little EMG activity
was present in the resting arm (i.e., paretic arm), and the inactivation did not cause any changes.
During trials with the paretic arm (right plots), there was little activity in the non-paretic arm
(i.e., resting arm), both before and after the inactivation. However, there was a significant
decrease of EMG activity in the paretic arm (i.e., moving arm; red bars), both at the onset and the
offset of grasp. **p <0.01. ***p <(0.001.
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and grasp after inactivation (Figure 2.3 A), and there was a significant decrease of EMG
amplitude in this arm (Figure 2.3 B; paired ¢ test: aligned on Grasp Onset, T(12)=—4.129, p =
0.0014, g = —0.44; aligned on Grasp Offset, T(12)=—5.985, p = 6.36 x 107>, g =—0.85). In
addition, no activity was observed in the “resting” arm (i.e., opposite to the one performing
trials) before or after inactivation. Thus, changes of neuronal activity after inactivation cannot be
explained by the appearance or disappearance of covert, “mirror like” EMG activity in the
resting arm. After the Post 0.5 h recording session, the monkeys were brought back to the home

cage, where they could move freely, with unlimited access to water.

We monitored the progression and extent of deficits caused by inactivation in additional
recording sessions, 3 h and 10 h after the injection of muscimol. After 3 h (Post 3 h),
impairments with the right hand were so profound that the monkeys could no longer perform the
task. However, they still attempted grasping when presented fruits. In some cases, this revealed a
limited ability to move digits and an incapacity to produce a precision grip. In other cases, the
paretic hand was completely flaccid. Importantly, in all cases, the monkeys attempted to reach to
the fruit and eat it with no obvious proximal arm or orofacial movement deficits. This confirmed
that the inactivation accurately targeted the M1 hand representation and was seemingly limited to
this part of the brain in all inactivation experiments selected in the present study. At 10 h post-
inactivation (Post 10 h), the deficits were generally much milder, and they were completely

resorbed on the next day.
The population of neurons recorded in PMv in the control condition

Neuronal data from both monkeys were obtained during 21 recording sessions. For 8 of these
sessions, there was no inactivation (Unmanipulated sessions). The 13 others were inactivation
experiments. Combining data from the Unmanipulated sessions with data recorded before the
injection of muscimol in the inactivation experiments (i.e., session Pre), we identified 520 well-

isolated “control” PMv neurons across both hemispheres.

We characterized the population of neurons recorded by our arrays by determining their
preferred epoch and hand (maximal discharge rate), as well as quantifying modulation patterns
across epochs (7 test p<0.05; see Materials and Methods). The population comprised neurons
active throughout the various epochs of the task (Figure 2.4). However, we found that there was

a greater proportion of neurons with a maximal discharge rate (36.9% across both hands; Figure
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Figure 2.4. Population of control neurons recorded in PMv

Data from the two hemispheres in both monkeys were pooled for analyses of control neurons.
Heat plots of the SDE normalized to the average value in a 2 seconds window around Grasp
Onset for all PMv neurons during movements of the ipsilateral (4) and contralateral (B) hand.
Neurons are ordered separately for each hand based on the time of maximal discharge relative to
Grasp Onset. Time is in seconds. C, Proportion of neurons with their maximal discharge rate in
the various task epochs, during movement of either the ipsilateral or contralateral hand. There is
only one count per neuron, across both the task epochs and hand used. There was a greater
proportion of neurons with a maximal discharge rate during the grasp epoch and with the
contralateral hand. D, Proportion of neurons with significant modulation of discharge rate during
the various task epochs (¢ test; p<0.05). Categories are not mutually exclusive. There was a
greater proportion of neurons being significantly modulated during the grasp epoch. E,
Modulation of neurons during the various task epochs in function of the hand used. For each
epoch, only neurons modulated during the use of either hand in that specific epoch are included
(sum = 100% per epoch.) Most grasp-related neurons were significantly modulated during
movements of both hands.
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2.4 C) or being significantly modulated (82.3% across both hands; Figure 2.4 D) during the grasp
epoch. This was expected since the arrays were implanted in the region of PMv where the hand
representation and neurons contributing to grasp are typically found (Tanji et al., 1988;
Schmidlin et al., 2008). Neurons that were not modulated during any of these epochs of interest
(9.4% across both hands) often showed modulation after the end of grasp or between trials,

several seemingly related to orofacial movements, such as chewing the reward.

Most grasp-related neurons were significantly modulated during movements of both
hands (i.e., hand non-specific; 71.3%; Figure 2.4 E). Fewer neurons were modulated during
movements of the contralateral hand only (16.8%) and fewer still during movements of the
ipsilateral hand only (11.9%). Together, these results demonstrate that a large proportion of PMv
neurons recorded from our arrays were involved in grasping, and were active during movements
of both hands, albeit with a slight predominance of modulation with movements of the
contralateral hand. These findings are very much in line with previous reports of neuronal
activity in PMv during hand movements while performing comparable tasks (Rizzolatti et al.,

1988; Tanji et al., 1988; Umilta et al., 2007; Michaels and Scherberger, 2018).

The impact of inactivation on the pattern of modulation of all recorded neurons

After muscimol injection, we identified 293 well-isolated post-inactivation neurons, 138 in iPMv
and 155 in cPMv. The inactivation of M1 in the left hemisphere induced changes of neural
activity in both hemispheres that were readily observed in individual neurons (Figure 2.5). After
inactivation, both decreases and increases of neural discharge rates were observed. In extreme
cases, neurons completely stopped discharging during movements (e.g., Figure 2.5 F), or neurons
with little activity started to discharge large bursts (e.g., Figure 2.5 L). The most pronounced
changes were often observed in the grasp epoch, suggesting that neuronal activity was

particularly affected during movements of the digits.

We compared the entire population of control neurons to the population of post-
inactivation neurons (i.e., not limited to within-neuron analyses). To verify if the inactivation had

an effect on PMv neurons when the animals were at rest, we looked at the firing rate during the
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Figure 2.5. Example neurons with altered pattern of discharge after inactivation

Neurons recorded in iPMv (A—F) and cPMv (G-L) during movements of the non-paretic (left,
blue) and paretic hand (right, red). For each neuron, the top panel shows the average spike shape
(£SD with gray shading; left) and the interspike interval count histogram (right), before (top) and
after inactivation (bottom). Below are the SDE curves and finally the raster plot of individual
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trials before (Pre) and 0.5 h after inactivation (Post 0.5 h). Data are aligned on Grasp Onset (time
=0), and time is in seconds. Colored markers in the raster plots represent the timing of other
events in each trial (C, GO cue; R, Reach Onset; G, Grasp Onset; E, Grasp Offset). While many
neurons were affected in both hemispheres, there was a great variability in the nature of the
changes observed in each area.
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pre-cue epoch when the hand was at the home plate. We found that the discharge rate during the
pre-cue epoch was similar in both hemispheres and regardless of which hand would be used, and
that there were no interaction effects between these factors (three-way ANOVA p <0.05; see
Materials and Methods). However, the firing rate of PMv neurons was significantly lower after
inactivation (F(1,1615) = 14.4, p = 0.0002, 1, = 0.0088). These results support that the inactivation
resulted in a general decrease of neuronal activity in both hemispheres when the monkeys were

not actively involved in the task.

The M1 inactivation also affected the proportion of neurons modulated during grasp with
the paretic hand in both iPMv (¥, v =658y = 9.36, p = 0.0093, V' = 0.084) and cPMv (°2. v =675)
=19.76, p=5.11 x 1075, V= 0.12) (Figure 2.6 A,B). When looking at the type of neurons
affected, we found little difference in the proportion of neurons with a significant burst during
grasp. Instead, neurons with a decrease of firing rate, or trough, during grasp were primarily
affected (iIPMv —12.4%, Bonferroni-corrected z test, z =—2.91, p = 0.0071, » = —0.22; cPMv
—12.2%, z=-3.01, p = 0.0053, » = —0.22). Finally, the inactivation affected the selectivity of
neurons to the hand moved in both the iPMv (%’ v =543y = 9.85, p = 0.0073, = 0.095) and
cPMv (%2, v =543y = 15.05, p=5.39 x 107, = 0.12) (Figure 2.6 C,D). Compared with controls,
the post-inactivation population had a greater proportion of neurons only modulated during use
of the non-paretic hand in both iPMv (11.6%; z = 3.14, p = 0.0051, » = 0.36) and cPMv (16.2%; z
=3.84, p=3.65x 107* r=10.37). It also had a lower proportion of hand non-specific neurons
that was significant in cPMv (—15.6%; z =—3.18, p = 0.0043, » = —0.17). A similar trend was
observed in the iPMyv, although it did not reach significance (=9.5%; z =—1.96, p = 0.15, r =
—0.1). This suggests that the lower proportion of neurons with trough during grasp with the
paretic hand may be largely due a loss of neurons broadly tuned to movements of either hand

(i.e., hand non-specific) that became only active during grasp with the non-paretic hand.

Increases and decreases of firing rate in individual neurons during grasp

The greatest strength of our data is that the continuous recording before and after inactivation
allowed us to quantify changes within individual neurons that remained well-isolated throughout
any given inactivation experiment (within-neurons analyses; 94 in iPMv and 138 in cPMv). The

rest of our analyses were focused on this subpopulation of neurons.
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Figure 2.6. Changes across the PMv neuronal population after inactivation

A, B, Proportion of neurons modulated during grasp (¢ test, p < 0.05) in iPMv (4) and cPMv (B)
during movement of the non-paretic (blue bars) and paretic hand (red bars). The proportion of
neurons with increased discharge rates during grasp, or bursts, is shown above the x axis, and the
proportion of neurons with decreased discharge rate, or trough, is below. After inactivation, there
was a lower proportion of neurons with trough during grasping with the paretic hand in both
hemispheres. C, D, Proportion of neurons modulated in function of the hand used in iPMv (C)
and cPMv (D). After inactivation, there was a higher proportion of neurons modulated only
during movements of non-paretic hand (blue bar) in both hemispheres and a decrease of neurons

modulated during grasp with either hand (i.e., “hand non-specific”; purple bar) in cPMv. **p <
0.01. ***p <0.001.
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We quantified the incidence of neurons with increases or decreases of neural discharge
rate at each moment in time throughout the grasp epoch (Figure 2.7). Changes in both iPMv and
cPMv, with movements of either hand, were highly heterogeneous. While many neurons had
increased firing rates, many others decreased their activity, perhaps to counterbalance each other.
Nevertheless, specific and different general trends were present in the two hemispheres. In iPMyv,
a greater proportion of neurons decreased firing rate after inactivation, in particular when
monkeys used the non-paretic hand. In contrast, a greater proportion of neurons increased
discharge rate in cPMv, and the largest changes occurred at the end of grasp with the paretic
hand. These effects were clearly outside the realm of what could be expected by chance, when
compared with Monte Carlo simulated population changes (see Materials and Methods). We
confirmed that this increased neuronal activity during movement of the paretic arm was not

associated with the appearance of covert EMG activity in the non-paretic arm (see Figure 2.3).

Changes of peak timing in individual neurons following inactivation

We investigated the effects of M1 inactivation on the timing of peak discharge of iPMv and
cPMv neurons during grasp. When looking at all clearly isolated neurons before and after
inactivation (Figure 2.8 A,B), we found that timing was perturbed for many neurons in both
hemispheres, and these changes were greater during paretic hand movements. We quantified the
changes of peak discharge timing for neurons with a clear burst during grasp (>1 SD increase
from pre-cue epoch) and found a similar pattern of reorganization with this subpopulation
(Figure 2.8 C,D). In both iPMv and cPMyv, several neurons showed altered peak discharge time,
and more so during movements of the paretic hand. We interpret this as a desynchronization of
PMv neurons' activity in relation to the various components of grasping movements after
inactivation, that simultaneously occurs in both hemispheres. Interestingly, many well-isolated
neurons in iPMv with a burst during grasp lost this burst after inactivation (n = 18, 18.9%; Figure
2.8 C), and more so during movements of the non-paretic hand (n = 11, 25.0%; left). In contrast,
many neurons in cPMv that did not have peaks during grasp before inactivation had one after
inactivation (n =27, 20.6%; Figure 2.8 D), and more so during movements with the paretic hand

(n =22, 30.1%; right).
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Figure 2.7. Incidence of neurons with increases and decreases of discharge rate during grasp

Changes of firing rate in iPMv (A4) and cPMv (B) across normalized time during grasp with the
non-paretic hand (left column) and the paretic hand (right column). All clearly isolated neurons
before and after inactivation are included in this analysis, independently of their tuning to the
task epochs (n = 94 in iPMv; n = 138 in cPMv). In each panel, top plots represent the cumulative
sum of the difference between the total population of neurons with increases and decreases of
firing rate across time bins (black trace) with the mean and 95% quantile of randomly simulated
values (gray line and shadow). Bottom color plots represent the percentage of neurons with
“significant” (unpaired ¢ tests with p < 0.05; see Materials and Methods) increases (green) or
decreases (gray-blue) in discharge rate at each moment during grasp. White trace represents the
difference in the proportion of all clearly isolated neurons with “significant” increases and
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decreases of activity. Red shaded area and line represent the same difference but using all
neurons, including those with “nonsignificant” changes. In iPMv, more neurons showed
decreased discharge rate after inactivation. This population accumulated with time during grasp,
in particular with the non-paretic hand. In cPMv, more neurons showed decreased discharge rate
after inactivation. This population accumulated with time during grasp, in particular with the
paretic hand. 0 = Grasp Onset; 100 = Grasp Offset.
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Figure 2.8. Changes in the timing of peak discharge during grasp after inactivation

A, B, Heat plots of the SDE during grasp for all iPMv (4) and cPMv (B) neurons well isolated
both before and after inactivation (within-neuron analysis) in normalized time. Left and right
panels represent activity during movements with the non-paretic and paretic hand, respectively.
To emphasize timing shifts over changes in firing rate, the discharge rate of each neuron across
time is normalized to its peak value. Neurons are ordered based on the time of their peak
discharge relative to Grasp Onset before inactivation (Pre; top row), and the order is kept
constant 0.5 h after the inactivation (Post 0.5 h; bottom row). 0 = Grasp Onset; 100 = Grasp
Offset. C, D, Peak discharge time of iPMv and cPMv neurons with clear discharge burst during
grasp before inactivation (“Pre-Peak,” x axis) and/or after inactivation (‘“Post-Peak,” y axis) in
normalized time. Colored symbols (+; blue = non-paretic hand; red = paretic hand) and numbers
are for neurons with detectable bursts (>1 SD increase from pre-cue epoch) before and after the
inactivation. Additional well-isolated neurons that either stopped or started having a detectable
burst during grasp after inactivation are plotted along the axes (gray x symbols and numbers).
The inactivation affected the temporal pattern of neuronal discharge in both iPMv and cPMyv,
more so during use of the paretic hand. In iPMv (C), many well-isolated neurons with a burst
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during grasp lost this burst after inactivation. When considering the entire population of neurons
that had detectable burst during grasp, either before and/or after inactivation (n = 44 for the non-
paretic arm and n = 51 for the paretic arm), a total of 18 neurons (18.9%) lost this burst after
inactivation (n = 11 for the non-paretic arm and n = 7 for the paretic arm; gray x symbols and
count on top of plots). Thus, the loss of modulated neurons was greater during movements of the
non-paretic arm (11 of 44; 25.0%). D, In cPMv, many neurons that did not have peaks during
grasp before inactivation had one after inactivation. Out of the entire population (n = 58 for the
non-paretic arm and n = 73 for the paretic arm), 27 neurons (20.6%) showed a new burst of

activity after inactivation and many more during movements of the paretic arm (22 of 73;
30.1%).
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To give a better appreciation of the effect of the inactivation on the timing of peak
discharge, we compared the effect of the inactivation with the impact of time during a control
session that lasted ~1 h. When comparing the peak discharge time of all the well-isolated
neurons at the beginning and the end of that recording session (Figure 2.9 A), the timing of
discharges appeared much more stable than what we found after inactivation. Using neurons with
a clear burst during grasp, we compared the changes of peak discharge time for these control
neurons to the ones caused by inactivation (i.e., neurons from Figure 2.8 C,D). The variance of
peak discharge time was significantly lower in the control session (Bartlett's statistic ¥, v = 199)
=70.53, p=1.76 x 10~'%). This was true for iPMv neurons during movements of the non-paretic
and paretic arm (post hoc two-sample F tests F3429) = 0.053, p =4.16 x 10713 and F3437) =
0.081, p =7.29 x 107!, respectively), and for cPMyv also during movements of the non-paretic
and paretic arm (F tests F3445y=0.11, p=1.53 x 107 and F3446) = 0.041, p = 1.08 x 10715,

respectively).

Overall, it seems that M1 inactivation led to a profound alteration of peak discharge
timing in PMv that was generalized to both hemispheres, and during grasping with the non-
paretic and the paretic arm. These circuit-wide changes also involved the disappearance of
discharge bursts for many neurons in iPMv and the emergence of novel discharge bursts for

many neurons in cPMv.

Changes of peak amplitude at the time of peak discharge of individual neurons

To consider both firing rate and peak timing, we looked at firing frequency at the time of peak
discharge of individual neurons (Figure 2.10). For iPMv, given the large count drop of neurons
with a detectable peak after inactivation, we identified peak discharge time during grasp before
inactivation for each neuron and compared the discharge rate at this time before and after
inactivation. This time alignment highlights that iPMv neurons had a large decrease of activity at
the time during grasp when they were most active before inactivation. These changes were
greater during movements with the non-paretic hand (Figure 2.10 A). When comparing the firing

rate at the time of peak discharge (Figure 2.10 B), there was a significant decrease during
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Figure 2.9. Comparison of variability for the timing of peak discharge in an unmanipulated
session

A, We selected the longest unmanipulated session during which we recorded continuously
(duration ~1 h) and identified all well-isolated units in PMv of both hemispheres. As in Figure
2.8 A, B, the heat plots represent the SDE of these control neurons during the first 25 trials (top)
and last 25 trials (bottom). Left and right plots represent data during trials with the ipsilateral and
contralateral hand, respectively. Peak discharge timing was largely preserved across control
neurons. 0 = Grasp Onset; 100 = Grasp Offset. B, Box-and-whisker plot of the change of peak
discharge time of PMv neurons with clear discharge burst during grasp. The plot compares PMv
neurons from the same unmanipulated recording session (black) to neurons recorded in iPMv
and cPMyv in inactivation experiments (i.e., from Figure 2.8 C,D). The variance of peak
discharge time was significantly greater after inactivation, for both iPMv and cPMv neurons, and
this was true during movements of the non-paretic (blue) and paretic arm (red). ***p < 0.001.
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Figure 2.10. Changes induced by inactivation at the time of peak discharge

A, Average spike density of iPMv neurons during grasp before (dotted line; gray shade
represents SEM) and after inactivation (solid line; blue shade represents SEM), when the activity
is aligned to the time of peak discharge before inactivation, in normalized time. Colors on the
solid line report time bins for which the average firing rate of the population was “significantly”
different after inactivation (yellow represents paired ¢ test p < 0.05; red represents paired ¢ test p
<0.01). There was a decrease of activity during grasp that was more pronounced during
movements of the non-paretic hand (left). B, Comparison of average spike discharge rate of
iPMv neurons (= SEM) before and after inactivation (paired ¢ test at time 0). There was a
significant decrease of peak firing rate with movements of both the non-paretic (left; blue) and
paretic hand (right; red). C, Average discharge rate of cPMv neurons, when the activity is
aligned to the time of peak discharge after inactivation. There was a sharp increase of activity
during movements of the paretic hand (right). D, There was a significant increase of peak firing
rate with movements of the paretic hand at the time of maximal discharge during grasp (right;
red). ¥*p <0.01. ***p < 0.001.

91



movements of the non-paretic (740 =—3.25, p = 0.0023, d = —0.51) and the paretic hand (7(44) =
—2.94, p =0.0052, d = —0.44). No such decrease was observed in cPMv using this time
alignment (p > 0.05).

In cPMyv, because many neurons started to have significant bursts only after inactivation,
we identified the peak discharge time of each neuron after inactivation and compared the
discharge rate at this time before and after inactivation. While there was no change when
monkeys moved the non-paretic hand, there was a sharp increase of maximal discharge rate
during grasp with the paretic hand (Figure 2.10 C). This time alignment highlights that, during
movements with the paretic hand, cPMv neurons had increased discharge or new bursts at a time
during grasp when they were much less active before inactivation. Peak firing frequency of
cPMv neurons was unaffected during movement with the non-paretic hand (Figure 2.10 D; 7(s3)
=0.55, p > 0.05, d = 0.074) and was significantly increased during grasp with the paretic hand
(T6sy=6.37, p=1.90 x 1078, d = 0.77). Using this timing alignment, no such increase was
observed in iPMv (p > 0.05).

Although these population changes were supported by neurons that either lost their
discharge peaks (i.e., in iPMv) or had new ones (i.e., in cPMv), the same trends were observed
when only looking at neurons that had detectable peaks before and after inactivation. Within this
subpopulation of neurons, there was also a decrease of activity in iPMv during grasp with the
paretic (—6.15 spikes/s; T37)=—2.37, p = 0.023, d = —0.32) and the non-paretic hand (—5.69
spikes/s; T29) = —3.1, p = 0.0043, d = —0.38). In cPMyv, there were no changes during movements
of the non-paretic hand (p > 0.05), but a sharp increase of activity during movements of the

paretic hand (4.06 spikes/s; Te) = 3.97, p=2.49 x 1074, d = 0.58).

Together, these findings confirm that two very different phenomena occurred
simultaneously in iPMv and cPMyv after inactivation. Neurons in iPMv decreased firing at the
time when they were most active and neurons in cPMv started bursting at a time when they were

less active before inactivation.
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Progression of altered neuronal discharge pattern with time after muscimol injection

Finally, we wondered whether the changes in neural activity observed at the onset of
impairments would increase along with time and the progression of motor deficits after the
muscimol injection. We tracked a subset of electrodes with stable recordings across Post 0.5 h, 3
h, and 10 h sessions (i.e., consistently well-isolated and similar spike shape), and thus that we
could reasonably assume to come from the same neurons. In addition, these neurons all had their
maximal peak discharge during grasp with the non-paretic hand before inactivation (n = 11
iPMyv, 34 cPMv neurons). We focused on the non-paretic hand since the monkeys were unable to

perform the task with the paretic hand at Post 3 h (see above).

Looking at individual neurons, we found examples with increases and with decreases of
activity following inactivation (Figure 2.11 A). We quantified the mean spike firing rate during
grasp of the neuronal population and compared the different data collection sessions. Since we
did not observe a main effect of area (iPMv, cPMv) nor interaction between area and session
(Pre, Post 0.5 h, 3 h, 10 h) (repeated-measures two-way ANOVA; F3.129) = 0.67, p = 0.57, > =
0.013), we merged the neuronal populations from the two hemispheres. With this analysis, there
was a trend of a progressive decrease of firing rate for Post 0.5 h and Post 3 h sessions and a
return toward baseline for Post 10 h (Figure 2.11 B). However, the main effect of session was not
significant (F (3,132 = 1.84, p = 0.14, n,> = 0.04). We then compared the discharge amplitude of
the population at the time of their maximal discharge before inactivation (Figure 2.11 C,D).
Again, since we did not observe any significant interaction between area and session (F3,129) =
0.52, p = 0.66, n,*> = 0.012), we merged the two populations. With this analysis, there was a
significant effect of session (F3,132)=4.21, p = 0.007, 1, = 0.087). While there was no
difference between Pre and Post 0.5 h (Bonferroni-corrected paired ¢ test; T44) =—1.72, p = 0.08,
d =—-0.26), there was a significant decrease in peak neural activity at Post 3 h (7T44)=-3.49,p =
6.67 x 10~*, d = —0.52), when behavioral deficits were most pronounced. At Post 10 h, neural
activity seemed to have recovered, returning to Pre-inactivation levels (7T44) =—1.17, p=0.24, d
=—0.17). These analyses support that the changes of neuronal activity at Post 0.5 h reflect the
level impairments and that they likely progressed in a similar manner, becoming more

pronounced as behavioral deficits worsened.
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Figure 2.11. Progression of neuronal changes in PMv with time after muscimol injection

A, Examples of well-isolated neurons, showing decreases (left and middle column) and increases
(right column) of activity during use of the non-paretic hand in real time (seconds). There is a
clear impact of the inactivation on neural activity at time Post 0.5 h and Post 3 h. At time Post 10
h, the firing rate tended to return toward pre-inactivation values. B, Average firing rate (:SEM)
during grasp. The neuronal population showed a similar trend across different data collection
time points. The largest change from baseline was observed at Post 3 h, with a return toward
baseline at Post 10 h. C, Profile of peak discharge of PMv neurons at Post 0.5 h, Post 3 h, and
Post 10 h, when aligning data using the time of peak maximal discharge of each neuron before
inactivation in normalized time (Pre-Peak). The average firing rate progressively decreased at
Post 0.5 h and Post 3 h and then came back toward pre-inactivation values at Post 10 h. D,
Maximal peak discharge rate (:SEM) using Pre-Peak time alignment. There was a significant
decrease at Post 3 h. At Post 10 h, neural activity seemed to have recovered, returning to Pre-
inactivation levels. ***p < 0.001.
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Discussion

We investigated the impact of a cortical lesion in M1 on neuronal activity of PMv in the
ipsilesional and contralesional hemispheres while monkeys produced grasping movements. To
do so, we used reversible inactivation of M1 with a receptor agonist of the neurotransmitter
GABA, muscimol. GABA is ubiquitously present in the neocortex, and cortical injections of
muscimol lead to hyperpolarization of all neuron types (Matsumoto, 1989; Martin and Ghez,
1999). The discharge rate of these neurons is profoundly reduced or completely abolished (Hess
and Murata, 1974), causing hypometabolism in the affected region (Martin, 1991). Several
experiments support that the behavioral effects of muscimol inactivation are comparable to the
ones observed acutely after permanent brain lesions. For example, muscimol inactivation or
permanent lesion in the motor cortex can both cause movement trajectory errors, impaired
dexterous hand control, and loss of independent finger movements (Martin and Ghez, 1993;
Hoffman and Strick, 1995; Schieber and Poliakov, 1998; Brochier et al., 1999; Nudo et al., 2003;
Hoogewoud et al., 2013). Muscimol is thus considered an acceptable tool to study the acute

effects of injuries in the brain.

In the present study, we favored reversible inactivation techniques over more clinically
relevant brain injury models to continuously record isolated neurons before and after the onset of
motor deficits. This powerful approach helped us reveal that extensive and complex neuronal
reorganization takes place in both hemispheres, at the very onset of behavioral impairments. We
view this rapid reorganization as a consequence of the disruption of the motor network's
homeostasis (von Monakow, 1914; Carrera and Tononi, 2014). We thus expect that changes of
comparable magnitude simultaneously take place in other brain regions interconnected with the
site of injury. Because of the very short delay after injury, molecular and cellular processes
specific to the type of injury (e.g., traumatic or ischemic, etc.) probably have little impact on
neuronal reorganization at this point but instead become involved later during recovery.
Accordingly, the changes we describe should have many common features with the ones evoked

acutely after any type of lesion in the brain.
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Bihemispheric detuning of neuronal activity in PMv during grasp with the paretic hand

It is well known that some PMv neurons pause during movements of the hand (Tanji et al.,
1988). After inactivation of M1, we found that trough neurons in both hemispheres were more
likely to lose their tuning to grasp with the paretic hand. In the oculomotor system, inhibitory
interneurons are tonically active to prevent unwanted movements. When they pause, the release
of inhibition favors the firing of excitatory neurons driving motor outputs (Evinger et al., 1982;
Pare and Guitton, 1998). One possibility is that trough neurons in PMv serve a comparable
purpose. If so, their loss in iPMyv after brain injury could favor the generation of undesirable co-
contractions and impair individuated finger movements (Lang and Schieber, 2004). The presence
of such a gating mechanism in the premotor cortex is, however, uncertain (Kaufman et al., 2010).
In cPMyv, the decrease of hand nonspecific neurons and the increase of neurons modulated with
movement of only the non-paretic hand could support compensatory behavior with the non-

paretic hand (Jones, 2017).

A conspicuous impact of inactivation was the alteration of discharge burst timing during
grasp. These changes were also observed in iPMv and cPMv, and more pronounced with
movements of the paretic hand. Similarly, stroke in the somatosensory cortex induces chronic
impairments in the temporal fidelity of responses to peripheral stimulation (Sweetnam and
Brown, 2013), which could be because of a dysfunction of the corticothalamic feedback circuit
involved in the inhibition of thalamocortical neurons (Paz et al., 2010). In the visual system,
corticothalamic feedback from the visual cortex to the lateral geniculate nucleus is involved in
spike-timing precision of thalamic neurons' responses to incoming visual signals (Hasse and
Briggs, 2017). It is thus possible that changes in the timing of neuronal activity in PMv during
grasp are because of the loss of corticothalamic signals from M1 that indirectly affect inputs to
PMv. Alternatively, timing abnormality could be caused by the loss of feedback of cortical
projections from M1 to iPMv and cPMv (Dancause et al., 2007; Hamadjida et al., 2016). In any
case, our results suggest that brain injuries immediately have a major impact on the timing of
neuronal activity in spared cortical areas, across the bihemispheric network. The restoration of
proper timing or retuning of the neuronal discharges in these areas may thus be an important
contributor to recovery. Along these lines, activity-dependent stimulation was used to

resynchronize the neuronal activity of spared motor and somatosensory cortex after brain injury
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in rats (Guggenmos et al., 2013). Remarkably, this precisely timed, closed-loop approach
contributed more effectively to recovery than stimulation delivered using arbitrary timing, in an

open-loop design.

Hemisphere-specific alteration of neuronal activity in PMv

The reorganization of iPMv and/or cPMv activity during movement of the paretic hand is one of
the most consistent findings across human imaging studies after stroke (Rehme et al., 2012). The
neuronal correlate to this metabolic reorganization is, however, largely unknown. Previous
invasive studies have shown that cortical injury can induce bihemispheric neuronal
reorganization, with a decrease of responses in the ipsilesional and an increase in the
contralesional hemisphere (Sigler et al., 2009; Mohajerani et al., 2011). However, these studies
have provided little insight into changes that occur in the motor network during active generation
of movements and have been essentially limited to rodents. This is further complicated by the
equivocal homology between the rostral motor area in rodents and premotor cortex of primates
(Rouiller et al., 1993; Touvykine et al., 2020). Our findings clarify these issues by showing rapid
and heterogeneous effects of brain injury on neuronal activity in the premotor cortex of

nonhuman primates during the generation of hand movements.

Several of our analyses indicate a decrease of activity in iPMv. This decrease might in
part explain the reduction of EMG activity observed during the movement of the paretic hand.
However, it is worth nothing that iPMv activity was more affected during movements with the
non-paretic arm, for which we found no changes of EMG. This suggests that at least some
reorganization in iPMv was because of other factors, such as, for example, a disruption of
interactions between neurons within iPMv or with cPMv across the hemispheres. In addition, the
decreased firing rate of some iPMv neurons could be caused by changes of interactions with
other neurons in distant cortical areas of the grasping network (Davare et al., 2011), also likely

affected by the injury.

Among ipsilateral premotor areas, PMv has the most numerous projections to M1 (Dum
and Strick, 2005) and bears powerful facilitatory effects on M1 outputs (Cerri et al., 2003;

Quessy et al., 2016). Interestingly, several studies in monkeys looking at iPMv in the chronic
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phase of recovery after brain injury have reported profound physiological and anatomic
reorganization (Dancause et al., 2005; Dancause et al., 2006b; Yamamoto et al., 2019). The
contribution of iPMv to recovery has also been supported in pharmacological inactivation studies
(Murata et al., 2015). If the decrease of neuronal activity in iPMv persists during recovery, it
could thus contribute to impairments of movements with the paretic hand. To counter the acute
decrease of activity in iPMyv, it may be interesting to deliver excitatory neuromodulatory
protocols to this area early after stroke, for example using high-frequency repetitive TMS

(Pascual-Leone et al., 1994).

Our data also highlight that, in awake monkeys, the increased neuronal activity in the
contralesional hemisphere is movement- and effector-specific. After injury, the firing rate in
PMv of both hemispheres was actually lower at rest. The neuronal activity in cPMv was only
increased with movements of the paretic hand, at the end of grasp. This timing suggests that it
occurred while the monkeys attempted to hold the reward and initiate the movement back to the
mouth. The novel activity may thus be caused by a mismatch between the predicted and effective
movement (Wolpert and Miall, 1996) or the visual detection of end-point errors (Inoue et al.,
2016). If this is the case, it is intriguing that such an error signal would be present in cPMyv, but
not detectable in iPMv. Regardless of its cause, increased neuronal discharges in cPMv could
potentially have negative effects on the generation of paretic hand movements. Inversely to
1PMv, cPMv exerts strong inhibition on the production of M1 outputs (Quessy et al., 2016; Cote
et al., 2020). The application of inhibitory stimulation protocols over cPMv early after brain
injury, for example using low-frequency repetitive TMS (Chen et al., 1997), could thus be a
valid strategy to help recovery of hand movements. However, given the specificity of neuronal
changes in cPMv, perhaps activity-dependent, closed-loop modulation would be more effective.
This could be achieved, for example, using disruptive single TMS pulse to this area (Day et al.,

1989) at the end of grasp with the paretic hand.

The impact of rapid neuronal reorganization after brain injury on recovery

Longitudinal imaging studies in both animals and humans tend to support that the initial impact
of brain injury is profound, inducing changes across multiple areas in both hemispheres

(Dijkhuizen et al., 2003; Rehme et al., 2012). Behavioral recovery is accompanied by a return
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toward normal functional connectivity in the network and refocusing of activity in the
ipsilesional hemisphere, in particular in M1 (Grefkes and Fink, 2014). It should be kept in mind
that these correlational studies provide limited information about the functional role of the
changes that take place in the brain. Early changes could reflect negative processes that
contributed to impairments. Alternatively, they may reflect rapid adjustments in the circuit to
compensate for the neuronal loss caused by the lesion and preserve some residual function.
Either way and importantly, the magnitude of early hemodynamic changes correlates with
impairments (Weber et al., 2008; Rehme et al., 2011a; van Meer et al., 2012) and has a
predictive value for motor recovery (Marshall et al., 2009; Rehme et al., 2015; Hannanu et al.,
2017). Early shifts of neuronal activity can thus affect subacute reorganization and,

consequently, recovery.

Despite the general trends in the two hemispheres, one striking feature in our data was the
heterogeneity of effects across neurons. This diversity likely reflects the complexity of neuronal
processing that takes place in PMv (Rizzolatti and Luppino, 2001). The initial impact of the
lesion on a PMv neuron may vary with its function before the lesion and the specific interactions
it entertained with the site of injury. This heterogeneity may create an unstable state that is
particularly malleable, and that offers a window of opportunity for external manipulation.
Supporting this view, inactivation of the contralesional hemisphere in rats increased recovery
when initiated rapidly after stroke, but failed to do so when longer delays were used (Mansoori et
al., 2014; Dancause et al., 2015). Similarly, in humans after stroke, repetitive TMS seems to be
more beneficial when started early after the lesion (van Lieshout et al., 2019). With time after
injury, shifts in the neuronal population may become more uniform across the area and stabilize,
decreasing the potential impact of treatments. Obviously, the progression of neuronal
reorganization after brain injury will have to be investigated to verify these hypotheses.
However, our data clearly highlight the complexity of the reorganization triggered by acute brain
injuries, at the very onset of motor impairments. A better knowledge of these changes will lead
to the elaboration of new hypotheses for the design of neuromodulatory strategies that target

specific neuronal mechanisms, in different components of the network, to favor recovery.
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Chapter 3 — Rapid Reorganization of Neuronal Activity in
Contralesional Motor Cortex after Brain Injury

Abstract

After traumatic brain injuries such as the ones caused by stroke, the primary motor cortex (M1)
is often damaged leading to motor deficits such as a loss of fine motor skills of the contralateral
limbs. Imaging studies have shown that there is atypical hemodynamic activity in spared regions,
including the contralesional cortex. However, we have limited understanding of the neuronal
reorganization that occurs in this complex and distributed cortical network. We used reversible
inactivation techniques in non-human primates to “injure” the M1 hand representation area of
one hemisphere while continuously recording neural signals of the intact M1 before and after the
onset of behavioral impairments. We also compared the extent of rapid reorganization occurring
in M1 with that of the ventral premotor cortex (PMv) of both hemispheres collected in the same
series of experiments. The inactivation induced changes in M1 that were heterogenous across
neurons and could be observed during reach and grasp movements performed with either the
affected or nonaffected arm. However, contralesional M1 neural activity appeared to be
particularly resilient to inactivation of its homologue as it was less perturbed, and showed less
changes, than the PMv of both hemispheres. Our results provide important insights into the
changes that take place within neurons of these different motor areas and suggest that premotor
cortex, more so than intact M1, may provide salient targets for the development of

neuromodulation protocols applied early after brain injury.
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Introduction

The planning and execution of upper limb movements is an extremely complex behavior that
involves several motor-related cortical areas (Kalaska et al., 1997; Shadmehr and Wise, 2005)
that together form a network, with each area contributing to various extents to different aspects
of the movement. Among these areas, M1 is considered to be the main executor of motor actions,
boasting the most robust and direct connections with the body’s contralateral musculature (Biber
et al., 1978; Murray and Coulter, 1981; He et al., 1993, 1995). However, the role of the a given
hemisphere is not limited to simply control of the contralateral limb, with many studies showing
robust neural activity during ipsilateral arm and hand movements in M1 (Tanji et al., 1988;
Donchin et al., 1998; Kermadi et al., 1998; Cisek et al., 2003; Bundy and Leuthardt, 2019). One
manner in which this activity could arise is through bihemispheric cooperation with the M1 and
premotor cortex in the other hemisphere, connected via the corpus callosum (Jones and Wise,

1977; Jenny, 1979; Gould et al., 1986).

Interestingly, analysis of the ipsilateral and contralateral activity has revealed that there is
a notable redundancy of information in the motor cortex of both hemispheres during unimanual
arm movements (Ames and Churchland, 2019; Heming et al., 2019). Indeed, the M1 of each
hemisphere contain similar information in their neural activity during movement of one arm or
the other (Ames and Churchland, 2019; Heming et al., 2019). As such, a given hemisphere
contains the necessary motor information to drive movement with either arm. Thus, the neural
processes underlying unimanual arm movements appear to involve a great deal of bihemispheric
communication and coordination taking place across a large and distributed sensorimotor

network.

The perturbation of this network can lead to rapid and widespread changes in activity
patterns that extend across both hemispheres. Recently, we demonstrated that unilateral
inactivation of the M1 hand area in primates leads to extensive, and much more complex than
expected, neural reorganization in the PMv of both hemispheres at the very onset of behavioral
impairments (Moreau-Debord et al., 2021). The profound alterations of neuronal discharges were
heterogeneous within each and across the two hemispheres and were present during use of both
the paretic and non-paretic hand. As this rapid reorganization is likely a consequence of the

disruption of the motor network’s homeostasis (von Monakow, 1914; Carrera and Tononi, 2014),
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we expect that changes of comparable magnitude simultaneously take place in other brain
regions interconnected with the site of injury. More specifically, the rapid changes occurring in
neurons of the contralesional M1 (cM1) following cortical injury remain to be quantified and are

the focus of the experiments reported here.

The reorganization that takes place in the cM1 is likely to be different to what we
previously observed in the PMv, as these areas play different roles in hand motor control, and
their neural populations encode motor information in different ways. In the PMv, many of the
task and motor parameters are encoded bilaterally in a non-effector specific manner (Rizzolatti et
al., 1988; Tanji et al., 1988; Hoshi and Tanji, 2002, 2006; Kurata, 2007; Michaels and
Scherberger, 2018), such that, for example, grasp type can be encoded the same regardless of
which hand will be used to execute the movement. In contrast, M1 neural activity is highly
lateralized with effector specific activity, and a dominant preference for the contralateral
musculature (Tanji et al., 1988; Donchin et al., 1998; Cisek et al., 2003). As such, while we
found substantial reorganization of PMv neural activity in both hemispheres after unilateral M1
inactivation, it is not clear if or what kind of changes will occur in cM1 neural activity. However,
we do expect neural reorganization to occur, as numerous fMRI studies have shown that there
are important changes in cM1 blood flow taking place following injury to its homologue

(Butefisch et al., 2005; Rehme et al., 2011a; Rehme et al., 2012; Buetefisch, 2015).

Characterizing this reorganization is important, as the contralesional M1 has been
implicated in recovery processes following unilateral cortical lesions, and many exploratory
therapeutic protocols have focused on this area as a main neuromodulatory target (Buetefisch,
2015; Wessel et al., 2015). These interventions seek to modulate cM1 excitability, for example
using non-invasive transcranial magnetic stimulation (TMS), with the goal of re-balancing the
network’s homeostasis and promoting network plasticity towards a functional state capable of
appropriately controlling movement. However, little is known about how neural activity in the
cMI1 changes following unilateral damage to its homologue. As these neural changes reflect the
landscape on which subacute plasticity involved in motor recovery will take place, an

exploration of the rapid reorganization in neural activity that occurs in cM1 is long overdue.

In the current experiments, we explored the neuronal reorganization that accompanies the

loss of fine motor control of the hand in two adult macaque monkeys. We used reversible
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inactivation techniques to target the M1 hand representation area unilaterally and induce motor
deficits while simultaneously recording neural signals before and after the cortical injury (Wilke
et al., 2012). A particular strength of this approach is that it allows the characterization of
changes induced by the inactivation in individual neurons in a very powerful and sensitive way
(Restani et al., 2009). Whereas previously we reported changes occurring in the PMv of both
hemispheres (Moreau-Debord et al., 2021), here we extend these investigations to the cM1.
Finally, we compared changes occurring in cM1 and the PMv of both hemispheres to provide a
better overall understanding of the neural changes occurring in this distributed, bihemispheric

motor network.
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Methods

Experimental model and subject details

The present study was performed using two adult female rhesus macaques (Macaca mulatta),
Monkey M (5.5 kg) and Monkey S (5.7 kg). The surgical and experimental procedures used in
the study were done in accordance with the Canadian Council on Animal Care guidelines and
approved by the Comité de Déontologie de I’Expérimentation sur les Animaux of the Université

de Montréal.

Surgical procedures

Surgical procedures were described previously (Moreau-Debord et al., 2021). We used ketamine
hydrochloride (15 mg/kg; Ketaset; Pfizer Inc, New York, NY, USA) to induce anesthesia, which
was then maintained using ~2-3% isoflurane (Furane; Baxter, Deerfield, IL, USA) in 100%
oxygen. To maintain hydration a solution of lactated Ringer was continuously injected
intravenously (10 ml/kg/h). In order to prevent inflammation and swelling of the brain, Atropine
(Atropine Sulfide; 0.04mg/kg; Rafter 8 Products, Calgary, AB, Canada) and Dexamethasone 2
(Dexacort 2, 0.5 mg/kg; Rafter 8 Products, Calgary, AB, Canada) were given intramuscularly,
and Mannitol 20% (1500 mg/kg; Fresenius Kabi Canada Ltd., Richmond Hill, ON, Canada) was
injected intravenously. A self-regulating heating blanket (Harvard Apparatus, Holliston, MA,
USA) was used to keep monkey’s body temperature near 36.5°C. Furthermore, we monitored

heart rate and blood oxygen saturation during the procedures.

Craniotomies and durectomies were performed in both hemispheres over the primary
motor cortex (M1) and the ventral and dorsal premotor cortex (PMv, PMd). We implanted multi-
electrode arrays in the PMv and PMd of both hemispheres. In addition, in the right hemisphere
we also placed electrodes in the M1 and primary somatosensory cortex (S1). In the left
hemisphere, in order to provide later access to the M1 hand representation, a chronic chamber
made of plexiglass (2x2 cm opening) was placed over the central sulcus and the dura left intact.
This chamber allowed us to directly inactivate the left M1 using muscimol injections (see next
section). Therefore, the left hemisphere is referred to as the ‘ipsilesional’ hemisphere, whereas

the right hemisphere opposite to the lesion is referred to as the ‘contralesional” hemisphere.
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Thus, the right hand contralateral to the lesion site was the ‘paretic’ hand, whereas the left hand

was the ‘non-paretic’ hand. This was the same in both monkeys.

To guide the placements of the arrays we used anatomical landmarks, notably the arcuate
and central sulcus. We implanted 370 electrodes in Monkey M and 448 electrodes in Monkey S.
For Monkey M, in the ipsilesional hemisphere, we placed one 96-electrode Utah array
(Blackrock Microsystems, Salt Lake City, Utah, USA) in the PMd (ipsilesional PMd; iPMd), and
one 32-electrode and one 16-electrode Floating Microprobe Arrays (FMA; Microprobes for Life
Science, Gaithersburg, MD, USA) in the PMv (ipsilesional PMv; iPMv). In the contralesional
hemisphere, we placed one 96-electrode Utah array in M1 (contralesional M1; cM1), two 32-
electrode FMAs in PMv (contralesional PMv; cPMv), and two 32-electrode FMAs in PMd
(contralesional PMd; cPMd). For Monkey S, in the ipsilesional hemisphere we placed one 96-
electrode Utah array as well as two 32-electrode FMAs in the iPMd. For the contralesional
hemisphere, in each of the cM1 and cPMv we placed one 96-electrode Utah array. We placed
two 32-electrode FMAs in cPMd. Finally, we also placed one 32-electrode FMA in S1. The

present analyses concern signals obtained from arrays implanted in the cM1.

At the end of each surgery, to prevent infection and brain swelling monkeys were given
Baytril (5 mg/kg; Enrofloxacin, Bayer Inc., Mississauga, ON, Canada) and injected with
Dexamethasone 2 (0.5 mg/kg; Dexacort 2, Rafter 8 Products, Calgary, AB, Canada),
respectively. To prevent inflammation and pain, they were also given Carprofen (4 mg/kg;
Rimadyl, Zoetis Canada Inc., Kirkland, QC, Canada) and Buprenorphine (5 pg/kg; Temgesic,
Schering-Plough, Kenilworth, NJ, USA), respectively. Based on the recommendations of the
veterinarian, additional doses of both Baytril and Carprofen were given for a minimum of two

days or more after the surgery.

Behavioral task

The neural recording sessions were performed in the laboratory. Monkeys sat in a custom-made
primate chair that was brought to the laboratory and placed in front of a pellet retrieval task. To
allow the monkeys to use one hand or the other during the task, the chair had removable panels

on both sides. In addition, there was an opening in front of the mouth in order for the animals to
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consume food rewards. With regards to the pellet retrieval task, the pellet rewards (190 mg
Dustless Precision Pellets; BioServ, Flemington, NJ, USA) were placed in a small well located
behind a vertical slot (1.3 cm x 5.5 cm) that was 20cm away from the monkeys and ~10 cm
below the shoulder height. In order to obtain the rewards, the animals had to perform a reaching
movement with the left or right hand in different blocks of trials that cumulated in a precision
grip (opposition of the thumb and index) with the forearm pronated. To collect video recordings
of the behavioral task, a computer webcam was placed above the animal and another on their left
side. We used a TDT acquisition system with two RZ2 BioAmp processors and custom software

to control the task (Tucker-Davis Technologies (TDT), Alachua, FL, USA).

In order to perform the task one or the other side panel on the chair was removed, which
determined which hand would be used. To start each trial, monkeys were instructed to place their
hand on the home plate in front of them, 15 cm below the vertical slot, which served as the target
of the reach and grasp movement. An infrared laser sensor contained within the home plate
detected the presence of the hand. The progression of a given trial is shown in Figure 2.1.
Following a variable delay period of 0.8-2 s, a pellet distributor (80209 Pellet Dispenser,
Campden Instrument Ltd.) dropped a pellet into the well located behind the vertical slot. The
sound made by the pellet distributor as it released the pellet served as a GO cue for the animal to
initiate a self-paced reach towards the target. The animal had two seconds to initiate the reach,
and the onset of the reach was signaled by the hand moving out of the home plate by the infrared
sensor. The slot contained a second infrared laser sensor, which signaled when the hand entered
the target to grasp the pellet (grasp onset) and left the target with the pellet (grasp offset). Having
exited the target, the monkey then brought the pellet to its mouth to consume the reward before
re-placing its hand in the home plate to start the next trial. There was an interval of 3 seconds

between trials.

For a given recording session the animals performed a block of 25 trials first with the left
hand and then another block of 25 trials with the right hand, for a total of 50 trials. Subsequently,
following inactivation with muscimol (see below), an additional recording session was
conducted where animals performed two more blocks of trials in the same order, i.e. first one
with the left and then with the right hand. Each recording session took about 10 minutes to

complete.
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Muscimol inactivation experimental procedures

After the animals recovered from the implantation of the cortical arrays and the plexiglass
chamber, we confirmed the location of the left M1 hand representation area using intracortical
microstimulation (ICMS) trains during the first two recording sessions. To do so we used a
custom-made borosilicate glass coated tungsten electrode. The electrode was lowered into the
chamber while the animal waited calmly in the primate chair. ICMS trains consisted of 13
monophasic cathodal pulses of 0.2 ms at 350 Hz, delivered at 1 Hz (Dancause et al., 2008). We
used ICMS to determine the borders of the M1 hand representation area, which included sites
that evoked forelimb movements including those of the wrist and digits. We determined the
depth at which the lowest stimulus intensity was required to evoke a movement in the hand area,

and these sites and depths were used to guide the muscimol injections.

The present analyses include data obtained from a total of 13 inactivation experiments (N
= 6 from Monkey M, N = 7 from Monkey S). Of these experiments, most involved one injection
of 0.75 puL of muscimol, a GABA-A receptor agonist (5 mg/ml) in the hand area of the left
hemisphere (n =9, 4 from Monkey M, 5 from Monkey S). In addition, for each monkey we also
included an addition experiment where muscimol was injected at two sites (2 x 0.75 pL) and
another experiment where muscimol was injected at three sites (3 % 0.75 pL), always in the hand

area (Figure 2.1).

Each inactivation experiment contained a “Pre-inactivation” and “Post 0.5 h inactivation”
data collection session. In the Pre-inactivation session we recorded baseline behavioral
performance and neural data, where animals were required to perform a block of 25 trials with
the left hand and then another block of 25 trials with the right hand. Once these two blocks were
completed, muscimol was used to reversibly inactivate the M1 hand representation area via a 5
puL Hamilton syringe with a beveled 26 gauge needle (Hamilton Company, Reno, NV, USA)
held in place by a micromanipulator (David Kopf Instruments, Tujunga, CA, USA) with
stereotaxic frame that was affixed to the primate chair. Once properly positioned, 0.75 pL of
muscimol was injected at a rate of 4 nL/s with a microinjector (Harvard Apparatus, Holliston,
MA, USA) at each cortical site and at different depths as informed by the previously-collected

ICMS data (range ~4.5-7 mm from top of the dura). Once the injection of muscimol complete
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(roughly thirty minutes after the start of the injection), as part of the Post 0.5h inactivation data
collection session monkeys performed two additional blocks of 25 trials, first with the left and
the right hand. As the animals showed some clear deficits with the right hand, they were still able
to perform at least some trials successfully with that hand. Importantly, the neural activity was
recorded continuously throughout the inactivation experiments, i.e. during the Pre-inactivation
session, the injection of muscimol, and the Post 0.5 h session. Following this last session the
animals were returned to their home cage and provided with water ad libitum. There was always
a minimum of 72 hrs between subsequent inactivation experiments, and all deficits were

resorbed by the following day after an inactivation.

Neural recordings and identification of neurons

We recorded neural activity from 256 channels simultaneously during a given experiment, which
was the maximum possible with our equipment. Thus, in different experiments we focused on
different areas and arrays to sample all implanted electrodes. In the current analyses we focus on
recordings that involved the arrays implanted in cM1. The neuronal data was sampled at
24,414.1 Hz, band-pass filtered between 100 and 5000 Hz, and recorded digitally using a
Tucker-Davis Technologies acquisition system (Tucker-Davis Technologies Inc, Alachua,
Florida, USA). As part of the acquisition process during the recording session, on all channels an
automatic threshold (x4 SDs above the baseline noise) was set and locked in place that when
crossed led to a 1228pus suprathreshold waveform sample being saved. These waveforms were
then sorted offline using Plexon Offline Sorter (Plexon Inc, Dallas, Texas, USA) using principal
component analyses. Using the first 3 principal components, we determined whether the
waveform cluster of each unit could be categorized as “well-isolated”, i.e. whether it was clearly
separate from the other recorded signals. The well-isolated status of each cluster was verified by
confirming that its stability and isolation was maintained throughout the recording by plotting
the first 2 principal components over time. Only well-isolated and verified M1 units are included
in the analyses presented here, and none of them had a refractory period violation (0%) based on

an inter-spike interval of <Ims either before or after inactivation.
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Task epoch modulation of individual neurons

We produced heat plots of the discharge rates of neurons aligned on the onset of grasp in order to
provide an overview of the discharge pattern of the total population of neurons (Figure 3.2). As
part of these plots, to highlight when neurons had their peak discharge, for each neuron the spike
density estimate (SDE) of spike discharge at each moment in time was divided by the average
SDE across the time window of interest (-1 to 1 s around Grasp Onset). The different epochs of
the task were the pre-cue, post-cue, reach and grasp epochs. The pre-cue epoch ranged from -0.7
to -0.1 s before the Go cue. The post-cue epoch was the first 0.1 s following the GO cue. The
reach epoch ranged from -0.1 to 0.2 s from Reach Onset, when the monkey’s hand left the home
plate. Finally and most importantly, the grasp epoch ranged from -0.1s before the fingers entered
the slot (Grasp Onset) to 0.1 s after the fingers had left the slot with the pellet (Grasp Offset). To
determine whether neurons were modulated by one or more epochs of interest, we compared the
firing rate during the post-cue, reach, grasp to the average firing rate during the pre-cue epoch
using two-tailed ¢ tests. Because the grasp epoch encompasses both the Grasp Onset and Grasp
Offset events, to determine whether neurons were modulated the 7 test was performed on spike
times aligned on each event separately for some analyses. The two windows of time used were -
0.1 to 0.5 s from Grasp Onset, and -0.2 to 0.1 s from Grasp Offset. A neuron whose firing rate
was modulated according to the 7 test (p < 0.05) within either of these windows was considered
tuned to grasp during that block of trials. Finally, we calculated SDEs of the firing rate across
trials using a Gaussian kernel function of 50 ms for each neuron (Nawrot et al., 1999), with spike

times aligned at Grasp Onset to visualize task modulation.

Effect of inactivation on the total population of recorded neurons

We explored the changes in the general discharge rate of neurons when the animals were at rest
(Figure 3.4 A). To do so we looked at the firing rate of M1 neurons before (Pre) and after (Post
0.5 h) inactivation during the pre-cue epoch where the animal was at rest with either hand placed
in the start position. This was done for each neuron by determining the mean firing rate during
the pre-cue epoch that took place during the block of trials with the right or left arm, during the
pre or post 0.5 h inactivation session. Furthermore, we explored the changes that occurred in the

proportion of neurons identified as being modulated during grasp (see above) before and after
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inactivation as well as the proportion of grasp neurons that were modulated for both hands or
only the left or right hand specifically (Figure 3.4 B,C). For these analyses we used all neurons,
without taking into consideration whether neurons were the same well-isolated units in both the

pre and post 0.5 h sessions.

Quantification of changes within continuously recorded neurons before and after inactivation

(‘within-neuron’ analyses)

From this point on, all the analyses were performed using neurons that were clearly isolated both
before and after the inactivation, which we refer to as ‘within-neuron’ analyses. Since there were
differences in grasp duration before and after inactivation as well as within a given trial block,
the duration of grasp was normalized for all of our ‘within-neuron’ analyses (Figures 3.5-3.10).
To do so, we resampled the SDE of each trial such that time became visually represented as a
percentage (%) of grasp completed, using a value of “0” for the time of Grasp Onset and “100”
for the time of Grasp Offset. In normalized time each time bin represented 1/1000" (0.1%) of
total grasp duration. Finally, for each neuron we subtracted baseline activity from the resampled
SDE curves. Baseline activity was calculated using the mean trial SDE during the pre-cue epoch

for a block of trials.
Incidence of neurons with increases and decreases of discharge rate during grasp

We determined the proportion of neurons with increases and decreases of activity during grasp
following inactivation (see Figure 3.5). For each neuron and at each moment in normalized time
we subtracted the Post-inactivation SDE values from the Pre-inactivation SDE values to
determine whether neural discharge had increased or decreased following the inactivation.
Furthermore, we determined the proportions of neurons that showed substantial, i.e. ‘significant’,
increases or decreases of discharge at each moment during grasp using unpaired ¢ tests on the
SDE values of trials performed before and after inactivation. To provide an additional,
complimentary quantification of increases or decreases of neural activity throughout grasp, we
also calculated the cumulative sums of neurons that had higher and lower firing rates after

inactivation at each moment in time using the formula:
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n Neurons higher(i) — Neurons lower (i)

Cumulative sum = )|, x 100

Total neurons x 1200

Where i is the time bin, which ranges from 1 to the total number of time bins per trial considered
for this analysis, n = 1200 (1000 bins for grasp duration, plus the last 100 bins before grasp
onset, and the first 100 bins after grasp offset). Total neurons represent the total number of
neurons in the population studied. Neurons higher and Neurons lower were the number of
neurons with higher or lower firing rates after inactivation relative to Pre-inactivation values,
respectively, at time 7, and regardless of whether neuron changes were significant or not. The
cumulative sum is expressed as a percentage of the maximum sum of neurons if they had all
shown increases, i.€. it represents the total number of neurons if only increases of discharge had
occurred in all neurons of the population throughout grasp. A positive value of the cumulative
sum means that there was a greater proportion of neurons with increased activity than neurons
with decreased activity as grasp progressed, meaning that there was an overall increase of
activity after inactivation in the population of neurons studied. In contrast, negative values
indicate that there was a greater proportion of neurons with lower activity than higher activity
after the inactivation as grasp progressed, meaning that there was an overall decrease of activity

in the neural population after inactivation.

We used Monte Carlo methods in order to provide a better visualization of the effect of
the inactivation on the cumulative sum traces by comparing them to what would be expected to
be observed by chance. To do so, for each neuron, first the firing rate at each time bin in both the
Pre-and Post-inactivation blocks of trials were pooled together. Then we randomly sampled data
points with replacement from these pooled values to generate two new but artificial SDE traces.
These two SDE traces were subtracted from each other to calculate the increase or decrease of
firing rate at each time bin. This process was done for all neurons and for a given block of trials
(non-paretic, paretic hand). At this point the cumulative sum of this simulated population was
calculated. This provided one artificial cumulative sum trace for the neural population studied
during use of a given hand. We repeated this process to generate 1000 cumulative sum traces,
and determined the mean and 95™ percentile from these 1000 traces to compare them to the real

values shown in Figures 3.5 and 3.8.

We compared the incidence of ‘significant’ neurons showing increases or decreases of

activity during grasp between the area studied here (cM1) and those studied previously (iPMv,
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cPMyv; Moreau-Debord et al., 2021), shown in Figure 3.8. We chose to perform this analysis
using three windows of interest: the start of grasp (the last 100 bins before grasp onset and the
first 100 bins after grasp onset), the end of grasp (the last 100 bins before grasp offset and the
first 100 bins after grasp offset), and the total grasp duration (1000 bins for grasp duration, plus
the last 100 bins before grasp onset, and the first 100 bins after grasp offset). For each neuron
and at each trial, we took a mean of their activity before and after inactivation across the time
bins of interest and used unpaired ¢ tests (p < 0.05) on the mean trial values to determine if the
neuron showed a ‘significant’ increase or decrease of discharge rate during the window of
interest. We then summed the numbers of neurons showing ‘significant’ increases of decreases

of discharge rate.
Changes of maximal discharge time

We determined the time of maximal discharge rate during the task before and after inactivation
in a window centered around grasp duration (-100% to 150% of grasp duration; the window of
time used for Figure 3.6 A). For each within-neuron and during use of a given hand we
subtracted the time of maximal discharge before and after inactivation to quantify the change in
maximal discharge timing, to provide a measure of the stability of neural discharge timing during

the task (Figure 3.9).
Changes of peak discharge burst rate

We were interested in further exploring changes in peak discharge rate of neurons that
specifically had a burst of activity during the grasp epoch of the normalized SDE curves (Figures
3.6, 3.10). For a neuron to be considered to have a peak of discharge rate during grasp, it had to
have a maximal discharge value during the grasp epoch >1 standard deviation (SD) from

baseline (i.e. pre-cue epoch) either before or after inactivation.

Neurons could have peaks of discharge rate at different movements during the grasp
epoch before inactivation compared to after inactivation. As such, for analyses of burst rate
(Figures 3.7, 3.10), we characterized the time and the amplitude of peak discharge in both the pre
and post 0.5 h recording sessions when present. For neurons with grasp peaks during the pre-
inactivation session, we took the firing rate at the time of the Pre-inactivation peak (Pre Peak)

and compared it to the firing rate that took place at the same moment in normalized time in the
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Post 0.5 h inactivation session. We then averaged these changes across the population of
neurons. This analysis focuses on the change of activity that took place where the neuron had
been most active prior to inactivation, and thus emphasizes decreases of neural activity. We
performed a similar analysis for neurons with grasp peaks during the post 0.5 h inactivation
session. For those neurons we compared the firing rate at the time of peak discharge in Post 0.5 h
(Post 0.5 h Peak) to the firing rate that occurred at that moment in normalized time during the
pre-inactivation session. We then averaged those changes across the population of neurons. This
analysis focuses on the change of activity that took place where neurons became most active

following the inactivation, and thus emphasizes increases of neural activity.

Statistical Analysis
Quantification of muscimol effects on the total population of recorded neurons

To determine which neurons were significantly modulated during which task epochs, we used
paired ¢ tests (p < 0.05). To explore changes in the discharge of neurons at rest, we compared the
mean activity that occurred during the pre-cue epoch (-0.7 to -0.1 s from Cue) using a two-way
ANOVA for the cM1 with the arm and session as factors. To compare the proportion of neurons
modulated during grasp, or in function of the hand used, we used y’ tests (p < 0.05) and

performed post-hoc tests using two-proportion Z tests with Bonferroni correction (Figure 3.4).
Quantification of changes within continuously recorded neurons

To compare differences between populations (iPMv, cPMv, cM1) in the incidence of neurons
showing increases or decreases of neural activity during grasp, we used ¥ tests (p < 0.05) and
performed post-hoc tests using two-proportion Z tests with Bonferroni correction (Figure 3.8).
To compare the variance of maximal discharge time that occurred after inactivation between the
different populations of neurons, we used Bartlett’s test for equal variances and performed post-
hoc tests using two-sample F tests with Bonferroni correction (Figure 3.9). We used paired ¢ tests
to compare the peak discharge rate of neurons before and after inactivation (Figures 3.7, 3.10).
To compare the changes in discharge rate that occurred during the time of peak discharge
between the different populations of neurons, we performed two-way repeated measures

ANOVAs, one for ‘Pre peaks’ (discharge rate at the time where neurons were most active prior
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to inactivation) and one for ‘Post peaks’ (discharge rate at the time where neurons became most
active after the inactivation) where the independent factors were area (iPMv, cPMv, cM1) and
arm (non-paretic, paretic) and the dependent factor session (pre-inactivation, post 0.5 h
inactivation). We also performed a one-way repeated measures ANOVA specifically on Post

peaks during use of the paretic hand, using area and session as factors.
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Results

For these series of experiments, two adult female rhesus macaques were trained on a reach-to-
grasp task that cumulated in a precision grip with the right or left hand in order to retrieve food
pellets from a well. For the purposes of neural recordings, both monkeys were implanted in the
right, contralesional M1, using chronic electrode arrays. Furthermore, a plexiglass chamber was
placed over the left M1 to provide access to the dura in order to directly inject muscimol via
syringe into the M1 hand representation area in awake behaving animals. Following
implantation, we used intracortical microstimulation (ICMS) to locate the hand representation in
the chamber before performing inactivation experiments. Each inactivation experiment
proceeded thustly. First, we recorded the neuronal activity prior to inactivation as animals
performed the task (i.e., recording session Pre). We then induced a reversible inactivation by
injecting muscimol, a GABA-A receptor agonist, into the hand area of the left M1. Here, the
right M1 was contralesional (‘cM1”) in the opposite hemisphere (Figure 3.1). Following
approximately 30 minutes after the injection of muscimol, the monkey resumed performing trials
as deficits appeared (i.e. recording session Post 0.5 h). Because recording was performed
continuously throughout this process, we were able to quantify the effect on the inactivation on

individual neurons (i.e. ‘within-neurons’).

As previously discussed (Moreau-Debord et al. 2021), both monkeys displayed clear
deficits with the right, ‘paretic’ hand contralateral to the inactivated M1 during the Post 0.5 h
session, consistent with previous reports that used similar inactivation techniques (Matsumura et
al., 1991; Schieber and Poliakov, 1998; Brochier et al., 1999). As these results were presented
earlier in chapter 2, they will not be discussed in detail here. Briefly, both reaching and grasping
movements became slower with the paretic hand (Figure 2.2), and this was accompanied by
decreased EMG in muscles of the paretic arm (Figure 2.3). Notably, no changes in EMG or
movement duration occurred in the left, non-paretic arm, and no activity was observed in the arm
at rest when the other arm was performing trials. Deficits were completely resorbed by the next

day.
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Figure 3.1. Experimental overview

Schematic representation of the location of the cM1 recorded area as well as the paretic and non-
paretic hand relative to the location of the left M1 inactivation (iM1).
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The population of neurons recorded in M1 in the control condition

The neural data discussed here comes from 13 inactivation experiments. Altogether, from the
data obtained prior to the inactivation of M1 during the experiments (i.e. session Pre) we

identified a total of 164 ‘control’ M1 neurons in the right hemisphere.

We characterized the population of M1 neurons recorded by our arrays in an identical
fashion as what was done for PMv previously (Figure 3.2). Specifically, we determined the
preferred epoch and hand of each neuron as well as determining their modulation patterns across
epochs using maximal discharge rate and ¢ tests (p < 0.05), respectively. While neurons were
active throughout the task, they showed a greater preference for grasp in maximal discharge rate
(53.7% across both hands; Figure 3.2 C) and significant modulation (82.3% across both hands;
Figure 3.2 D). In addition, there was a greater preference in neural activity for the contralateral
limb. Notably, almost half of all M1 neurons maximally discharged during grasp with the
contralateral hand (49.4% of neurons; Figure 3.2 C). This result is not surprising, as M1 is
known for showing a much greater lateralization of function for the contralateral musculature.
Nonetheless, when looking at modulation patterns, we see that the ipsilateral limb is still well
represented in the M1 population (51.8% of neurons during grasp with ipsilateral hand; Figure
3.2 D), consistent with the fact that M1 has robust ipsilateral activity (Tanji et al., 1988; Donchin
et al., 1998; Kermadi et al., 1998; Cisek et al., 2003; Bundy and Leuthardt, 2019).

Most grasp-related neurons were significantly modulated during movements of either
hand, such that they were ‘hand non-specific’ (55.6% of M1 grasp neurons; Figure 3.2 E).
Among grasp-neurons that were only modulated during use of one hand, there was a clear
preference for the contralateral hand (37% contralateral vs 7.4% ipsilateral), consistent with the

high lateralization of hand function of this area.

Modulation patterns of all recorded neurons are remarkably preserved after inactivation

Following the injection of muscimol into the left M1 hand representation area, we identified a
total of 163 well-isolated post-inactivation neurons in cM1. We observed changes of neural
activity in individual neurons due to the unilateral M1 inactivation (Figure 3.3). Notably,

changes in neural activity were heterogeneous, with both increases and decreases of neural
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Figure 3.2. Population of control neurons recorded in the cM1

Data is pooled from both monkeys. A,B, Shown are heat plots of the spike density estimates for
all M1 neurons during task performance with the ipsilateral (4) and contralateral hand (B). For
each hand, neurons are_ordered according to the time of maximal discharge relative to Grasp
Onset. Time is in seconds (s). C, The proportion of neurons that had their maximal discharge
occur in the different epochs of the task during use of the ipsilateral or contralateral hand are
shown. Note that categories are mutually exclusive, such that each neuron is only counted once.
D, Shown are the proportion of neurons with a significant modulation of their discharge rate
during the different task epochs (¢ test; p < 0.05). Here, categories are not mutually exclusive
such that a given neuron could be counted in several epochs and for both arms. E, For each
epoch are shown the proportions of neurons that were significantly modulated during use of the
ipsilateral or contralateral hand only, or for both hands (i.e. hand non-specific) during that epoch.
Overall, these plots demonstrate that while different proportions of neurons in the M1 were
active for the different epochs of the task and for both arms, there was a greater proportion of
neurons modulated during grasp and for the contralateral arm.
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Figure 3.3. Examples of cM1 neurons that showed altered patterns of discharge after
inactivation

Shown are neurons recorded during use of the non-paretic (4-C, blue) and paretic (D-F, red)
hand. For each neuron the top panel shows the average spike shape on the left (=SD, grey
shading) and the interspike interval count histogram on the left, both before (top) and after
inactivation (bottom). The middle panel shows the spike density estimate (SDE) curves of
discharge rate before and after inactivation. Below that (bottom two plots), the raster plots of
individual trials before (Pre) and after inactivation (Post 0.5 h) are shown. All data is aligned on
the time of Grasp Onset, and the time is in seconds (s). In the raster plots, the colored markers
show the timing of the events in each trial (C=GO cue; R= Reach Onset; G= Grasp Onset; E=
Grasp Offset). There was a great variability in the nature of the changes observed that took place
during use of either hand.
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discharge rates observed in cM1 neurons during use of either hand. These changes could occur
throughout the different epochs of the task, but were often observed during grasp, suggesting that

neural activity was particularly disturbed during hand use.

To determine how the overall neural cM1 population was affected by the inactivation, we
compared the population of ‘control’ neurons (i.e., pre-inactivation) with the population of post-
inactivation neurons (Figure 3.4). Here, no consideration was made as to whether these
populations contained neurons present in both pre- and post-inactivation sessions (i.e. not limited
to within-neuron analyses). We first determined whether the inactivation had an effect on M1
neurons when the animals were at rest (Figure 3.4 A). To do so, we looked at the firing rate of
neurons during the pre-cue epoch, where the animal was not moving with its hand placed on the
home plate. There was no difference in discharge rate regardless of which hand was placed in the
start position and when comparing activity before and after inactivation (two-way ANOVA, p >
0.05). Thus, in contrast to what we previously reported for PMv, where we found that firing rate
during the pre-cue period was significantly lower after inactivation (p < 0.001; see Chapter 2),

the inactivation did not produce any alterations in the cM1 at rest.

Similarly, during movement, the proportions of cM1 neurons modulated during grasp
appeared particularly stable despite inactivation of its homologue (p<0.05) (Figure 3.4 B).
Furthermore, there were no significant changes in the proportions of grasp neurons modulated
during use of either or both hands (p < 0.05) (Figure 3.4 C). This is again in contrast to what was
previously reported for PMv, where important changes at the population level were reported,
notably with regards to through neurons. Thus, at the population level, cM1 appears to be

particularly stable and relatively unperturbed by the inactivation.

Increases and decreases of firing rate in individual neurons during grasp

We chose to perform continuous recording before and after the inactivation in order to quantify
the changes occurring within individual, well-isolated neurons throughout each inactivation
experiment. This allowed us to perform ‘within-neuron’ analyses, which form the greatest
strength of our data. In total, 154 cM1 neurons were considered to be within-neurons. From this

point on, all analyses will focus on this subpopulation of neurons.
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Figure 3.4. Neuronal cM1 population is stable after inactivation

A, Shown is the average discharge rate (:SEM) of all cM1 neurons at rest during the pre-cue
epoch where monkeys waited with either hand in the start position for the cue to initiate the
movement. There was no change in the discharge rate at rest (Sp/s: spikes per second). B, Shown
are the proportion of grasp modulated neurons (7 test p < 0.05) in the cM1 during use of the non-
paretic (blue bars) and paretic hand (red bars). Above the x-axis are shown the proportion of
neurons with bursts (i.e. increased discharge rates during grasp) and below the x-axis are shown
the proportion of neurons with troughs (i.e. decreased discharge rates during grasp). There were
practically no changes in the proportion of cM1 burst or trough neurons after inactivation. C, The
proportion of grasp neurons modulated only during use of the non-paretic or paretic hand or
modulated during use of either hand (hand non-specific) are shown. We did not observe any
significant changes in these proportions after inactivation. Overall, the cM1 was resilient to the
inactivation at the population level, such that it appeared unperturbed.
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We first quantified the incidence of neurons that showed increases or decreases of neural
discharge rate at each moment in normalized time of the grasp epoch (Figure 3.5). We used all
within-neurons regardless of whether they were significantly modulated during grasp or not.
There was a greater proportion of neurons with decreased discharge rate that accumulated with
time in the cM1 during use of the paretic hand (Figure 3.5 B). Changes were less conclusive
during use of the non-paretic hand, with cumulative changes alternating directions during grasp
such that by the end of grasp the proportion of neurons showing increases or decreases of

discharge completely balanced each other out.

Changes of peak timing in individual neurons following inactivation

We quantified the extent to which the timing of peak discharge during grasp of cM1 within-
neurons were affected by the M1 inactivation (Figure 3.6). We used all within-neurons
regardless of modulation. We found that the timing of peak discharge was perturbed for many
neurons, and these changes were more pronounced during movements with the paretic hand
(Figure 3.6 A). We then specifically quantified the changes of peak discharge timing of neurons
that had a clear burst of discharge rate during grasp (>1 SD increase relative to pre-cue epoch
activity). The M1 inactivation induced an important de-synchronization of neural activity related
to the various aspects of grasp movements, particularly during use of the paretic hand (Figure 3.6

B).

Furthermore, we observed that there were many neurons that displayed a significant peak
grasp discharge in either the pre or post 0.5 h inactivation session, but not in both sessions (grey
crosses in Figure 3.6 D-F). This was particularly so during grasp with the hand ipsilateral to
cM1, i.e. the paretic hand for the cM1 (n =28, 45.9%). There was not a substantial difference in
the proportion of neurons ‘losing’ their pre-inactivation peaks or ‘gaining’ a peak after
inactivation. It is interesting to note that the cM1 showed a relatively preserved pattern of peak
discharge during use of the non-paretic hand. Indeed, among neurons with significant bursts
during grasp with the non-paretic hand, most cM1 neurons showed stable timing of peak
discharge in both sessions (Figure 3.6 B). Furthermore, there were few neurons that ‘lost’ or

‘gained’ peaks of discharge during grasp with the non-paretic hand (n = 20, 17.7%).
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Figure 3.5. Incidence of neurons showing increases or decreases of discharge rate during grasp

A,B, Shown are the changes of firing rate of cM1 neurons during grasp with the non-paretic (A4)
and paretic hand (B). Time is represented in normalized grasp time (Grasp Onset = 0%, Grasp
Offset = 100%). In this analysis, all neurons that were well-isolated both before and after
inactivation were included, regardless of whether they were modulated during grasp or not (n =
154). In the top plots of each panel, shown is the cumulative sum of the difference between the
total population of neurons with increases versus decreases of firing rate across the time bins
(black trace). These traces are compared to the mean and 95% quantiles of randomly simulated
values using Monte Carlo methods (grey line and shadow). In the bottom plots of each panel, the
percentage of neurons with ‘significant’ increases (green) or decreases (grey-blue) of discharge
rate at each time bin during grasp are shown (unpaired ¢ tests with p < 0.05; see Methods). Also
shown is the difference in the proportion of the neurons with ‘significant’ increases versus
decreases of activity (white trace). Finally, the red line and shaded area show the same difference
as the white trace but instead using all well-isolated neurons regardless of whether their changes
were ‘significant’ or not. During use of the non-paretic hand, the accumulation of neurons with
increased discharge rate were counterbalanced by the accumulation of neurons with decreased
discharge rate, such that by the end of grasp there was no bias in the overall cM1 population. In
contrast, we observed an accumulation of neurons with decreased discharge rate during grasp
with the paretic hand.
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Figure 3.6. Changes in the timing of peak discharge rate after inactivation

A, Shown are heat plots of the spike density estimates of all the neurons that were well-isolated
both before and after inactivation (i.e. ‘within-neurons’) in the cM1. The x-axis represents
normalized grasp time (Grasp Onset = 0%, Grasp Offset = 100%). The left panels show neural
activity during movements with the non-paretic hand, and the right panels show neural activity
during use of the paretic hand. In the top row, neurons are ordered based on the time of their
maximal discharge before inactivation. This same order is kept in the bottom row, which
represents their activity after inactivation during the Post 0.5 h session. The discharge rate of
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each neuron is normalized to its maximal value. B, Shown are the peak discharge times of cM 1
neurons that had a clear discharge burst during grasp, before inactivation (‘Pre peak’, x-axis)
and/or after inactivation (‘Post 0.5 h peak’, y-axis). The colored symbols (+) show the neurons
that had ‘significant’ bursts during grasp both before and after the inactivation (>1 SD increase
from pre-cue epoch) during use of the non-paretic (blue) or paretic hand (red). In addition, the
blue and red colored numbers show the counts of these neurons. Finally, we also had neurons
that only had a ‘significant’ burst during grasp either before or after inactivation, but not for both
sessions. These neurons are shown with grey x symbols and numbers, and plotted along the axes.
Overall, we observed that the inactivation affected the temporal pattern of neurons’ timing of
peak discharge. However, maximal discharge timing (A4) and peak timing (B) appeared to be
more perturbed during use of the paretic than non-paretic hand.
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Changes of peak amplitude at the time of peak discharge of individual neurons

We explored the changes in the amplitudes of neural discharge that occurred at the time of peak
discharge rate during grasp of individual neurons. Since we observed important drops as well as
additions in the count of neurons with a significant peak after inactivation, we quantified the
changes in discharge rate that occurred before and after inactivation at both the peak discharge
time during grasp prior to inactivation (‘pre peaks’) as well as the peak discharge time during

grasp after inactivation (‘post 0.5 h peaks’).

In the cM1 (Figure 3.7), there were important decreases in discharge rates at the time
where neurons had been most active prior to inactivation, during grasp with the non-paretic (-
1.78 spikes/sec; T103)=-3.43, p = 8.75 x 10", d = -0.34) and paretic hand (-2.82 spikes/sec; T(7)
=-3.57, p=8.34 x 10*, d = -0.52; Figure 3.7 A,C). In contrast, we observed a significant
increase in discharge rate at the time where neurons became most active after the inactivation
during use of the paretic hand (2.27 spikes/sec; Tus)=2.53, p =0.015, d = 0.37; Figure 3.7 B,D).
There was no significant change in discharge rate during use of the non-paretic hand (p > 0.05).
Thus, overall, we observed decreases in neurons’ firing frequency at the time of pre peak
discharge, which were accompanied by increases in firing frequency at the time of post 0.5 h

peak discharge during use of the paretic hand.

Comparisons of cM1 and PMv changes induced by inactivation

Previously, we characterized the changes in neural activity that occurred in the PMv of both
hemispheres after unilateral M1 inactivation (Moreau-Debord et al. 2021). In the subsequent
sections, we compare the changes observed in the PMv with those that have been just described
for cM1, focusing in particular on three analyses: changes in incidence of neurons with increases
and decreases of firing rate during grasp (Figure 3.8), changes of maximal discharge timing
during the task (Figure 3.9), and changes of peak amplitude at the time of peak discharge during

grasp following inactivation (Figure 3.10).
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Figure 3.7. Changes at the time of peak discharge for cM1 neurons induced by the inactivation

A, The average spike density of cM1 neurons during grasp before (dotted line; gray shade =
+SEM) and after inactivation (solid line; blue shade = =SEM) are plotted with their activity
aligned to the time of peak discharge prior to the inactivation (‘Pre peaks’). The colors on the
solid ‘Post 0.5 h’ line represent time bins where the average firing rate of the population was
shown to be ‘significantly’ different after inactivation (yellow: p <0.05; red: p <0.01; paired ¢
tests). B, Plots are similar to those in A) except the activity is instead aligned to the time of peak
discharge after the inactivation (‘Post 0.5 h peaks’). C,D, Comparison of the spike discharge rate
of neurons before and after inactivation at the time of Pre peaks (C) or the time of Post 0.5 h
peaks (D), i.e. at the time “0” in the 4, B, plots, respectively (paired ¢ tests; *p < 0.05, ***p <
0.001). Overall, in the cM1 we noticed a notably significant decrease of discharge rate at the
time of Pre peaks during use of the non-paretic and paretic hand. At the time of Post 0.5 h peaks,
we observed a sharp increase of discharge rate at the time of Post 0.5 h peaks during use of the
paretic hand. There was no change in activity at the time of Post 0.5 h peaks during use of the
non-paretic hand.
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Incidences of neurons showing increases and decreases of firing rate during grasp in different

motor areas

We compared the differences in the incidence of neurons with significant increases or decreases
of neural discharge rate during grasp for the area studied here (cM1) and the PMv studied
previously (Figure 3.8). A summary of the accumulated difference in the proportion of neurons
showing increases versus decreases of discharge rate throughout grasp is shown in figure 3.8
A,B. All neurons regardless of whether they were modulated during grasp were included in this
analysis, and the sum of these differences for each area are compared to what would have been
predicted to occur by chance as determined by Monte Carlo methods (see Methods). Essentially,
the values shown correspond to the last values of the cumulative sum traces of Figure 3.5.
During use of the non-paretic hand, each area showed a different result (Figure 3.8 A). The iPMv
had a bias of decreased activity of -18.9% and the cPMv a bias of increased activity of 9.95%
relative to what would be expected if all neurons showed only increases of activity for all time
bins during grasp. In the cM1, there was no significant bias, with results falling within what
could be expected by chance, suggesting that cM1 was minimally perturbed during grasp with
the non-paretic hand. During use of the paretic hand (Figure 3.8 B), the cPMv showed a greater
incidence of neurons with increased discharge during grasp (4.6%). In contrast, both the iPMv (-

3.5%) and the cM1 (-3.7%) had more neurons with decreased discharge rate during grasp.

We were also interested in comparing the incidences of neurons with ‘significant’
increases and decreases in discharge rate (Figure 3.8 C,D). In particular, we previously reported
that there were notable changes occurring at the end of grasp in the PMv (Moreau-Debord et al.,
2021). Thus, we were interested in comparing the incidence of neurons from the different areas
with ‘significant’ changes that took place at the end of grasp with one hand or the other, but also
at the start of grasp, as well as across the entire grasp epoch. For the window of time centered
around the start of grasp (mean of 200 bins centered on grasp onset), we did not observe any
difference between cM1, iPMv and cPMv in the proportion of neurons with increases, decreases
or no change of discharge rate during use of either the non-paretic or paretic hand () tests; p >
0.05; not shown). Similarly, there was no overall difference between these areas when

considering the entire grasp epoch during use of either hand (p > 0.05; not shown).
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Figure 3.8. Differences between areas in the incidence of neurons showing increases or
decreases of discharge rate during grasp

A,B, The sum of the difference between the total population of neurons of each area with
increases versus decreases of firing rate across all normalized time bins during grasp with the
non-paretic (4) and paretic hand (B). In this analysis, all neurons that were well-isolated both



before and after inactivation were included, regardless of whether they were modulated during
grasp or not. These values are compared to distribution of randomly simulated values using
Monte Carlo methods (grey whisker plots). The values shown here are equivalent to the last
values of the cumulative sum traces of Figure 3.5. During use of the non-paretic hand, the
greatest changes clearly took place in the PMv, with a substantial proportion of neurons showing
decreases in the iPMv and increases in the cPMv. In contrast, cM1 activity appears to be
particularly stable. During use of the paretic hand, there were greater incidences of neurons with
increases in the cPMv, whereas both the iPMv and cM1 showed more neurons with decreases of
discharge rate throughout grasp. C,D, Shown are the changes in the firing rate of all cortical
areas during a window of time centered at the end of grasp in normalized time (=100 bins from
Grasp Offset) during use of the non-paretic hand (C) and the paretic hand (D). In this analysis,
only neurons that showed ‘significant’ mean increases (clear bars; above the x-axis) or decreases
(filled bars; below the x-axis) of discharge rate during the 200 bin window of time were included
(unpaired ¢ tests with p < 0.05; see Methods). Whereas there were no differences between areas
in neuron incidences during use of the non-paretic hand, there were significant differences at the
end of grasp with the paretic hand. Notably, both PMv had significantly more neurons with
increases at the end of grasp than what was observed for the cM1 (Z tests; p < 0.05). However,
the cPMv had significantly less neurons with decreases at the end of grasp than the iPMv (p <
0.05). Thus, whereas both PMv had the same proportion of neurons with increased activity at the
end of grasp, this was not counterbalanced by neurons with decreased activity in the cPMyv, such
that this area ended up being much more excitatory at the end of grasp than the other areas
studied. Two-sample Z tests; **p <0.01, ***p <0.001.
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However, when looking specifically at the end of grasp (mean of 200 bins centered on grasp
offset), while no difference was observed during use of the non-paretic hand (p > 0.05; Figure
3.8 C), there was a significant difference in the proportion of neurons showing significant
increases, decreases, or no change of neural discharge rate across cortical areas during use of the
paretic hand (y° an =386 = 24.83, p = 5.43 x 107, V= 0.13; Figure 3.8 D). With regards to the
incidence of increases of discharge rate, we observed that there were significantly more of such
neurons in the iPMv compared to the cM1 (18.1% iPMv vs 4.5% cM1; Bonferroni corrected
post-hoc two-sample z test for proportions z = -3.5, p = 0.0014, » = -0.71). Similarly, the
incidence of neurons with increases of discharge rate in the cPMv was significantly greater than
those observed in the cM1 (18.1% cPMv vs 4.5% cM1; z=-3.71, p = 6.31 x 104, r = -0.66).
With regards to the incidence of significant decreases of discharge rate, we observed that there
was a significant difference between the iPMv and cPMv (16% iPMv vs 4.4% cPMv; z =-3.03, p
=0.0074, r = -0.66). Thus, during use of the paretic hand, it appears that in both PMv a
substantial proportion of neurons showed significant increases of their firing rate at the end of
grasp, and to a similar extent (iPMv: 18.1%; cPMv: 18.1%). However, whereas in the iPMv
these increases were counterbalanced by an almost identical proportion of neurons that
significantly decreased their discharge rate at the end of grasp (16%), there were very few of
such neurons in the cPMv (4.4%). As such, the cPMv found itself in an overall much more

excitatory state at the end of grasp with the paretic hand than did iPMv, or cM1.

Changes of maximal discharge timing in different motor areas following inactivation

We compared the changes of neuron’s maximal discharge time (see Figure 3.6 A) induced by the
inactivation for the iPMv, cPMv, and CM1, shown in Figure 3.9. All within-neurons were
included in the maximal discharge time analysis, regardless of modulation. The change in the
timing of maximal discharges after inactivation of the different populations of neurons (cM1,
1iPMv, cPMv) during task performance with the paretic or non-paretic hand were significantly
different (Bartlett’s statistic y° 5. N=772)= 29.13, p = 2.19 x 107). These populations are shown in
Figure 3.9. Furthermore, we had noticed that the inactivation appeared to lead to a greater de-
synchronization of maximal discharge timing during use of the paretic hand than the non-paretic
hand across areas; indeed, when pooling neurons from all areas together, we observed that the

variance of maximal discharge time during task performance was significantly greater with the
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Figure 3.9. Comparison of the variability of the timing of maximal discharge between cortical
areas

Box and whisker plot of the change of maximal discharge time of the different populations of
neurons during use of the non-paretic or paretic hand. All within-neurons are included in this
analysis regardless of modulatory profile. The dotted lines (bottom to top) show the 10, 25t
50, and 90" percentiles of the distribution of the cM1 non-paretic population for ease of
comparison. While the inactivation perturbed neural timing in all areas and during use of either
hand, the smallest variance was observed in the cM1 during use of the non-paretic hand, whereas
the greatest variance was observed in the cPMv during use of the paretic hand. The variance of
the cM1 population during use of the non-paretic hand was significantly smaller than what was
observed for most of the other populations (F test, p < 0.05). *p <0.05, **p <0.01, ***p <
0.001.
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paretic hand relative to the non-paretic hand (two-sample F test for equal variances F(3ss, 385 =
0.82, p = 0.0477). The smallest variance was observed in the cM1 during use of the non-paretic
hand, that was significantly different than what was observed in the cM1 during paretic hand use
(two-sample F test with Bonferroni correction; F(1s3, 153y= 0.603, p = 0.028), the iPMv during
paretic (F(is3,93= 0.54, p = 0.011) and non-paretic hand use (F(1s3,93= 0.41, p = 1.86 x 10),
and the cPMv during paretic hand use, which had the largest variance (F(i1s3,137)= 0.48, p = 2.14
x 10"*). Thus, overall, while neuron’s discharge timing was perturbed in all areas and during use
of either hand, it was least perturbed during use of the non-paretic hand in cM1, and most

perturbed during use of the paretic hand in the cPMv.

Changes of peak amplitude at the time of peak discharge in different motor areas following

Inactivation

As shown in Figure 3.7, we observed changes in the amplitude of neuron’s firing frequency at
their time of peak discharge during grasp prior to inactivation (‘Pre peaks’) and at their time of
peak discharge during grasp after inactivation (‘Post 0.5 h peaks’). A summary of these changes
for the area studied here (cM1) and studied previously (iPMv, cPMv) are shown in Figure 3.10.
Notably, during use of either hand, we observed decreases following the inactivation in the
amplitude of neuron’s firing frequency at their time of peak discharge prior to inactivation (Pre
peaks) across all cortical areas (Figure 3.10 A,B). However, we did not observe a main effect of
area (iPMv, cPMv, cM1) or hand used (non-paretic, paretic) on these results (repeated measures
three-way ANOVA; F(1,339)= 0.001, p = 0.97, 1,>= 2.96 x 107 for area; F(1339)= 0.47, p = 0.47,
5> =0.0014 for hand). Therefore, we merged these populations together. With this analysis
there was a significant effect of session (repeated measures one-way ANOVA; F341)=413,p=
4.42 x 107'° ,2=0.11). Thus, there was a general decrease in pre peak discharge across the

motor network regardless of area and during use of either hand.

In contrast, we observed increases in the amplitude of neuron’s firing frequency at their
time of peak discharge after inactivation (Post 0.5 h peaks) in most areas studied (Figure 3.10
C,D), particularly during use of the paretic hand (D). Indeed, while we did not observe a main
effect of area on these changes (F1,345)= 0.95, p = 0.33, 1,>= 0.0027), unsurprisingly the main
effect of hand used was significant (F(1345)= 11.51, p = 7.73 x 10™*, ,° = 0.032). Furthermore,
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Figure 3.10. Summary of the inactivation-induced changes at the time of peak discharge for the
different cortical areas studied

A,B, Shown are the changes in discharge rate at the time of Pre peaks, where neurons were
maximally active prior to inactivation during grasp with the non-paretic hand (4) or paretic hand
(B). For each area, asterisks denote that the population of ‘within-neuron’ changes in discharge
rate at the time of peak discharge was significantly different after inactivation (paired ¢ test, p <
0.05). Whereas the iPMv and cM 1 showed significantly decreased activity during use of either
hand at the time of Pre peaks, there was no significant effect of the factors ‘hand’ or ‘area’ on the
results (two-way rmANOVA, p > 0.05). C,D, Shown are the changes in discharge rate at the time
of Post 0.5 h peaks, where neurons became maximally active after the inactivation during grasp
with the non-paretic hand (C) or paretic hand (D). There was a significant effect of hand used on
the changes of discharge rate that occurred at the time of Post 0.5 h peaks (two-way rmANOVA,
p <0.05). Thus, overall, increases in discharge rate at the time of Post 0.5 h peaks occurred
preferentially during use of the paretic hand. However, there was no effect of area, when either
including the data from both hands (two-way rmANOVA, p > 0.05) or only data obtained during
use of the paretic hand (one-way rmANOVA, p > 0.05). Nonetheless, the greatest increase in
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discharge rate clearly occurred in the cPMv. rmANOV A= repeated measures ANOVA. *p <
0.05, **p <0.01, *** p <0.001, paired ¢ tests.
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when we performed an additional test that only considered the changes occurring at the time of
post 0.5 h peaks for the paretic hand specifically, we also did not observe an effect of area
(repeated measures two-way ANOVA; F(1,157= 1.99, p = 0.16, 5,>= 0.013). Therefore, we
merged the paretic hand data from the different areas together. With this analysis there was a
significant effect of session (repeated measures one-way ANOVA; F(347=14.12, p=2.01 x
10, 7,2 = 0.039). Thus, there was a general increase in post 0.5 h peak discharge across the

motor network during grasp with the paretic hand.

In summary, these results demonstrate that during the use of the non-paretic hand, there
was no generalized compensation across the motor network for the decreased activity that
occurred where neurons were most active prior to the inactivation during grasp. In contrast,
during use of the paretic hand the decreased activity that occurred at the time of pre peak
discharge became compensated for by the emergence of novel activity at other moments in time

during grasp across the motor network.
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Discussion

We set out to investigate how neural activity in the contralesional M1 is impacted by a unilateral
lesion of the M1 hand area in the other hemisphere as monkeys performed reach and grasp
movements with either hand. These results were compared to our previous exploration of
changes in PMv neural activity obtained from the same animals (Moreau-Debord et al., 2021).
For these experiments we chose to use muscimol, a GABA-A receptor agonist, in order to
reversibly inactivate M 1. This is a frequently used and accepted technique to study changes after
cortical injury as it induces similar deficits to those observed after permanent lesions (Martin and
Ghez, 1993; Schieber and Poliakov, 1998; Brochier et al., 1999; Martin and Ghez, 1999). An
important advantage of using muscimol concurrently with neural recordings in awake behaving
primates is that it allowed us to characterize changes in individual neurons that were well-
isolated both before and after the inactivation, such that we were able to perform within-neuron
analyses. Overall, our experimental approach demonstrated that a localized perturbation of M1
rapidly induces an extensive and complex reorganization of neural activity across the motor
network. This reorganization can be seen immediately as deficits appear and is observable in
neurons of the premotor cortices of both hemispheres and the contralesional M 1. Nonetheless,
the changes observed in the cM1 were quite different from those reported previously for the
PMyv. Because of the short time scale within which this reorganization takes place, they represent
the result of the immediate effect of circuit loss rather than any rewiring or experience-induced

plasticity that accompanies long-term reorganization.

Resilience of cM1 neural population activity to inactivation of its homologue

Neural activity appeared to be particularly resilient in the cM1 when compared to the PMv.
Previously, we reported that the PMv of both hemispheres were substantially perturbed by the
unilateral M1 inactivation, at both the population level and within individual neurons. For the
PMy, at the population level we had observed important decreases in both hemispheres in neural
discharge rates when animals were at rest with no movement taking place. Furthermore, there
were less PMv neurons being modulated during grasp with the paretic hand, as many neurons

that were modulated for the non-paretic hand instead became hand non-specific, modulated
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during use of either hand. As such, many PMv neurons lost their modulatory specificity. In
contrast, the cM1 neural population appeared to be particularly resilient in the face of the
inactivation of its homologue (Figure 3.4). At the population level, there was no change in the
proportion of neurons modulated during grasp with either hand following the inactivation. This
neural stability was also obvious at rest, as there was no change in baseline levels of cM1 neural
discharge rates. This is perhaps surprising, since many studies report important changes at the
population level in excitability of cM1 after injury to its homologue (Shimizu et al., 2002;
Murase et al., 2004; Butefisch et al., 2008; Buetefisch, 2015), such that cM1 might be expected
to show greater changes in neural activity than premotor cortex. As discussed below, this
resilience was also observed in our within-neuron analyses of cM1 neural activity, most notably

during use of the non-paretic hand, but also during grasp with the paretic hand.

Robust tuning of cM1 for contralateral, non-paretic hand movement

While there were important changes in discharge rates that took place in individual cM1
neurons following inactivation, our within-neuron analyses revealed that there was a notable
stability of cM1 neural activity during use of the non-paretic hand. This conclusion is driven by
several observations. During grasp, the proportion of neurons showing increases or decreases of
discharge rate balanced each other out, such that no overall bias emerged, and the area remained
stable (Figure 3.5 A and 3.8 A). In addition, relative to the iPMv and cPMyv, the cM1 had the
least neurons with significant changes in discharge rate at the end of grasp (Figure 3.5 C). At the
time of peak discharge where neurons had been most active prior to inactivation, while there was
a significant decrease in amplitude due to the inactivation, the extent of this change was quite
small, much less than what was observed in the iPMv (Figure 3.10). Finally and most
importantly, this stability was most obvious in the neural timing of maximal discharge rates
during task performance, as can be seen visually in the heat plots of Figure 3.6 A and confirmed
with further analysis in Figure 3.9. Indeed, while the cM1 population showed shifts in neural
timing during use of the non-paretic hand following inactivation, these timing shifts were
significantly smaller than those observed during use of the paretic hand. They were also much
smaller than the timing shifts observed in the PMv of both hemispheres (Figure 3.9). Thus, the

neural timing of the cM1 during use of the non-paretic hand was the most stable among all areas
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studied, highlighting that the changes taking place in the cM1 following inactivation are quite

different from those that occurred in the PMv.

To explain the stability of cM1 neural activity during use of the non-paretic hand, one
must consider this area’s important lateralization of function in limb motor control. Indeed,
among the cortical motor areas (Luppino et al., 1991; Matsuzaka et al., 1992; He et al., 1993;
Luppino et al., 1993; He et al., 1995; Dum and Strick, 2002), M1 has the most robust and direct
connections with the body’s contralateral motor apparatus (Biber et al., 1978; Murray and
Coulter, 1981; He et al., 1993, 1995) with up to 90% of its corticospinal projections being made
to the contralateral spinal cord (Dum and Strick, 1996; Brosamle and Schwab, 1997; Lacroix et
al., 2004; Rosenzweig et al., 2009; Morecraft et al., 2013). In addition, M1 neurons are much
more modulated during use of the contralateral than the ipsilateral hand (Tanji et al., 1988;
Donchin et al., 1998; Cisek et al., 2003). As such, M1 outputs are highly lateralized, and play a
preferential role in purely motor processing of the contralateral musculature. Thus, while the
inactivation did perturb processing across the motor network, its specific effect on cM1 motor
control of the contralateral, non-paretic hand were minimal, which is reflected in the stability of

the neural activity of the cM1.

Specific detuning of cM1 neural activity during use of the paretic hand

Neural activity in the cM1 was more perturbed during use of the paretic hand than with
the non-paretic hand. However, once again, these paretic hand changes also reflect a certain
resilience of cM1 neural activity. During use of the paretic hand, our within-neuron analyses
revealed that cM1 neural activity was principally negatively affected by the inactivation. Many
of these changes were noticeably similar to what was observed in the PMv. For example, cM1
neural activity was much more detuned during use of the paretic hand than the non-paretic hand
(Figures 3.6 and 3.9), an observation common to all areas studied. Among the changes observed
in cM1 some were specifically similar to those observed in the iPMv. In particular, there was an
overall greater proportion of cM1 neurons showing decreases of discharge rate during grasp, to
the same extent as iPMyv, as seen in Figure 3.8 B. In addition, peak neural activity during grasp at
the time when neurons were most active prior to inactivation was significantly attenuated (Figure

3.10 B), albeit to a smaller extent than what was seen in iPMv. Other changes were similar to
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those observed in the cPMv. Specifically, we observed an emergence of new neural activity in
cMI during grasp with the paretic hand where neurons were not initially maximally active
(Figure 3.10 D). However, this novel increase in cM1 peak discharge rate was nonetheless much

less pronounced than the increased discharge rate that was observed in the cPMyv.

Two common themes appear to emerge from these results. First, they demonstrate that
the reorganization observed in the cM1 following inactivation are to some extent a combination
of the changes that took place in the iPMv and cPMyv. Second, and importantly, they demonstrate
that the cM1 changes were for the most part much less pronounced than those that took place in
the PMv. As such, these results further highlight the resilience of the cM1 neural population to
perturbation of its homologue. A notable demonstration of this stability can be seen at the end of
grasp (Figure 3.8 D). While important proportions of PMv neurons in both hemispheres showed
increased (or decreased) activity at the end of grasp with the paretic hand when animals had
successfully performed the motor task and grasped their food reward, much fewer neurons

showed significant changes in cM1.

As stated earlier, it is perhaps unexpected that the cM1 would show such resilience in its
neural activity during use of the paretic hand. However, it is important to note that the hand
representation area of M1 is not generally considered to have robust cortico-cortical projections
to its homotopic analogue in the other hemisphere, the target of our inactivation protocols
(Pandya and Vignolo, 1971; Zant and Strick, 1978; Jenny, 1979; Jones et al., 1979; Gould et al.,
1983; Rouiller et al., 1994). It is possible that suppressed perilesional M1 activity may indirectly
influence cM1 hand area excitability via neighboring homotopic (or heterotopic) cortico-cortical
connections. Furthermore, the iPMv exerts a principally facilitatory interhemispheric influence
on cM1 (Quessy et al., 2016; Cote et al., 2017; Cote et al., 2020), such that the decreased iPMv
activity may contribute to the reduced activity in cM1 that was observed during paretic hand
grasping. Overall, the cM1 changes are likely due to widespread diaschisis (von Monakow,
1914; Carrera and Tononi, 2014), albeit extending to the cM1 less directly than say for iPMyv,

which is much more strongly interconnected with the site of injury (Dum and Strick, 2005).

Patients with stroke often demonstrate increased hemodynamic activity and excitability
of contralesional M1 during movements of the paretic limb (Chollet et al., 1991; Weiller et al.,

1992; Shimizu et al., 2002; Butefisch et al., 2003; Murase et al., 2004; Tang et al., 2015). Our
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results suggest that the abolishment of neural responses in the M1 hand area do not induce
increased contralesional M1 neural activity, at least not at the rapid timescale studied. It is
possible that such increased cM1 excitability occurs later in time following injury or requires a
greater extent of M1 damage. However, meta-analyses of stroke patients have shown that the
probability of finding contralesional M1 activity is dependent on multiple, interacting factors,
and not related singularly to motor impairment or time post-stroke (Rehme et al., 2012). As such,
ischemia itself or inflammation may play a more important role in producing increases in
contralesional M1 activity than a mere reduction in ipsilesional M1 activity. In the
somatosensory system, it has been shown in rodents that while ischemia in one hemisphere
increases evoked somatosensory responses in the unaffected hemisphere produced by stimulation
of the paretic limb, pharmacological inactivation of forelimb somatosensory cortex with
tetrodoxin does not lead to the development of such responses in the uninjected hemisphere

(Mohajerani et al., 2011). A similar mechanism may possibly be at play in the motor system.

Extent of neural changes in each area reflects their functional contributions to unimanual
grasping

The manner and extent to which M1 and PMv were affected by the inactivation is likely
reflective of their different functional contributions to the motor control of unimanual grasping in
the healthy brain. The PMv is well known to play a critical role in in the visuomotor control of
grasping (Jeannerod et al., 1995; Fagg and Arbib, 1998; Castiello, 2005; Umilta et al., 2007;
Davare et al., 2011; Borra et al., 2017) and in the recovery of hand dexterity after M1 injury
(Frost et al., 2003; Dancause et al., 2005; Dancause, 2013; Murata et al., 2015). In the PMv
neural code, many task and grasp motor parameters have a bilateral representation (Rizzolatti et
al., 1988; Tanji et al., 1988; Hoshi and Tanji, 2002, 2006; Kurata, 2007; Michaels and
Scherberger, 2018). This is less true in M1. Whereas the M1 of both hemispheres appears to
contain complete, and distinct, computational representations of each arm during bimanual or
unimanual movements (Ames and Churchland, 2019; Heming et al., 2019), this sort of discrete
encoding may not be the case for hand motor control. Rather, M1 ipsilateral grasp tuning is
strongly correlated to contralateral grasp tuning, such that ipsilateral hand signals during

bimanual movements are difficult to isolate (Downey et al., 2020). Similarly, fMRI activations in
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M1 that are related to ipsilateral finger movements disappear during bimanual movements, being
dominated by activations related to contralateral finger movements (Diedrichsen et al., 2013). As
such, the cM1, while having a significant involvement in compensatory mechanisms for recovery
of the paretic hand (Jones et al., 1989; Cuadrado et al., 1999; Caramia et al., 2000; Butefisch et
al., 2005; Ward, 2005; Buetefisch, 2015) may be less computationally flexible, and functionally
relevant, in its ability to rapidly contribute to paretic hand grasping than PMv without slower,

longer-term rewiring or experience-induced plasticity.

Thus, the motor system may be particularly inclined to enlist the PMv, more so than cM1,
to rapidly compensate for unimanual grasping deficits. Indications of such a potential
recruitment can be seen in the substantial proportion of iPMv and cPMv neurons showing
increased activity at the end of grasp when the monkeys have successfully performed their
grasping movements, which was not mirrored in cM1 (Figure 3.8 D). However, as the iPMv was
to a great extent negatively affected by the M1 inactivation (Moreau-Debord et al., 2021), it is
possible that the motor system had no choice but to become more dependent on the
contralesional hemisphere for hand motor processing. This could explain the pronounced and
robust emergence of new neural activity in the cPMv, and to a much lesser extent the cM1,
during grasp with the paretic hand when neurons were not initially maximally active (Figure 3.10
D). This new activity could reflect adaptation and compensation by the motor network as it
attempts to preserve dexterous hand motor function in the face of increasing behavioral deficits

induced by the M1 inactivation.

Conclusions

Unilateral M1 inactivation induces rapid reorganization of neural activity across motor
areas of both hemispheres. However, the extent of this reorganization was different across the
areas studied. Most notably, cM1 neural activity appeared to be particularly resilient to
inactivation of its homologue as it was less perturbed, and showed less changes, than the PMv of
both hemispheres. Our results provide important insights into the changes that take place within
neurons of these different motor areas and highlight that there is a great complexity in the

reorganization induced by acute brain injuries when behavioral deficits first appear.
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Chapter 4 -General Discussion

1. General summary and discussion chapter overview

Reaching to grasp objects in the environment requires the coordination of numerous cortical
structures that together form a network (Kalaska et al., 1997; Shadmehr and Wise, 2005). This
cortical network extends to both hemispheres, such that unimanual movements will involve both
ipsilateral and contralateral motor-related areas (Donchin et al., 1998; Ames and Churchland,
2019; Heming et al., 2019). In the current thesis we focused in particular on two motor-related
cortical regions, the PMv and M1, whose interconnected hand representation areas are
considered to be part of the “visuomotor grasping network™ (Jeannerod et al., 1995), utilizing

information obtained from sensory modalities to plan and execute grasping movements.

Following brain injuries, neural reorganization can occur in distant, spared motor areas
from the lesion in both hemispheres. These changes are most pronounced early after the injury,
and this rapid reorganization ultimately reflects the landscape on which subacute plasticity
involved in motor recovery will take place. However, most explorations of these changes in
motor-related areas have been done using indirect measures of neural activity, for example by
quantifying hemodynamic changes obtained from noninvasive brain imaging. As such, it has not
been clear how brain injuries specifically affect the discharge rates of neurons during ongoing
reach and grasp behavior. In the current thesis, we set out to quantify the rapid changes occurring
in neuronal activity of bilateral PMv and contralesional M1 after a unilateral inactivation of the
M1 hand area. Our results demonstrated that overall, there was widespread detuning in the
timing of discharge rates across the motor network, but also the appearance of novel neural
activity, notably in the contralesional hemisphere and particularly in cPMv. The specific effects
of the inactivation were different for each area, with notable decreases of activity in the iPMyv,
and increases of activity in the cPMv. In contrast, the cM1 appeared to be more stable. Our
results suggest the PMv may be a salient neuromodulatory target for stroke rehabilitation,
possibly more so than cM 1. Nonetheless, numerous questions remain to be explored in future

work.
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In this chapter, we will first discuss several general topics that relate to our experiments
and results. To start, we will focus on the widespread detuning that we observed and how it may
relate to changes in connectivity between motor areas. This will then be followed by an overview
of neuromodulatory interventions, both non-invasive and invasive, that have targeted motor
cortex for stroke rehabilitation, as well as recent therapeutic interventions that have specifically
focused on premotor cortex. Finally, within the context of future research directions that are of
interest to pursue following our experiments, we first highlight the value in performing
additional analyses specifically exploring changes in neuron preferences for use of one hand
relative to the other. We then ask the question of what rapid neural reorganization may take place
in other premotor areas, notably the dorsal premotor cortex and the supplementary motor area.
Additionally, a quantification of how this rapid reorganization is dependent on lesion size and
location will be proposed. Finally, we suggest exploring how single-neuron activity across the

bihemispheric motor network evolves during recovery from an actual M1 lesion.
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2. Widespread detuning of neural activity in both hemispheres

In the current experiments, we demonstrated that there was a widespread detuning of neuronal
activity across the bihemispheric motor network following a localized, unilateral perturbation of
the M1 hand area. The most notable evidence of this detuning could be seen in the changes in the
timing of maximal and peak discharges during grasp of bilateral PMv and cM1 neurons
following the inactivation, as well as in the general suppression of peak discharge rates in iPMv
and cM1, at the time where neurons were most active prior to inactivation. As such, the local
perturbation of the M1 hand area led to a generalized loss of coordination in neural activity
across the bihemispheric motor network, albeit to different extents depending on the cortical area

studied and the hand used.

The distributed nature of the perturbation to neural discharge timing across the
bihemispheric motor network during ongoing grasp is consistent with observations obtained
from human connectivity studies using resting-state fMRI (Grefkes and Fink, 2014; Silasi and
Murphy, 2014). Stroke preferentially affects homotopic connections, such that the cortical
dysfunction produced by lesions stay within the limits of existing interconnected networks that
are functionally correlated with the lesion sites (Carter et al., 2010; Nomura et al., 2010; Siegel et
al., 2016). For example, patients that show motor impairments, but no visuospatial neglect, show
abnormal connectivity in the motor system but normal connectivity in attention-related networks
(Carter et al., 2010). Similarly, interhemispheric connectivity between motor cortices is not
affected when patients only display non-motor stroke deficits (Golestani et al., 2013).
Widespread, but functionally specific, abnormal changes in somatosensory processing have also
been reported following unilateral cortical injury to motor and sensory forelimb representations
in rodents (Mohajerani et al., 2011; Sweetnam and Brown, 2013). Indeed, minutes after cortical
injury rapid changes in somatosensory evoked responses during stimulation of either forelimb
can be observed in both hemispheres, whereas stimulation of either hindlimb maintained normal
responses (Mohajerani et al., 2011). In our experiments, while the observed neural detuning was
more pronounced during use of the paretic hand, it was still present during use of the non-paretic
hand, reinforcing the notion that the unimanual control of hand grasping is driven by a

distributed but interconnected network of motor regions in both hemispheres.
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There are several additional interesting parallels between connectivity changes following
stroke and the neural changes described in our experiments. Furthermore, the way in which these
changes in connectivity progress as recovery takes place provide some suggestions as to how the
neural reorganization that we observed might be inclined to evolve following an actual cortical
lesion. In the ipsilesional hemisphere, influences on motor performance of premotor cortex
connectivity are reduced early after stroke in patients with more severe impairments (Grefkes et
al., 2008; Rehme et al., 2012). This is consistent with our experiments, where we observed that
iPMv neural activity was for the most part negatively affected by the inactivation. However, the
influence of premotor cortex increases as motor recovery progresses (Wang et al., 2010; Rehme
et al., 2011b). As such, it is likely that the attenuated neural activity that we observed in the
iPMv disappears and may even be replaced with increased neural activity as motor recovery

progresses, although this hypothesis will have to be tested experimentally.

With regards to the influence of the contralesional hemisphere, within 24 hours after
stroke the connectivity between the ipsilesional sensorimotor cortex and contralesional motor
areas are reduced (Golestani et al., 2013). In terms of changes in neural activity, this may have
been reflected in our experiments by the substantial detuning observed in the contralesional areas
due to the M1 injury, as well as the decreased cM1 activity that we reported. As time progresses,
increased connectivity between ipsilesional M1 and contralesional motor areas including cM1
and cPMyv is associated with recovery (Wang et al., 2010; Golestani et al., 2013; Grefkes and
Fink, 2014). Although it remains to be seen, it is likely that such changes are accompanied by a
retuning of activity in these areas. In support of this possibility, the re-emergence of coordinated
firing of neuron ensembles in the perilesional cortex after a focal M1 stroke in rodents and
primates is associated with improved post-stroke performance (Ramanathan et al., 2018; Latifi et
al., 2020; Abasi et al., 2021; Khanna et al., 2021; Kim et al., 2021). One interesting question is
whether retuning in premotor cortex or M1 occurs first. Initial retuning in premotor cortex could

help retune M1 activity (see section 6.3.3 of future directions).

Overall, the cM1 and bilateral PMv are quite regularly observed to display more
hemodynamic activity in patients with stroke than in healthy controls and are particularly
implicated in the reorganization of the bihemispheric cortical motor network in patients that

display motor impairments (Rehme et al., 2012). However, hemodynamic changes occur on a
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much slower timescale than changes in neuron discharge rates, and cannot distinguish the
direction of neural change (e.g. an upregulation of GABA interneurons would inhibit neural
outputs of an area, but still lead to an increase in hemodynamic signals). In our results, we
demonstrate very time specific neural changes in relation to ongoing movement that were very
different in the two hemispheres, being sustained in the iPMv, and precise at the end of grasp in
cPMyv. Our experiments thus provide a first glimpse into what this reorganization looks like at
the level of individual neurons during ongoing behavior and highlight the importance of
exploring how these changes will progress during recovery from an actual lesion of the M1 hand

area (see section 6.3.3).
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3. Non-invasive neuromodulatory approaches for stroke recovery targeting M1

Recent therapeutic interventions have set out to modulate neural excitability of specific brain
regions in order to drive neuroplasticity towards a desired endpoint. In particular, there has been
a great deal of interest in non-invasive brain stimulation (NIBS) techniques (Liew et al., 2014),
such as TMS (Smith and Stinear, 2016), transcranial direct current stimulation (tDCS) (Orru et
al., 2020; Sawan et al., 2020), or transcranial alternating current stimulation (tACS) (Solomons
and Shanmugasundaram, 2019) as they are preferable to be used in human patients than more
invasive methods. The use of these techniques for stroke recovery has been strongly influenced
by the interhemispheric competition model. While these techniques have shown great promise
for therapeutic interventions, they have fallen short of being approved for widespread clinical use
due to several issues. Following a brief presentation of NIBS techniques, the interhemispheric
competition model and its consequences for stroke will be discussed, as well as how it has driven
therapeutic NIBS neuromodulatory approaches. The limitations and obstacles faced by NIBS
treatments will also be presented, followed by attempts in the field to address some of these

issues via the development of theta burst stimulation.

3.1 NIBS techniques: transcranial magnetic and electrical stimulation

Briefly, TMS uses a magnetic field to induce electric fields in cortical tissue. This is done by
having an electric current flow through a coil, which generates a magnetic field. This magnetic
field then flows to the neural tissue, which generates an electric field in the cortical tissue (Chail
et al., 2018). Of notable importance for therapeutic interventions, repetitive TMS (rTMS)
involves long periods of stimulation that are made up of short bursts of pulses. Low frequency
TMS (<5 Hz) causes inhibition, whereas high frequency rTMS (>5 Hz) causes excitation
(Valero-Cabre et al., 2017). An important advantage of rTMS is that all the equipment used is
completely external to the patient, such that it is easy and safe to use up to certain frequencies
(~25 Hz; but see subsequent paragraphs). Transcranial electric stimulation techniques, which
have been explored less than rTMS for stroke recovery, involve the placement of electrodes on
the scalp to electrically stimulate brain areas. In tDCS, low-intensity electrical current flows
unidirectionally from one electrode to the other, placed distally from each other such that the

current will traverse a large area of cortex (Sawan et al., 2020). The flow of electrons creates a
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region under the anode where neuronal activity is facilitated and a region under the cathode
where activity is inhibited through modifications of transmembrane neuronal potentials and
cortical excitability (Tortella et al., 2015). In tACS, oscillatory electrical stimulation is applied
by alternating the current flow between the electrodes, which overrides the endogenous rhythmic
activity of the cortical areas through which the current traverses (Antal and Paulus, 2013;
Herrmann et al., 2013; Song et al., 2014; Solomons and Shanmugasundaram, 2019). In healthy
subjects, these techniques can be used to improve motor performance or motor learning, for
example by using high-frequency rTMS or anodal tDCS to increase M1 excitability (Nitsche et
al., 2003; Kim et al., 2004; Reis et al., 2008; Reis et al., 2009).

3.2 The interhemispheric competition model and its implications for stroke

In stroke recovery, the application of these NIBS techniques is heavily influenced by the
interhemispheric competition model (Buetefisch, 2015; Alia et al., 2017; Boddington and
Reynolds, 2017). The model is based on the idea that the neural activity in the motor areas of the
brain is functionally coupled between the two hemispheres (Kinsbourne, 1977, 1980; Vallone et
al., 2016), such that each cerebral hemisphere inhibits the other in a process called
interhemispheric inhibition, exerted via transcallosal connections (Ferbert et al., 1992; Butefisch
et al., 2008). Such interhemispheric inhibition is suggested to play an important role in the
process of initiating and executing a unilateral movement, and play a part in the lateralization of
motor neural activity during movements (Meyer et al., 1995; Di Lazzaro et al., 1999).
Experimentally, it has been shown that down-regulation of excitability in one motor cortex will
affect the corticomotor excitability of the motor cortex in the opposite hemisphere. For example,
inhibitory 1 Hz rTMS applied to the M1 of one hemisphere causes increased
corticomotoneuronal excitability in its homologue (Plewnia et al., 2003; Kobayashi et al., 2004)
and therefore improved performance in the hand ipsilateral to the site of stimulation (Kobayashi

et al., 2004; Buetefisch et al., 2011).

Importantly, following stroke, the interhemispheric competition model posits that the
normal inhibitory balance between hemispheres becomes altered, such that the ipsilesional
hemisphere cannot effectively inhibit the contralesional hemisphere. In turn, the contralesional

hemisphere exerts excessive inhibition onto the ipsilesional hemisphere (Murase et al., 2004;
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Dugque et al., 2005). Thus, motor deficits in stroke patients are due to not just a reduced output
from the lesioned hemisphere, but also from excessive inhibition originating from the unaffected
hemisphere due to the interhemispheric imbalance (Kinsbourne, 1977, 1980; Murase et al., 2004;
Takeuchi et al., 2005; Nowak et al., 2009; Di Pino et al., 2014). As such, to improve motor
deficits, it would follow that one should aim to increase the excitability of the lesioned
hemisphere or decrease the excitability of the unaffected hemisphere (Ward and Cohen, 2004;
Nowak et al., 2008).

3.3 NIBS approaches towards enhancing stroke recovery

In accordance with the interhemispheric competition model, NIBS studies often set out to
upregulate the over-inhibited ipsilesional cortex or downregulate the excessively disinhibited
contralesional cortex in order to rebalance the inhibitory dialogue between the hemispheres and
enhance functional return (Au-Yeung et al., 2014; Lefebvre et al., 2014; Rocha et al., 2016;
Boddington and Reynolds, 2017). Both approaches have shown promise. For the former
approach, studies have shown that upregulating ipsilesional M1 excitability of chronic stroke
patients can produce modest, but variable, improvements in motor function (Hummel and Cohen,
2005; Khedr et al., 2005; Hummel and Cohen, 2006; Kim et al., 2006; Pomeroy et al., 2007;
Ameli et al., 2009; Sandrini and Cohen, 2013) and some of these changes may transiently persist
beyond the period of stimulation for several minutes (Khedr et al., 2010). Like in healthy
subjects, the effect of ipsilesional stimulation may also extend to the other hemisphere. For
example, excitatory rTMS over the affected hemisphere of stroke patients not only facilitates the
ipsilesional motor cortex but also appears to reduce neural activity in the contralesional motor
cortex (Ameli et al., 2009). Many studies have also focused on stimulation of the contralesional
MI to inhibit its hyperactivity (Hummel and Cohen, 2005; Takeuchi et al., 2005; Fregni et al.,
2006; Dafotakis et al., 2008; Hummel et al., 2008; Nowak et al., 2008). For example,
downregulating contralesional M1 using low-frequency rTMS or cathodal tDCS in chronic
stroke patients can improve movement kinematics (Mansur et al., 2005; Takeuchi et al., 2005;
Boggio et al., 2006; Liepert et al., 2007; Dafotakis et al., 2008; Nowak et al., 2008), as well as
lead to increased grip strength and better arm motor function on the paretic side when applied

over several days (Kirton et al., 2008; Kakuda et al., 2011). This approach appears to not just
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cause decreased M1 excitability in the contralesional hemisphere, but also induce increased M1
excitability in the ipsilesional hemisphere (Takeuchi et al., 2005; Takeuchi et al., 2008). In
addition, inhibitory rTMS over the unaffected hemisphere has been suggested to reduce
interhemispheric connectivity and enhance connectivity in the affected hemisphere between the
primary and non-primary motor cortices, which is considered beneficial for recovery (Grefkes et

al., 2010; Takeuchi et al., 2010).

However, the extent to which these neuromodulatory approaches produce motor gains
appears to be quite variable. Overall, the reported therapeutic benefits gained from “rebalancing”
the hemispheres are inconsistent (Ackerley et al., 2010; Seniow et al., 2012; Talelli et al., 2012;
Stinear et al., 2015; McDonnell and Stinear, 2017; Xu et al., 2019). Indeed, reviews and meta-
analyses looking at the effectiveness of using rTMS or tDCS to rebalance interhemispheric
inhibition and produce lasting improvements of motor function in stroke rehabilitation therapy
are inconclusive, unable to completely support or reject this approach based on the available
evidence (Adeyemo et al., 2012; Hsu et al., 2012; Elsner et al., 2013; Hao et al., 2013). As such,
these interventions remain exploratory, and have not been approved for widespread therapeutic
use. One reason for these failures may be that the vast majority of these studies have been
performed using patients at the chronic stage of stroke (Bates and Rodger, 2015), where limited
cortical reorganization is possible. Indeed, there is a brief, time-sensitive window when the post-
stroke circuitry is particularly responsive to training and therapeutic interventions that is present
early after stroke and becomes less effective, or no-longer effective at all, if initiated later in time
(Biernaskie and Corbett, 2001; Biernaskie et al., 2004; Mansoori et al., 2014; Dancause et al.,
2015; Dromerick et al., 2015; Zeiler et al., 2016; Boddington et al., 2020; Dromerick et al., 2021;
Hordacre et al., 2021).

Another possible contributing factor to the variability observed in NIBS results is that
interhemispheric inhibition may not be a static, consistent state of the brain following stroke, but
is instead dynamic, being more or less present depending on the phase of a movement being
executed (Boddington and Reynolds, 2017). Indeed, interhemispheric inhibition may
disproportionately impair motor initiation, being dynamically increased onto perilesional areas
during early movement. As such, depending on the movement phase and technique studied, and

the timing at which changes in interhemispheric inhibition are measured, the effect of this
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increased inhibition on the ipsilesional hemisphere and the efficacy of the chosen intervention

may differ from one study to the next (Boddington and Reynolds, 2017).

3.4 Theta burst stimulation as a refinement of rTMS

The paucity of consistent therapeutic gains in NIBS studies may also be explained in part by the
fact that these studies often used repetitive TMS of 25 Hz or less due to safety concerns, which
may not be the most effective at promoting cortical excitability and synaptic plasticity when that
is the objective. Research suggests that the transient cortical excitability induced by rTMS
remains enhanced for longer periods of time the higher the frequency and longer the trains of
stimulation used (Maeda et al., 2000b, a; Gangitano et al., 2002; Peinemann et al., 2004). To
produce powerful effects on synaptic plasticity, animal studies have suggested using repeated,
but short bursts (3-5 pulses) of high-frequency stimulation (50-200 Hz) 3-5 times per second,
known as theta burst stimulation (TBS) (Hess et al., 1996; Otani et al., 1998; Urban et al., 2002).
Fortunately, safe application of low-intensity TBS in humans has been developed as an
alternative to traditional low-frequency rTMS, and is suggested to provide much more effective
and consistent after-stimulation potentiation of neural circuits (Huang and Rothwell, 2004;
Huang et al., 2005). The effects of TBS are dependent on the duration of the stimulation trains.
Intermittent TBS, which involves pulse trains up to 2 s, produce purely facilitatory effects.
Longer duration trains, for example of 5 s, produce a mixture of facilitatory and inhibitory
effects that are ultimately dominated by the latter. Finally, continuous TBS, which involves
trains of 20 s or more, are purely inhibitory. Ultimately, very short periods of low-intensity TBS
over motor cortex can have powerful effects on physiology and behavior that outlast the

conditioning by up to 1 hr (Huang et al., 2005).

TBS applied using rTMS has shown promise as a therapeutic tool. For example, when
excitatory, intermittent TBS was applied over ipsilesional M1 of patients within the first two
weeks after stroke prior to physiotherapy, they showed better motor recovery than controls 3
months later (Volz et al., 2016). Furthermore, these patients showed higher levels of motor
network recovery, such that the intervention appeared to be effective at shaping early
reorganization of neural networks. Studies in stroke patients have also shown that inhibitory,

continuous TBS applied to the contralesional M1 might enhance rehabilitation, presumably via a
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mechanism that attenuates the interhemispheric inhibitory drive to perilesional cortex (Talelli et
al., 2007; Ackerley et al., 2010; Meehan et al., 2011) (but see next section). Unfortunately,
validating rTMS-TBS as approved clinical intervention has not been successful, as its clinical
implementation failed to confirm its efficacy (Talelli et al., 2012). It has been suggested that a
main reason for this failure is due to the limited spatial specificity of the rTMS technique, as the
stimulation induces widespread activity changes that extend beyond the targeted site (Bestmann
et al., 2004). Furthermore, the intensities of rTMS used in clinical settings tend to be very high,
which is suboptimal. Animal work has shown that high-intensity TBS is much less effective than

low-intensity TBS (Barry et al., 2014; Boddington et al., 2020).

Finally, it is worth noting that some TBS results seem to challenge the underlying
assumptions of the interhemispheric competition model. For example, one study applied
continuous TBS, which is inhibitory, onto the ipsilesional hemisphere of chronic stroke patients
(Di Lazzaro et al., 2013). Interestingly, this approach produced clinical improvements for up to 3
months posttreatment, demonstrating that at least for some patients, inhibition of the ipsilesional
hemisphere could be beneficial. As such, a better understanding of how the hemispheres interact
at the neural level after injury is needed, and the interhemispheric inhibition model may need to

be refined.

Taken together, much of the work done using NIBS techniques within the framework of
rebalancing a post-stroke asymmetric interhemispheric inhibition has been promising and
informative, but inconclusive. Ultimately, to overcome the limitations of these approaches, it is
likely that more specific targeting of the neural elements underlying interhemispheric inhibition
and cortical excitability are required, by exploring different stimulation types, locations, and

intensities. More invasive methods may provide some solutions to these issues.
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4. Invasive neuromodulatory approaches for stroke recovery targeting M1

While much research has been done using NIBS for stroke recovery, more invasive methods
have also shown promise. Invasive methods, such as those that involve intracortical or
epidural/subdural surface electrodes, have several advantages, such as the ability to use higher
frequencies, lower intensities, and deliver stimulation much more focally than NIBS techniques
to better target specific populations of neurons. Several approaches will be discussed here. These
include using focal subthreshold stimulation to drive cortical reorganization of perilesional motor
cortex, applying TBS with electrical stimulation, and targeting underlying neural dynamics to

induce a “retuning” of neural activity to drive functional recovery.

4.1 Focal subthreshold stimulation to drive perilesional reorganization

One invasive approach that involved applying high-frequency, subthreshold stimulation to
promote functional perilesional reorganization got very close to being approved for widespread
therapeutic use in stroke rehabilitation (Levy et al., 2016). To start, in rodent and monkeys with a
lesion to the M1 hand area, continuous subthreshold (50-70% of motor threshold) cortical
stimulation at 50 Hz or 100 Hz with epidural or subdural surface electrodes placed over
perilesional motor cortex improved functional recovery of the forelimb when it was delivered
concurrently with motor rehabilitation (Adkins-Muir and Jones, 2003; Kleim et al., 2003; Plautz
et al., 2003; Teskey et al., 2003). Importantly, this approach led to improved long-term
posttreatment motor outcomes. This stimulation paradigm also led to increased dendritic density
in layer V (Adkins-Muir and Jones, 2003), larger polysynaptic evoked potentials (Teskey et al.,
2003), and increased forelimb representation in perilesional cortex (Kleim et al., 2003; Plautz et

al., 2003).

This invasive, high-frequency subthreshold stimulation approach also showed promise in
early-phase clinical trials with small numbers of human stroke patients, with improved motor
outcomes after several weeks of stimulation-enhanced rehabilitation training relative to controls
(Brown et al., 2003; Brown et al., 2006; Huang et al., 2008; Levy et al., 2008). Unfortunately,
when the subsequent large scale phase III trial was performed, there was no overall benefit of the

stimulation for functional recovery at 4 weeks posttreatment, and thus this approach did not end
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up being approved for widespread clinical use (Plow et al., 2009; Levy et al., 2016). However,
post-hoc analyses later revealed that, while the intervention group did not reach their efficacy
endpoint at 4 weeks, they did show significantly greater motor ability than controls at 24 weeks
posttreatment, demonstrating that the intervention did lead to overall long-term motor
improvements. Furthermore, the failure at 4 weeks appeared to be explained by poor patient
selection. Indeed, for many patients no motor threshold could be found with the implanted
electrodes, and thus an arbitrary level of stimulation intensity was used for therapy in those
patients. However, when looking only at patients that had detectable motor thresholds at the start
of therapy, and thus whose stimulation parameters could be personalized, this subgroup did show
significant improved motor outcome at 4 weeks posttreatment relative to controls (Levy et al.,
2016). As such, these studies provide a cautionary tale of the importance of appropriately
selecting patients that can benefit from a specific therapeutic intervention strategy- a given

approach will not be appropriate for all patients.

4.2 Electrical TBS to target abnormal interhemispheric circuitry

Invasive animal models have also been used to explore how TBS applied using electrical
stimulation could be used to enhance stroke recovery. Indeed, intracortical stimulation is much
more focal and allows the use of lower intensities, such that it can address the main issues that
have plagued clinical application of TBS applied via rTMS (see previous section). Interestingly,
it has been shown that low-intensity, intermittent TBS appears to “shut down” interhemispheric
inhibition in healthy rodents when delivered intracortically in layer V (Barry et al., 2014). As
such, electrical TBS may allow a more selective targeting of the abnormally functioning
interhemispheric circuitry. Using this approach, it has been shown that low-intensity intermittent
TBS applied onto the contralesional M1 down-regulates interhemispheric inhibition and led to
improved recovery in animal models of cortical injury and stroke in the acute phase (Barry et al.
2014) as well as in the sub-acute/ early chronic phase (Boddington et al., 2020). Interestingly,
continuous TBS, which is inhibitory, did not improve recovery outcomes when applied onto the
contralesional cortex, and even decreased ipsilesional excitability (Boddington et al., 2020).
Thus, these results demonstrate that electrical TBS can be used to target very specific neural

dynamics, and interventions that aim to simply decrease contralesional excitability with the goal
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of promoting ipsilesional reorganization, as has often been been the case with rTMS approaches,

may be suboptimal.

4.3 Retuning neural activity to improve post-stroke motor function

Interventions that target the loss of coordinated timing of neural discharge rates after cortical
lesions have shown a great deal of promise (Ramanathan et al., 2018; Abasi et al., 2021; Khanna
et al., 2021). Notably, stimulation that promotes widespread co-firing of neurons in perilesional
cortex during reach and grasp have led to immediate improvements in movement accuracy and
trial success (Ramanathan et al., 2018; Khanna et al., 2021). In rodents, when a long, 1-5 min
single pulse of anodal DCS was applied via small cranial screws in contact with the dura in
awake behaving rodents with persistent sensorimotor stroke deficits (20-150 days post-stroke),
the stimulation immediately increased movement accuracy by 73% on a reach and grasp task
(Ramanathan et al., 2018). The screws were placed in the ipsilesional hemisphere, rostrally and
caudally from the site of injury such the current passed through the lesioned and perilesional
cortex. Interestingly, this stimulation was shown to induce a “retuning” of neural timing in
perilesional cortex; when turned on, the DCS immediately caused coherent, phasic spiking of
neurons whose firing patterns had become chaotic following the stroke. Similar results were
observed in monkeys recovering from experimental sensorimotor stroke (Khanna et al., 2021).
Low-frequency (3 Hz) epidural ACS applied for 10-15 min during therapy lead to substantial
improvements in motor performance on several reach and grasp tasks. Similar to the rodent
study, the stimulation was applied using skull screws in contact with the dura and placed away
from the site of injury but oriented such that the current passed through the lesioned and
perilesional cortex. However, while the caudal electrode was placed in the ipsilesional
hemisphere, the rostral electrode was placed in the contralesional hemisphere. As such, the
current also passed through premotor cortex bilaterally to some degree. The stimulation tests
occurred when monkeys were in an “intermediate” stage of recovery, where their reach
movements had recovered, but not grasp. When the tasks were performed during ACS, there was
a significant and immediate improvement in hand dexterity, similarly to what had been observed
in the rodent study. Interestingly, the more impaired the monkey, the more effective the ACS

stimulation on task performance. This improvement was associated to the effects of the ACS on
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underlying neural dynamics. In particular, it was shown that ACS increased the co-firing of task-
related perilesional cortex neuron ensembles during dexterous behavior, and these changes
resembled the natural increases in neural co-firing that normally occurs during recovery. As
such, these studies demonstrate that electrical stimulation via epidural electrodes can produce
“on demand” improvements in motor function following stroke, and do so by entraining neurons
to induce a functionally-relevant retuning of neural activity (Ramanathan et al., 2018; Khanna et

al., 2021).

Interestingly, due to the distal placement of the stimulating electrodes from the site of
injury, the current passed through large amounts of ipsilesional and even contralesional cortical
areas during paretic hand use in these studies. In addition, re-instatement of neural discharge
timing in perilesional cortex likely influenced neural synchrony in other, connected areas, even if
those areas were not directly affected by the stimulation. In support of this, it has been shown
that epidural cerebellar stimulation in rodents with stroke will drive widespread neural synchrony
across both the ipsilesional and contralesional M1 (Abasi et al., 2021). As such, these paradigms
likely induced a retuning of neural discharge timing not just in perilesional cortex but also across
a large swath of the motor network, including premotor cortex. Such widespread retuning may
have contributed to the functional motor gains induced by the stimulation, although this remains

to be verified.

Taken together, more invasive stimulation strategies targeting primary motor cortex for
stroke rehabilitation have shown a great deal of promise. Relative to NIBS, they can allow more
specific targeting of neural populations and neural dynamics. However, they rely much more
heavily on experimentation in animal models, and for the most part, they are still in the early
stages of development. Like NIBS approaches, they will require additional refinement before

they can be used habitually in patient populations.
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5. Premotor cortex as a target for stroke recovery

While M1 has been extensively explored as a neuromodulatory target for stroke recovery, the
premotor cortex has been largely ignored (Plow et al., 2015). This is despite the fact that
premotor cortex is known to be fundamentally important for functional recovery after cortical
injury in both animal models and human patients (see general introduction). Furthermore, in
patients with greater lesions and impairments, premotor areas and their descending projections
have a higher probability of survival after stroke than M1 and its corticospinal outputs, such that
ipsilesional premotor areas emerge as potentially useful alternatives for brain stimulation

approaches (Plow et al., 2015).

In the current thesis, our results strongly pointed towards the PMv as a possible
therapeutic target after cortical injury, with the PMv of both hemispheres showing dramatic
changes in activity patterns and to a much greater extent than cM1. In human patients after
stroke, there is a displacement of motor maps towards the PMv (Alagona et al., 2001) and
increased cerebral blood flow in this area (Seitz et al., 1998). In addition, patients with intact
PMv show better recovery than patients with damage to that area after a medial cerebral artery
occlusion (Miyai et al., 1999), and connectivity between ipsilesional M1 and PMv is important
for stroke recovery (Grefkes et al., 2008; Rehme et al., 2011b; Inman et al., 2012; Bajaj et al.,
2015).

While a few studies have begun to explore modulation of premotor cortex activity for
stroke recovery, they have not generally focused specifically on PMv. Some of the therapeutic
intervention studies that involve premotor cortex activity more generally will be described
below. While some of these studies have involved directly modulating the excitability of
premotor cortex, there has also been other interesting approaches, such as using closed-loop
systems to promote communication between somatosensory cortex and premotor cortex, and the

use of neurofeedback training to volitionally upregulate bilateral PMyv activity in stroke patients.

5.1 Modulating premotor cortex during stroke rehabilitation

There has been interest in using tDCS to potentiate ipsilesional premotor areas of stroke patients

concurrently with constraint-induced movement therapy (CIMT) (Taub et al., 2003), which
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involves restricting the intact limb for most waking hours such that patients are massively forced
to use the paretic limb (Plow et al., 2013; Cunningham et al., 2015). In a proof-of-concept pilot
clinical study, chronic stroke patients received anodal tDCS over premotor cortex during 5 weeks
of therapy concurrently with CIMT (Cunningham et al., 2015). The location of the anode was
such that it likely mostly affected the PMd and SMA, rather than the PMv. Nonetheless, they
found that patients with tDCS+CIMT showed better gains in motor function of the affected limb
relative to patients that received the CIMT alone. Interestingly, these motor improvements were
accompanied by increased excitability of the contralesional hemisphere, rather than the
ipsilesional hemisphere, demonstrating once again that interhemispheric interactions are much

more complex than initially formulated.

Conversely, some studies explored neuromodulation of the contralesional premotor
cortex for stroke rehabilitation (Wang et al., 2014; Ludemann-Podubecka et al., 2016). These
studies have shown that inhibition of contralesional PMd can improve motor function of the
paretic hand. For example, one study set out to compare the effects of 10 sessions of inhibitory
(1 Hz) rTMS applied over the contralesional PMd versus the contralesional M1 in stroke patients
during recovery (Wang et al., 2014). Both the PMd and M1 stimulation yielded significant
improvements relative to controls on a variety of motor improvement scales and led to similar
improvements in the excitability of the ipsilesional motor cortex. However, the effect of the PMd
modulation on motor improvement was nonetheless inferior to the M1 modulation. Thus,
stimulation of contralesional premotor cortex can also be used to ameliorate interhemispheric
imbalance, but does not appear to be overall “better” than cM1 stimulation for motor recovery

(For more discussion on PMd, see section 6.2.1 below).

Taken together, these results validate that targeting premotor cortex could be a potentially
beneficial approach for stroke therapy, and an alternative to M1. However, these two studies did
not target PMv specifically. As such, it remains to be seen whether similar (or better) results
could be obtained by shifting the locus of premotor cortex stimulation more ventrally, either

ipsilesionally or contralesionally.
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5.2 Strengthening communication between premotor cortex and S1

Injury to M1 results in impaired motor performance that is due in part to a disruption of the
communication between the somatosensory and motor cortex (Friel et al., 2005), as S1 provides
M1 with critical information about the position of the limb in space. Premotor cortex also has
long-range corticocortical connections with somatosensory areas, but they are relatively weak
compared to those of M1 with somatosensory cortex (Rouiller et al., 1993; Dancause et al., 2005;
Fang et al., 2005). Interestingly, after injury to the M1 hand area in monkeys, projections from
PMyv to M1 will “re-route” towards S1, such that there is a substantial increase in PMv-S1
connections, particularly area 1/2 (Dancause et al., 2005), possibly to reestablish the
sensorimotor loop that normally involves M1 (Asanuma and Pavlides, 1997). As such, one
possible approach for stroke recovery would involve promoting the communication between
premotor cortex and S1. One such proof-of-concept study sought to do exactly that using a
closed-loop neural interface in rodents with lesions to the primary motor area (Guggenmos et al.,
2013). Their approach involved using an implanted neural prosthesis that consisted of electrodes
placed in both the premotor cortex and somatosensory cortex. The device was designed to
discriminate neural discharges in premotor cortex, and whenever an individual action potential
was detected, the prosthesis would trigger electrical stimulation of the somatosensory cortex.
This closed-loop system provided continuous stimulation over several weeks during recovery.
This protocol substantially improved motor function and performance on reach and grasp tasks,
such that by week 2 of therapy motor function returned to prelesion performance levels. The
behavioral improvements of this closed loop approach were much greater than what was
observed for animals with no stimulation, as well as animals with open-loop stimulation where
S1 stimulation was not correlated with premotor neural discharge. Finally, the closed-loop
stimulation enhanced the functional connectivity between premotor cortex and S1. As such,
therapeutic intervention strategies that focus on promoting and reinforcing the functional and
anatomical reorganization that is known to take place in premotor cortex following motor cortex
injury may be an effective alternative approach to neuromodulatory strategies that focus

exclusively on M1.
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5.3 Neurofeedback training to upregulate PMv activity

Another approach, this time in human patients, explored whether volitional upregulation of PMv
activity can be beneficial to recovery (Sitaram et al., 2012). It has been suggested that
bihemispheric activation of the PMv can play an important functional role following cortical
injury (Rehme et al., 2012; Sitaram et al., 2012; Horn et al., 2016). For example, after three
weeks of comprehensive hand motor training, subacute stroke patients showed higher PMv
activation in both hemispheres relative to controls during an active motor task that involved fist
clenching of a rubber ball with the paretic hand, but not the non-paretic hand, and this was
associated with improved motor performance (Horn et al., 2016). One study explored the
feasibility of using a real-time fMRI brain-computer interface (BCI) to teach chronic stroke
patients to self-upregulate ipsilesional PMv activity (Sitaram et al., 2012). This involved doing
neurofeedback training where patients learned to self-regulate the BOLD (blood oxygenation
level dependent) signal provided by the real-time fMRI-BCI setup. The neurofeedback training
involved several tasks, such as observing a video of a hand grasping a coffee cup, whose frames
would be advanced proportionally to the amount of BOLD signal change in the PMv. Patients
were then able to “transfer” this learned self-upregulation to situations where they did not have
any feedback, such that they were ultimately able to do so during performance on visuomotor
grasp tasks outside of the scanner. This neurofeedback training with fMRI-BCI produced
bilateral PMv activation and improved task performance in stroke patients. It also improved
cortical excitability of M1 outputs to the paretic, contralateral hand as assessed by paired-pulse
TMS over ipsilesional PMv and M1. They also tried this approach in healthy subjects, which
similarly led to improved task performance. Interestingly, in both healthy subjects and stroke
patients, self-upregulation of PMv activation was always bilateral, such that it was never
restricted to the hemisphere whose BOLD response was being used for the neurofeedback signal.
In addition, some healthy controls and stroke patients actually showed stronger activation of the
PMv in the other hemisphere than the one providing the feedback signal during training, i.e. the
ipsilateral PMv or contralesional PMv, respectively (Sitaram et al., 2012). Thus, these results
provide further support that PMv’s contributions to motor planning and execution are strongly
bihemispheric. However, this approach also has some controversial elements. Generally
speaking, stroke recovery approaches are viewed within the framework that recovery patterns

towards normal representation maps are best (Ward et al., 2003a). For example, in humans, it has
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been shown that irrespective of the method of modulation, good functional outcomes rely on the
return of pre-stroke ipsilesional excitability (Rehme et al., 2012). Here, experimenters instead
favored an approach that went in the opposite direction, by favoring much greater activation of
PMy than normal (Sitaram et al., 2012). As such, the opinion that “near to normal patterns of

activity is good recovery” may not be an absolute.

In conclusion, while studies have largely ignored premotor cortex as a neuromodulatory
target for stroke recovery, the results of the experiments presented in this thesis and those of
some exploratory studies suggest that intervention strategies should perhaps shift from
exclusively targeting M1 to instead including premotor cortex. In particular, the PMv of both
hemispheres is emerging as a promising and salient target for neuromodulatory approaches.
Based on the plethora of neuromodulatory strategies targeting M1, one might be inclined to
suggest that neuromodulation of PMv should follow a similar approach, by down-regulating an
“excitable” cPMv, and/or up-regulating an “inhibited” iPMv. However, as discussed in the above
sections, such approaches have shown inconsistent results, and the framework that guides them,
the interhemispheric competition model, may need to be revisited. Perhaps alternative
approaches, such as upregulating bilateral PMv, or focusing on retuning neural activity across
the motor and premotor cortex, may be more consistent with the bihemispheric nature of PMv’s

contributions to motor control, and therefore lead to better functional recovery.
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6. Future directions

6.1 Exploring changes in the relative encoding of the non-paretic versus paretic hand in

single neurons

In this thesis, we performed numerous different analyses to quantify the changes occurring
within neurons during use of the paretic or non-paretic hand separately. An additional analytical
direction of interest could more specifically compare the relative preference, or sensitivity, of
individual neurons for use of one hand relative to the other during grasp, and how this measure is
affected by the unilateral M1 inactivation for the different areas studied. One way to perform this
comparison is by calculating hand preference indexes, which can be used to compare the mean
activity of a neuron during a given epoch, notably grasp, during use of the non-paretic hand
relative to the paretic hand (Donchin et al., 1998; Donchin et al., 2002). Such an index can be
calculated as:

IMeany,on—pareticl—IMeanygreticl

[Meanyon—pareticl+IMeanygreticl

Hand preference index =

Where “Mean” is the mean discharge rate of the neuron during the grasp epoch. Absolute values
are used, because mean baseline activity is removed from the mean discharge rates. As such,
both mean increases and decreases of discharge rate relative to baseline activity reflect
modulation during use of a given hand. As written, a value of “1” indicates a modulatory
preference for the non-paretic hand and a value of “-1” indicates a modulatory preference for the
paretic hand, whereas a value of “0” indicates that the neuron was equally modulated during use

of either hand (hand non-specific).

The hand preference index of each neuron can be compared before and after inactivation,
to quantify how the experimental manipulation affected the extent to which different cortical
areas encode one hand relative to the other. Indeed, as discussed previously, unilateral
perturbations to the motor system can induce imbalances in neural activity related to use of each

limb, and as such shifts in hand preference indexes can help quantify such imbalances.

We performed some initial quantifications of changes in hand preference indexes for the
PMv in both hemispheres and cM1 (Figure 4.1). In the figure, the indexes are calculated using

mean activity during grasp. Unsurprisingly, we can see that activity in cM1 is much more
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Figure 4.1. Changes in mean hand preference indexes during grasp induced by the inactivation

Shown are data for iPMv (left column), cPMv (middle column) and cM1 (right column). All
neurons well-isolated both before and after inactivation were used in this analysis (within-
neurons). The hand preference index for each neuron was calculated using the mean discharge
rate across the grasp epoch in normalized time. Across all graphs, a value of “-1” denotes a
preference for the paretic hand, and a value of “1” a preference for the non-paretic hand. Top
row, heat plots show the mean hand preference index during grasp of each neuron (grey circles)
before (x-axis) and after (y-axis) inactivation. The diagonal line represents no change in index.
The mean population index across all neurons before vs after inactivation is shown with a white
diamond (no significant change) or white star (significant change; paired ¢ test, p < 0.05). Bottom
row, the left plots show the density profile of the population of neuron indexes before (dotted
line) and after inactivation (solid line). The right plots show the mean population index across all
neurons before (light shade) and after inactivation (darker shade). Error bars represent =SEM.
**p <0.01, paired ¢ tests.
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lateralized towards the contralateral (non-paretic) hand, whereas activity in PMv is much more
hand non-specific. After the inactivation, the most pronounced change is seen in cPMv, which
shows a significant “shift” in the mean population index towards the paretic hand. In the iPMv,
while the mean index stays relatively the same, we can see that the distribution of individual
neuron indexes changed, such that there are much less hand non-specific neurons after
inactivation (i.e. less neurons with an index value close to “0”). In contrast, the cM1 appeared

once again to be minimally perturbed at the population level.

A quantification of shifts in hand preference indexes can also be performed at each point
in time as grasp progresses, instead of using mean activity during grasp. This sort of approach
allows for the quantification of dynamic changes in hand preference indexes during grasp
(Figure 4.2). However, when doing this sort of quantification, for a given neuron the hand
preference index should be scaled according to its maximal discharge, to avoid large fluctuations
in indexes that can occur when the neuron is minimally active (Figure 4.2 A, center). When
scaled, the hand preference index more accurately reflects the dynamic discharge pattern of the

neuron (Figure 4.2 A, right). The tentative equation being used is shown below:

|NonParetice|—|Paretice|

Scaled hand preference index = , ,
max;(|[NonParetic—Paretic|);

Where t is a given bin in normalized grasp time (there are 1000 bins from grasp onset to grasp
offset). “NonParetic” and “Paretic” represent the discharge rate of the neuron at time t during use
of that hand. The denominator is the absolute maximal difference in firing rate that occurred
across all time bins during grasp. With the scaled index, a value of “0” is typical when a neuron

was not active (see Figure 4.2 A).

We first explored whether shifts in hand preference indexes occur naturally in the healthy
brain as animals perform several hundred trials (Figure 4.2 B). We performed this analysis using
the population of PMv neurons recorded during a session where no inactivation occurred, which
previously served as a ‘control’ population for several analyses (see chapter 2). For each moment
in time during grasp, we determined the index value of each neuron during the first 25 trials
performed with each hand (‘early trials’; Figure 4.2 B, left plot) and the last 25 trials performed
with each hand ~1hr later (‘late’ trials; Figure 4.2 B, center). There was little change in the

indexes of these neurons, showing that they are normally stable with time (Figure 4.2 B, right).
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Figure 4.2. Changes in hand preference indexes during ongoing grasp induced by the
inactivation

A, An example neuron with a clear preference for the paretic hand is shown to illustrate the
importance of scaling the hand preference index for this sort of analysis. The index is calculated
at each moment in time during grasp. Time is represented in normalized grasp time (Grasp
Onset= 0%, Grasp Offset= 100%). B, Shown is the distribution of indexes during grasp for a
population of PMv neurons (n = 49) during a recording session where no inactivation occurred
(Moreau-Debord et al., 2021). ‘Early trials’ include the first 25 trials performed for each hand,
and ‘late trials’ are the last 25 trials performed with each hand. Several hundred trials separate
them, such that ~1 hr has passed between the early and late trial blocks. The left and center plot
show the density of neuron indexes as grasp progressed during early trials and late trials,
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respectively. Here, “-1” represents a preference for the contralateral hand, and “1” represents a
preference for the ipsilateral hand. As different neurons show peaks of activity at different
moments during grasp, it is normal that throughout grasp the greatest density of neuron indexes
is found near “0” (see text). However, slight shifts from this center have meaningful
implications. The right plot shows the different in density of neuron indexes during early and late
trials. In this plot, the color green represents no change in the density of neurons at a given time
and index value. Shifts towards blue and red reflect that less neurons or more neurons displayed
that index value, respectively. Note that most of the plot is green, as there was little variation in
index values across the population of neurons in the absence of inactivation. C, Shown in the
change in index values of the population of iPMv (left), cPMv (center) and cM1 (right) neurons
after unilateral M1 inactivation. The heat scales used are the same as for the ‘control” PMv
neurons (middle row, right). The red traces represent moments in time during grasp where the
mean population indexes were significantly different after inactivation (paired ¢ tests). In all three
areas, noticeable changes in hand preference indexes can be observed.
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However, after inactivation, neuron indexes were dynamically perturbed during grasp in both
PMv and cM1 (Figure 4.2 C). For all three populations of neurons, significant shifts in
population hand preference indexes occurred around grasp onset (red traces; p < 0.05, paired ¢
tests). There were other noticeable changes in the distribution of neuron indexes during different
windows of time during grasp. In particular, in the cPMv many neurons showed a greater
preference for the paretic hand throughout grasp after inactivation, visible by the red hotspots
below the origin line. In the iPMv, a noticeable shift in hand preference for the paretic limb
appears to develop specifically after the end of grasp. Finally, in the cM1, prior to and during
early grasp there seems to be an increase in the number of neurons showing no preference for
either hand. This shift seems to be due in part to some neurons “losing” their bias for the non-
paretic hand, visible by the blue hotspot at grasp onset. Thus, there appears to be important shifts
in hand preferences that occur across the motor network that appear to be mostly directed
towards the paretic hand. These initial results validate that a more thorough exploration of the
biases in hand preferences that rapidly emerge in different neural populations after cortical injury

are warranted.

Future refinement of this approach will seek to better emphasize changes in hand
preference indexes occurring when neurons are actually modulated by the task, such that neurons
that are not being responsive at a given timepoint during grasp can be distinguished from
neurons that were active but truly hand non-specific, as both have a value of “0” in the current
formulation of the scaled index. In addition, an exploration of the changes in hand preference
indexes occurring specifically at the time where neurons were most active before (Pre peaks) and

after inactivation (Post 0.5 h peaks) is warranted.

6.2 Exploring rapid reorganization in other premotor areas

In the current thesis, we focused on quantifying the neural reorganization that takes place on a
very short time scale after a unilateral M1 inactivation, in bilateral PMv and cM1. One question
that arises is how these rapid changes would look like in other premotor areas that have been
implicated in recovery from focal M1 lesions. In particular, both the dorsal premotor cortex and
the supplementary motor area have been shown to undergo reorganization that plays a role in

recovery.
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6.2.1 The dorsal premotor cortex

With regards to the premotor cortex, in this thesis we focused our attention on the PMv
specifically, due to its particular role in visuomotor grasping. However, other premotor areas,
including notably the dorsal premotor cortex (PMd), are critically involved in the planning and
execution of unilateral arm and hand movements. In the monkeys used for the experiments
presented in this thesis, we also placed arrays in the PMd of both hemispheres and recorded
neural activity from those areas. Unfortunately, the quality of the recordings was lower than for
the PMv and M1, and the arrays may not have been optimally placed in the hand representation
of PMd. These factors guided our decision not to emphasize their analysis in this thesis.
Nonetheless, while not the focus of the current thesis, an overview of the role of the PMd in
motor control, and some of the neural changes that the ipsilesional PMd (iPMd) and
contralesional PMd (cPMd) undergo following unilateral M1 inactivation with muscimol will be
presented here. Finally, the potential implications of PMd reorganization for stroke recovery will

be briefly discussed.
6.2.1.1 The PMd in motor control

The PMd is situated on the lateral surface of the cortex, medial to the genu of the arcuate sulcus.
Like the other motor regions that have been the focus of this thesis, microstimulation studies
have shown that PMd contains a somatotopic representation of certain areas of the contralateral
body, which includes distal movements (He et al., 1993, 1995; Preuss et al., 1996; Dum and
Strick, 2002; Raos et al., 2003; Raos et al., 2004; Stark et al., 2007). PMd can be subdivided into
two subregions based on functional and anatomical differences, a caudal and rostral region,
named F2 and F7 respectively (Geyer et al., 2000). F2 has a somatotopic organization that
contains an arm and leg representation, that is ventral and dorsal to the superior precentral
dimple respectively, whereas the rostral part of PMd, F7, contains neck, trunk, face and eye
representations (Preuss et al., 1996; Rizzolatti and Luppino, 2001, 2015). PMd, like all premotor
areas, contains corticospinal projections. Those of the hand area of PMd in area F2 project to the
inferior cervical segments that contain motoneuron pools innervating the distal musculature of
the arm and hand, and thus are able to influence hand movements (He et al., 1993). In addition,

PMd also has cortico-cortical connections to the M1 hand area (Marconi et al., 2003; Hamadjida
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et al., 2016), and it has been suggested that PMd could influence hand movements like grasping
through these direct M1 connections (Raos et al., 2004; Castiello and Begliomini, 2008).

Neurons in the PMd, particularly area F2, have been shown to encode different aspects of
reach-to-grasp movements (Raos et al., 2004; Stark et al., 2007; Hendrix et al., 2009; Takahashi
et al., 2017; Papadourakis and Raos, 2019). Classically, PMd neural activity has mostly been
studied in the context of arm movements. PMd neurons are particularly active during arm
movement preparation, while also being active during the execution of planned arm movements
(Weinrich and Wise, 1982; Kurata and Wise, 1988; Kurata and Hoffman, 1994; Cisek et al.,
2003). Neurons in PMd encode many movement-related parameters similarly to M1. For
example, during motor execution, PMd neural activity covaries with kinematic parameters such
as the direction and extent of arm movement (Caminiti et al., 1991; Fu et al., 1993; Crammond
and Kalaska, 1996, 2000; Messier and Kalaska, 2000; Cisek et al., 2003). However, it is less
sensitive to parameters considered to be closer to the motor output of the cortex than M1, such as
the posture of the joints and force exerted (Riehle et al., 1994; Crammond and Kalaska, 1996;
Scott and Kalaska, 1997; Kakei et al., 1999). Rather, the PMd more preferentially encodes more
abstract task-related information (Caminiti et al., 1991; Mitz et al., 1991; Johnson et al., 1996;
Wise et al., 1996; Shen and Alexander, 1997b; Wise et al., 1997; Wise et al., 1998; Crammond
and Kalaska, 2000; Wise and Murray, 2000).

In contrast to reaching movements, the PMd has been less studied for grasp motor
control. One reason for this is that the PMd has a much smaller hand representation area than
PMv and even SMA (see next section 6.2.2 for discussion on SMA). Nonetheless, some studies
have shown that PMd is involved in encoding grasping to some degree. For example, using tasks
that require performing movements to grasp objects, some neurons in PMd have been shown to
be selective for the type of grasp required to interact with the different objects, both during
movement preparation and execution (Raos et al., 2003; Raos et al., 2004; Stark et al., 2007;
Hendrix et al., 2009). Thus, PMd neurons are tuned to grasping similar to PMv. In addition, PMd
neurons may maintain in memory, during reach to grasp, a motor representation of the grasp
used as well as their encoding of object-related parameters regardless of whether visual feedback

is available (Raos et al., 2004; Raos et al., 2006).
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The PMd may also encode kinematic and dynamic information about hand movements.
For example, it has been demonstrated that whole-arm kinematic parameters, which include the
hand, can be decoded from ensembles of PMd neurons or combined ensembles of PMd and PMv
neurons (Hatsopoulos et al., 2004; Kang et al., 2012; Aggarwal et al., 2013). In addition, it has
been demonstrated that single neurons in PMd can encode the kinematics of both reach and grasp
synergies (Takahashi et al., 2017). While there was a preference for the former (reaching) in
single neuron activity, the representation of grasp kinematics was nonetheless robust. Finally, it
has been suggested that PMd may also encode dynamic aspects of hand movements. PMd
neurons appear to be modulated by the application of grasp force similar to M1 during reach-to-
grasps such as those that require whole-hand grasping (Hepp-Reymond et al., 1999; Raos et al.,
2004; Gardner et al., 2007; Stark et al., 2007; Umilta et al., 2007; Hendrix et al., 2009), although
this has been disputed (Boudreau et al., 2001).

The PMd can induce complex modulatory effects on M1 outputs. Like PMyv, in the awake
monkey ipsilateral PMd can modulate ipsilateral M1 neuron activity (Tokuno and Nambu, 2000),
and shows more facilitation than inhibition on M1 outputs to contralateral hand muscles in the
anesthetized monkey (Cote et al., 2017; Cote et al., 2020). However, it has less facilitation and
more inhibition compared to PMv (Cote et al., 2017; Cote et al., 2020). In humans at rest, PMd
has inhibitory effects than become facilitatory as stimulus intensity increases (Civardi et al.,
2001; Koch et al., 2007). During movement preparation in humans, PMd facilitates M1 outputs
to the contralateral hand muscles used to perform the task (Groppa et al., 2012; Vesia et al.,
2018). However, if the task requires use of the ipsilateral hand only and not the contralateral
hand, then ipsilateral PMd modulation on ipsilateral M1 becomes inhibitory (Groppa et al.,
2012). Complex modulatory effects of the ipsilateral PMd on contralateral M1 have also been
reported during unimanual movements. For example, during movement selection in human
subjects, the PMd will inhibit the outputs of the contralateral M1 to the ipsilateral hand if this
hand has not been selected based on task requirements (Koch et al., 2006; O'Shea et al., 2007).
During complex bimanual movements, PMd can show important facilitatory effects on the
contralateral M1, and the extent of this facilitation predicts performance on the task (Liuzzi et al.,
2011). As such, the modulatory effects of PMd on M1 outputs of both hemispheres are consistent
with its complex role in movement selection, and its mixed effects may contribute to fine

adjustments of the hand for grasping based on task requirements.
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Finally, it is worth noting that the PMv and PMd can also exchange information during
arm and hand movements. Anatomically, area F5 from the PMv and the lateral part of F2 from
the PMd are interconnected (Marconi et al., 2001; Dancause et al., 2006a; Bruni et al., 2018).
Based on the functional roles of these two areas, it has been suggested that PMv may provide
PMd with a motor representation of the object that is to be grasped, that in turn combines this
representation with visuo-spatial information about the environmental context of the task in order
to update the appropriate configuration and orientation of the hand as it closes in on the object

(Raos et al., 2004).

Overall, it is clear that PMd, PMv and M1 form a richly interconnected cortical network
that works together towards the production of hand motor acts such as reaching and grasping,
with complex functional interactions that depend on many factors such as task demands and

phases of movement (Dum and Strick, 2005).
6.2.1.2 Changes in bihemispheric PMd neural activity after M1 inactivation

We performed identical analyses on PMd neural activity as those performed on PMv and M1
data. Similarly to the other areas studied, changes in neural activity were heterogeneous, with
both increases and decreases of neural discharge rates observed in PMd neurons of both
hemispheres during use of either hand. When comparing the population of ‘control” PMd
neurons (i.e. pre-inactivation; n = 252) to the population of post-inactivation PMd neurons (n =
150 iPMd, 101 cPMd), we found that there was no alterations is discharge rate in either PMd at
rest (three-way ANOVA p > 0.05; not shown). Furthermore, during movement, there were
minimal changes in the proportions of neurons modulated during grasp with either hand, with the
notable exception that there were significantly less cPMd neurons modulated during grasp with
the paretic hand (°2. n=353)=9.19, p = 0.01, V= 0.11; not shown). More specifically, there were
less cPMd burst neurons during grasp with the paretic hand (-14.3%, Bonferroni corrected z test,
z=-3.03, p =0.0049, r = 0.36). In the healthy brain, during ipsilateral hand movement, the
ipsilateral PMd exerts an inhibitory influence on ipsilateral M1, possibly to prevent unwanted
movements in the unused hand (Groppa et al., 2012). Such a loss of grasp-modulated cPMd burst
neurons during paretic hand movements may play a role in the generation of undesirable
movements in the non-paretic hand such as mirror movements, that is sometimes seen after M 1

lesions, if such bursting activity has an inhibitory function on M1 outputs. Overall, the iPMd and
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cPMd was less perturbed at the population level than PMv, but not quite as unperturbed as cM1.
Thus, it appears that the inactivation affected the PMv, PMd, and M1 populations differently.

For our within-neuron analyses, we focused on 113 iPMd, and 75 cPMd neurons that
were well-isolated both before and after the unilateral M1 inactivation. When quantifying the
incidence of neurons showing increases or decreases of neural discharge rate at each moment in
normalized tine of the grasp epoch, changes were quite heterogenous, but general trends emerged
(Figure 4.3 A). Notably, in both the iPMd and cPMd during grasp with the non-paretic hand,
there were somewhat more neurons with decreases than increases of activity that accumulated
with time, whereas with the paretic hand, there was a greater proportion of neurons with
increased discharge rate that accumulated with time, as shown with the cumulative sums. These
results are different from what was observed in the other areas studied. For example, for both
PMv we had observed cumulative decreases in the iPMv and increases in the cPMv during use of
either hand. Furthermore, there was a much greater proportion of neurons showing significant
changes at each moment during grasp in either PMv compared to the iPMd or cPMd. Thus, once

again, the inactivation affected PMd neurons differently than the other areas studied.

When looking at the timing of neuron’s maximal discharge, we found that it was
perturbed in both the iPMd and cPMd after inactivation (Figure 4.3 B, heat plots). This detuning
was most pronounced in the cPMd during use of the paretic hand, similarly to what had been
observed for the PMv and cM 1. Unfortunately, it was more difficult to find neurons with
significant peaks of activity during grasp (>1 SD from baseline), particularly for cPMd (Figure
4.3 B, bottom row). Many neurons “gained” or “lost” significant grasp peaks after the
inactivation (grey “x” in figures), further demonstrating how PMd neural activity in both
hemispheres was destabilized by the “loss” of the M1 hand area. Furthermore we observed
significant decreases in discharge rate that occurred at the time where neurons had been most
active prior to inactivation during grasp (Pre peaks; Figure 4.3 C, left) in the iPMd (non-paretic: -
1.92 spikes/sec, T3sy=-4.63, p = 4.24 x 107, d = -0.74; paretic: -1.64 spikes/sec, Tae)=-3.00, p
=0.0043, d = -0.44; paired ¢ tests) and the cPMd (non-paretic: -3.24 spikes/sec, T(19)=-2.66, p =
0.015, g =-0.29; paretic: -4.68 spikes/sec, T(15=-2.98, p = 0.0094, g = -0.8), similar to what was

observed in iPMv and cM1. In contrast, we observed increases in discharge rate at the time
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Figure 4.3. An exploration of neural changes taking place in the PMd of both hemispheres

A, The incidence of neurons with increases and decreases of discharge rate during grasp. See
Figures 2.7 and 3.5 for legend details. During use of the paretic hand, there were more neurons
that showed increases of neuronal discharge rates that cumulated with time in both PMd. In
contrast, during use of the non-paretic hand there were overall more neurons with decreases that
cumulated with time, although this pattern is less consistent. B, Changes in the timing of peak
discharge rate after inactivation. See Figures 2.8 and 3.6 for legend details. Overall, the
inactivation affected the temporal pattern of neurons’ timing in both PMd and during use of the
non-paretic and paretic hand. However, few neurons with significant peaks of discharge rates
during grasp were found particularly in the cPMd, limiting our ability to perform peak analyses.
C, Changes at the time of peak discharge of iPMd and cPMd neurons induced by the
inactivation. See Figures 2.10 and 3.7 for legend details. In both the iPMd and cPMd we noticed
significant decreases of discharge rate at the time of Pre peaks (left plots). At the time of Post 0.5
h peaks, in the cPMv we observed barely significant increases during use of either hand, that are
less much convincing than what was observed particularly in cPMv but also cM1.
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where neurons became most active after the inactivation (Figure 4.3 C, right) during use of either
hand in the iPMd (non-paretic: 1.2 spikes/sec, 739)= 2.1, p = 0.043, d = 0.33; paretic: 1.43
spikes/sec, Ta1y=2.02, p = 0.049, d = 0.31) and a similar trend during use of the paretic hand in
the cPMd (2.6 spikes/sec, T(15y=1.61, p =0.13, g = 0.48). However, these post 0.5 h peak
increases were much more attenuated and less convincing than what was reported for the cPMv

especially, but also for the cM1.

Overall, when comparing these results with those obtained from PMv and M1, the
widespread detuning of neural discharges was a consistent observation across all areas studied,
further highlighting that the local perturbation of the M1 hand area led to a generalized loss of
coordination in neural activity across the bihemispheric motor network. However, aside from the
widespread detuning, the results are strongly heterogenous between areas, demonstrating that the
inactivation affected the PMd, PMv, and M1 very differently. The M1 inactivation perturbed
iPMd and cPMd neural discharge rates and modulatory patterns in both hemispheres to a greater
extent than cM 1, but the most perturbed areas were by far the iPMv and cPMv, which showed
the most pronounced changes in neural activity. These differences may be due in part to the
different roles that these areas play in unimanual control of grasping, that seems to involve

bilateral PMv more so than bilateral PMd or cM1 in the monkey.

6.2.1.3 A more limited role of PMd reorganization in recovery from focal M1 hand area

lesions

There are several possible explanations as to why PMd may have shown less pronounced
changes than PMv. Relative to the PMv, functionally the PMd has been more implicated in the
control of arm movements than grasping (Jeannerod, 1981; Filimon, 2010; Karl and Whishaw,
2013; Whishaw and Karl, 2014) and is less interconnected with the M1 hand area that was the
target of our inactivation paradigm (Dum and Strick, 2005). Furthermore, it is well known that
precision grip tasks in particular evoke bilateral PMv activity (Binkofski et al., 1999a; Binkofski
et al., 1999b; Ehrsson et al., 2000; Ehrsson et al., 2001). As such, perhaps it is not surprising that
PMd activity would be less affected than PMv during grasping specifically. In parallel, some of
our PMd arrays may not have been ideally placed in the hand representation area. This could

explain the low count of neurons with significant grasp peaks that we observed notably in the

175



cPMd and contribute to the less pronounced neural changes observed in this area relative to the

PMyv.

However, the PMd may simply not be the main site of reorganization in this model of
focal M1 hand area injury. One piece of evidence for this interpretation is derived from a
therapeutic intervention study that looked at the use of cell therapy in monkeys to promote
cortical reorganization after a lesion to the M1 hand area (Moore et al., 2013; Orczykowski et al.,
2018). Monkeys that received an intravenous injection of human stem cells (umbilical tissue-
derived cells, hUTC) 24 hours after cortical injury showed significantly improved paretic hand
function relative to controls as early as just 2 weeks into recovery, and improved precision pinch
grasping over 12 weeks of behavioral testing (Moore et al., 2013). After the final postoperative
assessment testing with the paretic hand at 12 weeks, the monkeys were rapidly perfused and
early gene c-Fos expression in cells of the PMv and PMd were quantified (Orczykowski et al.,
2018). The expression of c-Fos often occurs when neurons fire action potentials, and thus serves
as an indirect marker of recent neuronal activity. Interestingly, they found that there were
significantly more c-Fos activated cells in both the iPMv and cPMv of hUTC treated animals
compared to controls. Furthermore, increased c-Fos activated cells in bilateral PMv was
correlated with decreased recovery time and better grasp performance. In contrast, there was no
change in the proportion of these cells in either the iPMd or cPMd of treated animals relative to
controls. Thus, they concluded that the cell therapy enhanced cortical reorganization and
recovery, and that this recovery of function critically involved bilateral plasticity of the PMv but

not of the PMd (Orczykowski et al., 2018).

Additional evidence that reorganization of PMd may not be default path to recovery from
focal M1 hand area injury comes from an invasive brain stimulation study that specifically
targeted PMd (Plautz et al., 2016). In this proof of principle study, they favored an invasive
neuromodulatory approach using monopolar subthreshold stimulation applied via subdural
cortical electrodes placed over iPMd in monkeys. In a similar fashion to the invasive electrical
stimulation studies that targeted perilesional M1 discussed in a previous section e.g.(Plautz et al.,
2003), they applied 100 Hz subthreshold stimulation continuously during therapy sessions for
several weeks after a focal lesion to the M1 hand area. However, in contrast to perilesional M1

stimulation, PMd stimulation did not lead to improvements in therapeutic gains relative to
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controls, nor did it lead to increased digit representation in PMd (Plautz et al., 2016). It also had
the unexpected effect of inducing decreased digit representation in PMv. Normally, in this model
of focal M1 lesions, rehabilitation and functional recovery are accompanied by increased PMv
digit representation (Frost et al., 2003; Dancause, 2013). Note that these results should be taken
with a grain of salt, as this was a proof of principle study, and used few animals to perform their
analyses. Nonetheless, considering the preferential role PMv seems to play in recovery from
focal M1 lesions, perhaps future stimulation approaches would benefit from targeting PMv,

rather than PMd, to enhance recovery in this model.

To conclude, while we have provided some initial quantifications of the rapid
reorganization that takes place in the PMd, some additional data, possibly from one more
monkey with well-placed arrays and with better electrophysiological signals, would be ideal to
extend and truly validate our initial observations. That being said, our initial results point to a
more attenuated reorganization of PMd relative to PMv after unilateral M1 injury, which appears

consistent with observations from other studies using this model.
6.2.2 The supplementary motor cortex

The supplementary motor cortex (SMA) is another premotor area that, while not the focus of this
thesis, is involved in voluntary motor control and can play a role in recovery. Like other
premotor areas, it can be subdivided into two parts, a rostral (‘Pre-SMA”) and caudal portion
(‘SMA-proper’) (Luppino et al., 1993; Geyer et al., 2000; Picard and Strick, 2001). It is the
caudal SMA-proper that is most implicated in more direct motor control, and that will be the
focus of discussion here. The SMA is notably involved in the sequential control of movements,
and can directly control distal movements of the hand (Maier et al., 2002; Boudrias et al., 2010),
consistent with its somatotopy that contains a hand representation area (Gould et al., 1986; Mitz
and Wise, 1987; Luppino et al., 1991). It appears to play a particularly important role in the
initiation and coordination of bimanual movements (Kermadi et al., 1998), as inactivation of
SMA induces delays in the initiation and timing of bimanual movements without causing any
observable motor deficits in hand use during movement (Kermadi et al., 1997). As all premotor
areas, it 1s reciprocally connected with M1, and is an origin of corticospinal projections (Dum
and Strick, 1991; Luppino et al., 1993, 1994). It also has numerous transcallosal interconnections

with its homologue (McGuire et al., 1991) and some with the hand representation area of the M1
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of the other hemisphere (Rouiller et al., 1994). Like PMv and PMd, SMA can also modulate the
outputs of the M1 hand area of both hemispheres (Cote et al., 2020).

The SMA has been suggested to contribute to functional recovery following cortical
injury. For example, in the monkey, following a lesion that affects M1 and part of premotor
cortex, the ipsilesional SMA will show increased corticospinal projections that are correlated
with functional recovery (McNeal et al., 2010). Furthermore, a second lesion to SMA after
recovery reinstates motor deficits (McNeal et al., 2010). Monkey SMA can also show increased
motor representation area that is proportional to lesion size (Eisner-Janowicz et al., 2008).
However, in this case the sizes of the lesions needed to induce SMA expansion were quite large,
and included not just M1, but the PMv and PMd hand representation areas. Furthermore, changes
in map size and their relationship to functional recovery were not as clear-cut as what has been
described for PMv (Frost et al., 2003; Dancause, 2013). In particular, there was an initial
contraction of SMA maps in the first 3 weeks after injury, which was then followed by an
expansion over the next 10 weeks. In parallel, behavioral recovery was only observed during the
first 3 weeks after the injury, and then was relatively constant and limited for the remaining 10
weeks. Thus, the association between increased SMA map size and recovery is not clear.
Furthermore, the expansion of SMA maps mostly concerned more proximal wrist and forearm
movement representations rather than digit representations. This is consistent with the suggestion
that the influence of SMA on motor neuron pools in the spinal cord is greater for proximal rather
than distal muscles (Boudrias et al., 2006). Finally, the hand representation area of SMA is much
smaller than in PMv (Dancause, 2013). As such, for much smaller lesions that only affect the M1
hand area as in our model, the role of SMA in recovery of hand dexterity specifically may be
more limited than for PMv, and its influence on functional recovery may become more
prominent primarily for larger lesions such as those that extend to PMv and PMd. Therefore, one
might hypothesize that an exploration of neural reorganization of bilateral SMA after unilateral

M1 inactivation will reveal that it is less affected than bilateral PMv.

Nonetheless, there are some indications that even in the case of a focal lesion to the M1
hand area, important changes take place in both the ipsilesional SMA (iISMA) and the
contralesional SMA (cSMA). First of all, microscopic examination of pyramidal neuron density

in the SMA of both hemispheres show important structural changes several weeks/months
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following the loss of inputs from M1 (Contestabile et al., 2018). This study used SMI-32
staining, which is selective for pyramidal neurons in layers II, I1I, and V. While the unilateral,
focal lesion to the M1 hand area did not lead to an overall significant loss in the number of
labelled neurons in SMA across lesioned monkeys relative to controls, it did lead to an
interhemispheric asymmetrical pyramidal neuron density between the hemispheres that was not
present in controls. Interestingly, this bias was not always directed towards the same hemisphere
depending on the size of the lesion. In layer V, smaller M1 lesions were correlated with a bias
towards ipsilesional hemisphere (i.e. more pyramidal neurons in iSMA than cSMA), whereas
larger lesions were correlated with bias towards contralesional hemisphere (i.e. more pyramidal
neurons in cSMA than iSMA). Thus, the impact of the M1 lesion on bilateral SMA neuron
density was correlated with the size of the lesion. Furthermore, these asymmetries in neuron
density were correlated with the duration of functional recovery (i.e. how long it took the
animals to reach a behavioral improvement plateau): the longer the functional recovery, the
greater the bias towards the contralesional hemisphere. In layer III, the changes were less
systematic than in layer V but were in same direction. However, they were not correlated to
lesion size. One possible explanation for this difference between layers Il and V is that while
both layers are a source of corticocortical projections, those in layer V also have corticospinal
projections. Since SMA has been shown to undergo axonal sprouting in the spinal cord after
unilateral M1 lesion (McNeal et al., 2010; Morecraft et al., 2015), as more M1 corticospinal axon
terminals degenerate with larger M1 lesions, this probably leaves more space for corticospinal

axons from SMA layer V to sprout and extend to the spinal cord.

Finally, changes of SMA single-neuron activity after a focal lesion of the M1 hand area
suggest a role of this area in functional recovery of the hand (Aizawa et al., 1991). When
learning a task that involves the hand, SMA neurons often show activity during movement
planning (Tanji et al., 1988). However, after a monkey was overtrained on a finger flexion with
the right or left hand, this premovement activity disappeared from most SMA neurons,
suggesting that its presence is possibly related to task learning but disappears following motor
automation (Aizawa et al., 1991). Interestingly, following recovery from a lesion to the M1 hand
area, neural recordings in bilateral SMA revealed that many neurons again displayed
premovement activity (Aizawa et al., 1991). This reinstatement of premovement activity was

observed during use of either hand and in both SMA. However, some differences between
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hemispheres were nonetheless present. In the iISMA, the greatest number of neurons showed a
selective return of premovement activity exclusively for the paretic hand, whereas in the cSMA,
most of the neurons showing premovement activity were hand non-specific, being active prior to
movement onset during use of either hand. As such, it is possible that “relearning” of the task
after the lesion involved a reorganization of SMA activity to different extents in both

hemispheres, such that it became once again involved in motor planning.

To conclude, it is clear that reorganization in premotor areas other than PMv play a role
in recovery from focal M1 lesions, and therefore likely undergo rapid changes in neural activity
after cortical injury. The SMA remains an interesting candidate whose rapid reorganization has
yet to be explored. This could be done using a similar experimental paradigm as we have used
here in this thesis, by reversibly inactivating the M1 hand area with muscimol during continuous
recordings. Because the SMA is located on the midline surface of the hemisphere and “wraps”
around it in the macaque, its location renders the use of arrays more challenging. However, the
availability of arrays whose electrode lengths can be individually specified (such as floating
microprobe arrays, used in our studies; MicroProbes for Life Science, Gaithersburg, USA) or
new multi-electrode linear shanks with numerous recording sites along its length (e.g. linear
microprobe arrays; MicroProbes for Life Science, Gaithersburg, USA), can be used to address
these challenges and allow recording from multiple neurons simultaneously in this area. Based
on the above discussion, while we expect to see changes in neural activity in bilateral SMA, it is
likely that such changes will nonetheless be less pronounced that what we observed in PMyv,

which appears to play a more direct role in unimanual grasping than SMA.

6.3 Exploring relationships between neural reorganization and lesion size, location, and

time from injury

6.3.1 Effect of lesion size on rapid reorganization

An interesting question to explore concerns how the rapid reorganization of neural activity that
we observed would change with increasing sizes of M1 inactivation. As discussed at several
points throughout the different sections of this thesis, the extent of reorganization of premotor

areas after cortical injury in the monkey, in both the ipsilesional and contralesional hemisphere,
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is notably dependent on the size of the lesion. Furthermore, as the extent of the lesion becomes
greater, reorganization of the contralesional hemisphere becomes more pronounced. As such, it
would be interesting to see if a similar pattern emerges in the rapid reorganization of single-

neuron activity that occurs in the motor-related areas studied in the current thesis.

In our current experiments, we focused on neural reorganization that occurred following
M1 inactivations that were large enough to induce deficits, but where animals were still able to
perform the task with the paretic hand for at least a few trials. This mostly included experiments
where 1 x 0.75 pL of muscimol were injected into M1, as well as one experiment where 2 x 0.75
uL was injected, and one experiment where 3 x 0.75 puL was injected. We actually performed
several more experiments with larger inactivation sizes, where 2, 3, 4, and even 5 x 0.75 uL of
muscimol were injected to inactivate larger and larger extents of M1, which were not discussed
in the present thesis. However, for these injections, the monkeys were unable to perform the task
with the paretic hand at all at the post 0.5 h time point. Instead, to characterize deficits we had
them attempt reaches to food morsels held manually by the experimenters using large forceps
and presented in front of the monkeys. As such, we chose to shelve those data for the time being
as we were interested in specifically comparing neural activity in a rigorous and behaviorally
comparable manner during use of the paretic hand relative to the non-paretic hand and with
performance on the same automated pellet retrieval task prior to inactivation, which would not

have been possible with the larger inactivations and the alternate reaching task.

This collected but unprocessed data would allow us to explore the question of the effect
of lesion size on rapid neural reorganization of motor areas in both hemispheres. One approach
would be to focus exclusively on the non-paretic hand, since monkeys were able to perform the
task without noticeable deficits regardless of the unilateral inactivation size. In the experiments
presented in this thesis, we observed important changes during non-paretic hand use in all areas
studied. Importantly, we also observed that the neural changes in bilateral PMv during use of the
non-paretic hand became more pronounced at the Post 3 h time point, where paretic hand deficits
were the most substantial, relative to the Post 0.5 h time point (Moreau-Debord et al., 2021). As
deficits regressed, so did the changes in neural activity during use of the non-paretic hand. As
such, we hypothesize that a similar effect would likely be observed with larger inactivation sizes.

Namely, more pronounced changes would be observed with larger relative to smaller
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inactivation sizes. At the population level, this might manifest by more neurons losing their
modulation during grasp. In within-neuron analyses, we would expect to see a greater attenuation
of discharge rates at the time of pre peak discharge, where neurons where maximally active

during grasp prior to the inactivation, particularly in iPMv and cM1.

While analysis of changes in neural activity during use of the non-paretic hand is more
readily accessible, some possibilities do exist to explore neural changes during use of the paretic
hand when performance on the pellet retrieval task is impossible. In particular, an analysis could
be performed looking at associations between neural activity and activation of different specific
muscles thanks to our EMG recordings. Changes in the associations between neural activity and
single muscles or muscle synergies could then be explored and quantified based on different
inactivation sizes. We would hypothesize that larger lesions would lead to a greater attenuation
of neural activity associated particularly to distal muscles relative to proximal muscles, and a

greater detuning of neural activity relative to the timing of distal muscle use in all areas studied.
6.3.2 Effect of somatosensory versus motor lesions on rapid reorganization

Another interesting question to explore would be how rapid neural reorganization occurs in the
distributed motor network following somatosensory, or combined sensorimotor, inactivation.
Indeed, stroke can often affect somatosensory cortex, and not just motor-related areas (Abela et
al., 2012; Borich et al., 2015; Kessner et al., 2019). Damage to primary somatosensory cortex
(S1) often results in a reduction or loss of voluntary motor control and of somatic stimulus
perception. Behavioral studies conducted in adult macaque monkeys have shown that lesions to
S1 distal forelimb representations lead to deficits in the discrimination of tactile stimuli as well
as severe functional impairment in hand use (Cole and Glees, 1954; Semmes and Mishkin, 1965;
Semmes and Porter, 1972; LaMotte and Mountcastle, 1979). Fortunately, recovery of sensation
and of manipulative function develops progressively after restricted S1 lesions (Cole and Glees,
1954; Glassman, 1971). This sensory recovery is accompanied by cortical reorganization in
perilesional and intact areas of S1, in a parallel to what occurs in motor cortex during recovery

from motor deficits (Jenkins and Merzenich, 1987; Doetsch et al., 1990; Xerri et al., 1998).

Concerning motor recovery, it has been suggested that lesions to somatosensory cortices
interfere with the capacity to recover motor function after stroke (Abela et al., 2012). More

specifically, the extent to which the lesion affected somatosensory areas and somatosensory
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performance is correlated to the outcome of functional recovery. However, the rate of recovery
depends on lesion load to M1. Therefore, there appears to be an interplay between injury to
somatosensory and motor cortex, with lesions to somatosensory areas influencing recovery

outcome, and lesions to the motor cortex affecting recovery dynamics (Abela et al., 2012).

Finally, somatosensory, motor, or sensorimotor lesions or inactivations can induce rapid
reorganization of sensory processing in the ipsilesional but also the contralesional hemisphere in
anesthetized animals (Clarey et al., 1996; Ding et al., 2011; Mohajerani et al., 2011). For
example, while sensory-evoked neuronal responses to passive, external stimulation often become
attenuated in the ipsilesional hemisphere, they can become enhanced in the contralesional

hemisphere (Clarey et al., 1996; Mohajerani et al., 2011).

It is unknown how rapid neural reorganization takes place in the bihemispheric
distributed motor network of awake behaving animals following a focal S1 inactivation, or an
MI1+S1 inactivation. Furthermore, it would be interesting to compare such changes with those
reported in the current thesis for purely focal M1 inactivation. Fortunately, initial datasets to
perform these analyses exist. In our experiments, the cortical chamber that was implanted in our
monkeys allowed us access to S1. In several experiments, we specifically inactivated S1 with 1,
2, or 3 x 0.75 pL of muscimol during continuous neural recordings. In addition, we performed
several inactivations that targeted both S1 and M1 with several muscimol injections. Following
S1 inactivations, monkeys were able to perform the task, but displayed clearly somatosensory
deficits. More specifically, they showed some difficulty in properly orienting their digits around
the pellets once contact had been made, and they applied inappropriate, often excessive, amounts
of force with their digits to grasp the pellets. However, analysis of the changes in neural activity
that accompanied these deficits have not yet been performed. Similarly to M1 inactivation, we
would expect to see important changes in neural activity across the motor network. As S1 lesions
can induce long-term and lasting perturbations in the fidelity of sensory-evoked responses across
wide swaths of cortex (Sweetnam and Brown, 2013), we hypothesize that a widespread detuning
of neural discharge rates will also occur across motor and premotor cortex similarly to what was
seen for M1 inactivation, particularly upon contact with the task apparatus containing the pellet
to be retrieved. However, in the monkey S1 connections to premotor cortex appear to be

relatively sparce both intrahemispherically (Jones et al., 1978; Pons and Kaas, 1986) and
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interhemispherically (Killackey et al., 1983; Gould et al., 1986), with premotor cortex instead
receiving numerous peripheral somatosensory inputs of its own (Wiesendanger et al., 1985;
Hummelsheim et al., 1988) and being more strongly interconnected with S2 (Gerbella et al.,
2011; Gharbawie et al., 2011b). Thus, taken together with the preferential role of PMv in using
visual, rather than somatosensory, information for grasping, we would expect neural changes to

be more attenuated in bilateral PMv than what was observed during M1 inactivation.
6.3.3 Evolution of neural reorganization after a focal M1 lesion

In the current experiments, we focused on immediate changes in neural activity. However, one
question that remains is how these changes across the distributed motor network would evolve
with time as animals recover from an actual cortical injury. Such an experiment could be
performed using a similar setup as used in the experiments presented in this thesis. However,
instead of using muscimol to reversibly inactivate the M1 hand area, a permanent lesion would
instead be performed, for example by using targeted endothelium-1 injections which have been
used before in the lab. Arrays placed in motor and premotor cortex in both hemispheres could
then be used to track the neural reorganization that takes place in the distributed motor network

as monkeys recover fine dexterity of the hand on reach and grasp tasks.

With regards to reorganization of neural discharge timing, one study in particular
provides interesting clues as to how neural synchrony across the motor network may progress
after injury and during recovery (Khanna et al., 2021). As part of their experiments, they
reported on the evolving changes in neural activation patterns that occurred at the population
level in perilesional cortex (PLC) of monkeys following motor or sensorimotor lesions. In all
cases, the M1 hand area was destroyed. The animals performed reach and grasp tasks. They
characterized changes in task-related neural activity as recovery progressed. Interestingly, they
observed that while behavior in single trials early in recovery was unsurprisingly slower than
prior to the lesion, there was nonetheless a subset of trials that were executed quickly and
successfully. By averaging the patterns of PLC population activity over these fast, rewarded
trials on each day of recovery, they obtained a template per session that provided an estimate of
the PLC population pattern encoding successful task performance despite deficits. They then
compared single trial patterns of activity to this template of successful patterns per session. They

found that, as recovery progressed, the patterns of population activity during single trials became
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more and more similar to those of the trial-averaged “successful” templates such that single trial
template matching significantly increased as recovery progressed. As such, the similarity of
single trial activity to the template tracked improvements and was correlated with recovery.
These results demonstrate that recovery is accompanied by increases in temporally precise co-
firing of task-related neural activity in PLC that were likely shaped by early successes. Put
another way, patterns of neural activity when animals did succeed at the task despite deficits
early in recovery likely informed the motor network as to the pattern of activity it ‘should’ have
to properly perform the task and served as a driving force to push the system towards that neural

pattern endpoint.

The changes observed during recovery from motor deficits in the Khanna et al. (2021)
study are reminiscent of what takes place in motor cortex during adaptation to external
perturbations or motor learning of new tasks, where populations of neurons can produce new
patterns of activity to maintain existing or enable new behavioral capabilities (Li et al., 2001;
Jarosiewicz et al., 2008; Oby et al., 2019; Zhou et al., 2019). More precisely, the motor system
first attempts to learn new tasks by reassociating preexisting patterns of neural activity with
different intended movements (Golub et al., 2018), and if this is not possible, then it will form

new neural patterns over several days (Oby et al., 2019).

It is well known that premotor cortex is also involved in motor learning and adaptation
(Dayan and Cohen, 2011). Error-correction signals involved in on-line motor control adaptation
exist in premotor cortex (Wolpert and Miall, 1996; Inoue et al., 2016), and during learning, there
is an upregulation of activity in the premotor cortex of both hemispheres (Honda et al., 1998;
Grafton et al., 2002; Floyer-Lea and Matthews, 2005). In addition, inactivation of PMv impairs
visuomotor adaptation in monkeys (Kurata and Hoshi, 1999). We therefore hypothesize that a
similar emergence of temporally precise co-firing of task-related neural activity as observed in
the PLC of the Khanna et al. (2021) experiments would occur in other premotor areas, such as
bilateral PMv, and that this “retuning” would also be correlated with recovery as monkeys

“relearn” the task.

Finally, while the different motor and premotor areas may all show equivalent retuning in
parallel during recovery, one interesting possibility is that the rate of this retuning may not be

equal in all areas studied. In line with this, it has been shown that, during human motor learning,
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changes in somatosensory cortical excitability precede those in motor cortex (Ohashi et al.,
2019). Considering the hierarchical organization of the motor network and the preferential role
of premotor cortex in higher-order processing of motor control, it is possible that retuning of
neural activity in premotor cortex may precede M1 retuning to some degree, such that it helps
drive functional reorganization of perilesional M1. Future studies will hopefully shed light on

some of these questions.
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7. General conclusions

In the current work we demonstrated that a localized, unilateral and reversible cortical injury to
the M1 hand area induces extensive and complex neuronal reorganization in both hemispheres at
the very onset of motor impairments. These neuronal changes appeared within minutes after
brain injury and were heterogenous both within and across areas of the cortical motor network.
They occurred in the two hemispheres during movements of both the paretic and non-paretic
arms, and they varied during different phases of movement. The most pronounced changes took
place in the PMv of both hemispheres, with a general decrease of activity in the iPMv, and
notable time-specific increases of activity in the cPMv. In contrast, the neuronal activity of the
cM1 appeared to be particularly resilient following inactivation of its homologue. These findings
constitute a first step in a much needed and timely effort to unravel the complex neuronal
correlates of the reorganization that takes place across the distributed motor network after brain
injury. Furthermore, our results have important implications for neuromodulatory therapeutic
protocols that target motor cortex for stroke rehabilitation and strongly suggest premotor cortex
as a viable target for such interventions. Future studies will be required to extend these results to
other premotor areas of interest and quantify how the neural reorganization that we observed is
dependent on lesion size and location, and how it progresses with time from injury. Fortunately,

initial datasets exist for preliminary explorations of some of these questions.
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