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Abstract 28 

Brain injuries cause hemodynamic changes in several distant, spared areas from the lesion. Our 29 

objective was to better understand the neuronal correlates of this reorganization in awake, 30 

behaving female monkeys. We used reversible inactivation techniques to ‘injure’ the primary 31 

motor cortex, while continuously recording neuronal activity of the ventral premotor cortex in 32 

the two hemispheres, before and after the onset of behavioral impairments. Inactivation rapidly 33 

induced profound alterations of neuronal discharges that were heterogeneous within each and 34 

across the two hemispheres, occurred during movements of either the affected or non-affected 35 

arm, and varied during different phases of grasping. Our results support that extensive, and much 36 

more complex than expected, neuronal reorganization takes place in spared areas of the 37 

bihemispheric cortical network involved in the control of hand movements. This broad pattern of 38 

reorganization offers potential targets that should be considered for the development of 39 

neuromodulation protocols applied early after brain injury.  40 

 41 

Significance statement 42 

It is well known that brain injuries cause changes in several distant, spared areas of the network, 43 

often in the premotor cortex. This reorganization is greater early after the injury and the 44 

magnitude of early changes correlates with impairments. However, studies to date have used 45 

non-invasive brain imaging approaches or have been conducted in sedated animals. Therefore, 46 

we do not know how brain injuries specifically affect the activity of neurons during the 47 

generation of movements. Our study clearly shows how a lesion rapidly impacts neurons in the 48 

premotor cortex of both hemispheres. A better understanding of these complex changes can help 49 
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formulate hypotheses for the development of new treatments that specifically target neuronal 50 

reorganization induced by lesions in the brain.     51 
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Introduction 52 

Moving the hand to grasp an object is associated with modulation of neuronal activity in several 53 

cortical areas, including the primary motor cortex (M1) (Schieber and Hibbard, 1993; Kakei et 54 

al., 1999) and premotor areas (Tanji et al., 1987, 1988; Cisek et al., 2003; Nakayama et al., 55 

2015). Interestingly, the cortical network supporting unimanual movements extends to both 56 

hemispheres, also involving premotor areas and even M1 ipsilateral to the hand (Donchin et al., 57 

1998; Ames and Churchland, 2019; Heming et al., 2019). In the ventral premotor cortex (PMv) 58 

for example, many neurons show little selectivity to the hand used, but are rather coding for the 59 

location of the target, its shape, or the configuration of the hand to grasp that target (Tanji et al., 60 

1988; Rizzolatti and Luppino, 2001; Michaels and Scherberger, 2018). Although the ipsilateral 61 

hemisphere is not specifically driving the production of corticospinal outputs (Soteropoulos et 62 

al., 2011; Li et al., 2015), at least some components of the control of unimanual hand movements 63 

involve widespread coordination of neural activity across several cortical areas, in the two 64 

hemispheres. In this distributed framework, dysfunction or injury in one region is expected to 65 

have far-reaching impacts across multiple areas of the ipsi and contralesional hemispheres 66 

(Grefkes and Fink, 2014; Silasi and Murphy, 2014).  67 

Not surprisingly, there is extensive support that lesions in the brain cause bihemispheric 68 

reorganization. However, most studies have used non-invasive imaging methods based on 69 

indirect metabolic measures (Ward, 2015; Crofts et al., 2020). To date, direct in-vivo recording 70 

of the impact of brain injury on neuronal activity has revealed that cortical inactivation or lesion 71 

profoundly alters processing of sensory information in the two hemispheres (Meyer et al., 1985; 72 

Takatsuru et al., 2009; Sweetnam and Brown, 2013; Kokinovic and Medini, 2018), even within 73 

minutes after injury (Sakatani et al., 1990; Ding et al., 2011; Mohajerani et al., 2011). Such rapid 74 
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neuronal changes can be viewed as consequences of the lesion on the network’s homeostasis 75 

(von Monakow, 1914; Carrera and Tononi, 2014), with a questionable active involvement in 76 

motor function at this stage. They are, however, precursors that form the landscape on which 77 

subacute plasticity later takes place and, as such, are likely to have profound effects on recovery 78 

after brain injury.  79 

Previous studies on rapid neuronal reorganization after brain lesions have been 80 

essentially limited to the sensory cortex, conducted in sedated animal preparations, and using 81 

passive stimulation. They have left us with a limited understanding of the early consequences of 82 

brain injury on neuronal activity associated with the generation of impaired hand movements. 83 

This knowledge is particularly timely and could have a far reaching impact, now that non-84 

invasive neuromodulatory approaches, such as transcranial magnetic stimulation (TMS), are 85 

being used to favor motor recovery after brain damage (Grefkes and Fink, 2016). Current 86 

stimulation strategies are largely based on concepts of network connectivity and interactions. 87 

Stimulations are often used to alter the excitability of areas spared by the injury in order to 88 

remotely help re-establish the functional state across the network involved in the generation of 89 

movements. The refinement of the hypotheses underlying the development of these treatments 90 

would thus greatly gain from a better understanding of the impact of brain injury on neuronal 91 

activity across the motor network. 92 

To address some of these issues, we investigated neuronal reorganization associated with 93 

the loss of fine control of hand movements in adult macaque monkeys. Motor deficits were 94 

induced using reversible inactivation techniques in the hand representation of M1 while 95 

continuously recording before and after cortical injury. This allowed us to identify changes in 96 

individual neurons in a highly sensitive and powerful way. In the present report, we focused on 97 
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recordings in PMv, an area known to undergo physiological and anatomical reorganization after 98 

brain lesions that cause impairments of hand movements (Dancause et al., 2005; Dancause et al., 99 

2006; Murata et al., 2015; Yamamoto et al., 2019).   100 
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Materials and Methods 101 

 102 

Experimental model and subject details 103 

Two adult female rhesus macaques (Macaca mulatta), Monkey M (5.5kg) and Monkey S (5.7kg), 104 

were used in the present study. All surgical and experimental procedures were performed in 105 

accordance with the guidelines set forth by the Canadian Council on Animal Care and were 106 

approved by the Comité de Déontologie de l’Expérimentation sur les Animaux of the Université 107 

de Montréal.  108 

 109 

Surgical procedures 110 

Surgical procedures were conducted under sterile conditions. Anesthesia was induced with 111 

ketamine hydrochloride (15 mg/kg; Ketaset; Pfizer Inc, New York, NY, USA) and maintained 112 

with ∼2–3% isoflurane (Furane; Baxter, Deerfield, IL, USA) in 100% oxygen. Monkeys were 113 

given Atropine (Atropine Sulfide; 0.04mg/kg; Rafter 8 Products, Calgary, AB, Canada) and 114 

Dexamethasone 2 (Dexacort 2, 0.5 mg/kg; Rafter 8 Products, Calgary, AB, Canada) as well as an 115 

intravenous injection of Mannitol 20% (1500mg/kg; Fresenius Kabi Canada Ltd., Richmond 116 

Hill, ON, Canada) to prevent inflammation and swelling of the brain. Lactated Ringer's solution 117 

was injected continuously to maintain hydration (10 ml/kg/h, i.v.). Body temperature was kept 118 

near 36.5°C with a self-regulating heating blanket (Harvard Apparatus, Holliston, MA, USA) 119 

and blood oxygen saturation and heart rate were monitored throughout the procedures.  120 

 Muscles were intramuscularly implanted with insulated, multistranded microwires 121 

(Cooner Wire, Chatsworth, CA, USA) for recording of electromyographic (EMG) signals. Each 122 

microwire was tunnelled subcutaneously from the target muscle to a connector embedded in 123 
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bone cement on the top of the head. Accurate placement of the EMG wires was tested by 124 

electrical stimulation of the muscles with the implanted wires and observation of the evoked 125 

movements, both during the surgery and in later sessions in the awake state, while the monkey 126 

was sitting quietly. We implanted the deltoideus (Delt), biceps brachii (BB), brachioradialis 127 

(BR), palmaris longus (PL), flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), flexor digit 128 

communis (FDC), extensor carpi ulnaris (ECU), extensor carpi radialis (ECR), extensor digit 129 

communis (EDC), first dorsal interosseus (intD1), adductor of the thumb (ADD1), and abductor 130 

of the thumb (ABD1). Only channels with clear EMG signals for all selected recording sessions 131 

were kept for analysis (see Figure 3). In the present set of analyses, the EMG signals were used 132 

primarily to control for the appearance of covert movements after inactivation.  133 

 Craniotomies and durectomies were performed to expose M1 and the lateral premotor 134 

cortex in both hemispheres. Multi-electrode arrays were implanted in the left ventral and dorsal 135 

premotor cortex (PMv and PMd, respectively) and the right PMv, PMd, the primary motor cortex 136 

(M1) and primary somatosensory cortex (S1) (Figure 1B). In the left hemisphere, the dura was 137 

left intact over the central sulcus and a chronic chamber (2x2cm opening; plexiglass) was 138 

positioned to provide access to the dura over the M1 hand representation. The chamber was used 139 

to perform Muscimol inactivation (see next section) in the left hemisphere, which we refer to as 140 

the ‘ipsilesional’ hemisphere. Consequently, the right hemisphere was opposite to the lesion, and 141 

referred to as the ‘contralesional’ hemisphere in both monkeys. With this configuration, the right 142 

hand was the affected or ‘paretic’ hand.   143 

The placement of the arrays was guided by anatomical landmarks including the arcuate 144 

and central sulcus. In Monkey M, 370 electrodes were implanted. In the ipsilesional hemisphere, 145 

one 96-electrode Utah array (Blackrock Microsystems, Salt Lake City, Utah, USA) was placed in 146 
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PMd (ipsilesional PMd; iPMd), and one 32-electrode and one 16-electrode Floating Microprobe 147 

Arrays (FMA; Microprobes for Life Science, Gaithersburg, MD, USA) were placed in PMv 148 

(ipsilesional PMv; iPMv). In the contralesional hemisphere, one 96-electrode Utah array was 149 

placed in M1 (contralesional M1; cM1), as well as four 32-electrode FMAs, two each in PMv 150 

and PMd (contralesional PMv and PMd; cPMv and cPMd respectively). In Monkey S, a total of 151 

448 electrodes were implanted. In the ipsilesional hemisphere, one 96-electrode Utah array was 152 

placed in iPMv, and two 32-electrode FMAs were placed in iPMd. In the contralesional 153 

hemisphere, two 96-electrode Utah arrays were placed, one in cM1 and one in cPMv, and two 154 

32-electrode FMAs were placed in cPMd and one in S1. Signals from arrays implanted in iPMv 155 

and cPMv were used for the present set of analyses.   156 

At the end of each surgery, monkeys were given Baytril (5 mg/kg; Enrofloxacin, Bayer 157 

Inc., Mississauga, ON, Canada) to protect against infection, another injection of Dexamethasone 158 

2 (0.5 mg/kg; Dexacort 2, Rafter 8 Products, Calgary, AB, Canada) to prevent brain swelling, as 159 

well as Carprofen (4 mg/kg; Rimadyl, Zoetis Canada Inc., Kirkland, QC, Canada) and 160 

Buprenorphine (5 µg/kg; Temgesic, Schering-Plough, Kenilworth, NJ, USA) to prevent 161 

inflammation and pain, respectively. Additional doses of Baytril and Carprofen were given for 162 

two days after the surgery or longer, following the recommendations of the veterinarian. 163 

 164 

Behavioral task 165 

The monkeys were brought to the laboratory to conduct the neuronal recording sessions. They 166 

sat in a custom-made primate chair placed in front of a pellet retrieval task (Figure 1A; top 167 

panel). The chair had an opening in front of the mouth and removable panels on both sides to 168 

allow the use of one hand or the other in different blocks of trials. The pellet rewards (190mg 169 
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Dustless Precision Pellets; BioServ, Flemington, NJ, USA) were delivered in a target consisting 170 

of a well behind a vertical slot (1.3cm x 5.5cm) that was positioned approximately 10 cm below 171 

the shoulder height and 20 cm from the monkeys. To get the rewards, the animals had to reach 172 

with either the left or the right hand and use a precision grip (opposition of the thumb and index) 173 

with the forearm pronated. Video recordings of the behavioral task were collected using two 174 

computer webcams placed above and on the left side of the animal. The task was controlled by a 175 

TDT acquisition system using two RZ2 BioAmp processors and custom software designed for 176 

this experiment (Tucker-Davis Technologies (TDT), Alachua, FL, USA). 177 

The hand used was determined by which side panel on the chair was removed. Each trial 178 

began when the animal placed the hand on the home plate located in front of them, 15 cm below 179 

the target. The home plate contained an infrared laser sensor, which detected the presence of the 180 

hand. Trial progression is shown in Figure 1A (right panel). After a variable delay period (0.8-181 

2s), a pellet was delivered into the well by a pellet distributor (80209 Pellet Dispenser, Campden 182 

Instrument Ltd.). The clicking sound associated with the pellet delivery served as GO cue. The 183 

animal then had two seconds to perform a self-paced reach towards the target. The movement of 184 

the hand out of the home plate was signalled by the sensor and marked the onset of reach. The 185 

animal entered the target to grasp the pellet. A second infrared laser placed in the slot containing 186 

the food well signalled the hand entering and leaving the target, which were used to mark the 187 

onset and offset of grasp. After grasp, the monkey brought the pellet to its mouth, before placing 188 

its hand back in the start position to initiate the next trial. The inter-trial interval was 3 seconds.  189 

In each recording session, the monkeys performed 25 trials with the left hand and then 25 190 

trials with the right hand. In inactivation experiments (see below), additional recording sessions 191 
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were conducted to collect blocks of trials at different time points after the inactivation, always in 192 

the same order. Each recording session took roughly 10 minutes to perform.  193 

 194 

Electromyographic (EMG) recording and analysis 195 

The EMG signals were recorded using a Tucker-Davis Technologies acquisition system (Tucker-196 

Davis Technologies Inc, Alachua, Florida, USA). The continuously recorded raw EMG signals 197 

were sampled at 4.069 kHz, and separated into individual trials using a custom-built software, 198 

before being further analyzed using custom code written in MATLAB (The Mathworks Inc, 199 

Natick, MA, USA). For each recording session, we took a rectified mean of the activity across a 200 

block of trials during use of a given hand, aligned on different task epochs (see below for epoch 201 

descriptions). The mean EMG signals was then low-pass filtered at 50Hz using a 2
nd

 order 202 

Butterworth filter.  203 

 To quantify potential changes of EMG after inactivation, we normalized the mean 204 

rectified and filtered activity for each muscle using the 500ms period prior to the onset of 205 

movements for a given block of trials (from -0.6 to -0.1s from reach onset). The area under the 206 

curve of the mean and rectified EMG trace was extracted with data aligned on grasp onset (-0.1 207 

to 0.5s from event), and on grasp offset (-0.2 to 0.1s from event). Values of all muscles in one 208 

arm for a given block of trials were averaged (e.g., with non-paretic arm, Pre-inactivation). Two 209 

paired T-tests were used to compare the Pre-inactivation to the Post-inactivation blocks of trials, 210 

one test with data aligned to grasp onset and the other with data aligned to grasp offset. This was 211 

done for EMG data in both the moving and the resting arm. Recordings from all inactivation 212 

experiments were included in these analyses (see below).  213 

 214 
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Muscimol inactivation experimental procedures 215 

In the first two recording sessions after the implantation of cortical arrays and chamber, we 216 

confirmed the location of the hand representation in left M1 with intracortical microstimulation 217 

(ICMS) trains. A custom-made borosilicate glass coated tungsten electrode was lowered within 218 

the chamber, perpendicular to the dura, while the animal was sitting quietly. Trains were 219 

delivered at 1Hz and each train consisted of 13 monophasic cathodal pulses of 0.2ms at 350 Hz 220 

(Dancause et al., 2008). We included in the hand representation all cortical sites from which 221 

digit, wrist or forelimb (i.e., pronation/supination) movements were evoked and located its 222 

borders. At the rostral and medial borders, proximal movements were evoked (i.e., elbow or 223 

shoulder). At the lateral border, movements of the face were evoked (e.g., lip, tongue, or pinna). 224 

The caudal border was located deep in the central sulcus, at cortical sites that did not evoke 225 

movement with low stimulation intensity (i.e., ≤ 30µA). For cortical sites within the hand area, 226 

we identified the depth at which the lowest stimulus intensity was required to evoke a movement. 227 

These sites and depths were used to guide the Muscimol injections.  228 

A total of 13 inactivation experiments were included in the present analyses. Six of these 229 

experiments were conducted in Monkey M, and 7 in Monkey S. For most experiments (n=9, 4 230 

from Monkey M, 5 from Monkey S), we did one injection of 0.75µL of the GABA agonist 231 

Muscimol (5mg/ml) in the hand area of the left hemisphere. In each monkey, we also included 232 

one additional experiment in which we injected Muscimol at two sites (2x 0.75µL) and one other 233 

experiment in which we injected Muscimol at three sites (3x 0.75µL) in the hand area (Figure 234 

1B).  235 

For each inactivation experiment, we first recorded baseline behavioral performance and 236 

neural data in a “Pre-inactivation” data collection session. Animals performed a block of trials 237 
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(n=25) with the left hand followed by a block with the right hand. Then, the M1 hand 238 

representation was reversibly inactivated with Muscimol, delivered with a 5µL Hamilton syringe 239 

with a beveled 26-gauge needle (Hamilton Company, Reno, NV, USA). The syringe was 240 

positioned in the brain using a micromanipulator (David Kopf Instruments, Tujunga, CA, USA) 241 

with stereotaxic frame mounted to the primate chair. At each targeted cortical site, 0.75µL of 242 

Muscimol was injected at a rate of 4nL/s with a microinjector (Harvard Apparatus, Holliston, 243 

MA, USA) at different depths adjusted based on ICMS data (range ~4.5-7mm from top of the 244 

dura). Thirty minutes after the injection of Muscimol, the animal was required to perform two 245 

more blocks of trials (n=25 trials), first with the left hand and then with the right hand, in a 246 

second recording session (Post 0.5h). The animals showed some clear deficits (see Results 247 

section), while still being able to perform some trials successfully. Notably, neural activity was 248 

recorded continuously throughout the Pre-inactivation session, the injection of the Muscimol and 249 

the Post 0.5h session. After the Post 0.5h recording session, the monkeys were returned to the 250 

home cage, where they could move freely and have unlimited access to water. 251 

To follow the progression and extent of motor deficits, monkeys were brought back to the 252 

laboratory to record additional sessions 3h (Post 3h) and 10h (Post 10h) after the inactivation. At 253 

Post 3h after inactivation, the impairments had progressed to the point that monkeys were not 254 

able to perform the task with the paretic hand (see Results section). To evaluate behavior, the 255 

experimenter presented food morsels in front of the monkey with large forceps held vertically, 256 

which led the monkeys to attempt reaches and grasping with the forearm in pronation. Deficits 257 

were milder at Post 10h and no longer visible on the following day, confirming the transitory 258 

effect of the pharmacological manipulation. We always had a minimum of 72hrs between 259 

subsequent inactivation experiments.   260 
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 261 

Neural recordings and identification of neurons  262 

We focused the present neuronal analyses on Pre-inactivation and Post 0.5h recording sessions 263 

for two main reasons. First, at this time point the monkeys were still able to successfully perform 264 

the task, at least in some trials. This allowed us to compare the neuronal activity in a similar 265 

behavioral context, before and after the inactivation. Second, since neuronal activity was 266 

recorded continuously from Pre-inactivation to Post 0.5h, this allowed us to unequivocally 267 

follow individual neurons throughout these sessions and to perform ‘within-neuron’ analyses 268 

(see below), in which we quantified the changes of activity caused by the inactivation in the 269 

discharge pattern of clearly isolated and continuously recorded neurons. To increase the number 270 

of neurons in the control condition, we included sessions in which the monkey performed the 271 

task, but no inactivation was induced (i.e., Unmanipulated sessions).  272 

We simultaneously recorded neural activity from 256 channels, the maximum possible 273 

count with our equipment. In different experiments, we alternated the areas/arrays we focused 274 

on. Recordings included in the present analyses are from sessions that prioritized recordings 275 

from the arrays implanted in PMv. Neuronal data were sampled at 24,414.1Hz, band-pass 276 

filtered between 100 and 5000Hz, and recorded digitally using a Tucker-Davis Technologies 277 

acquisition system (Tucker-Davis Technologies Inc, Alachua, Florida, USA). An automatic 278 

threshold (x4 STDs above the baseline noise) was used on all channels that was locked in place 279 

for the duration of the recording. When this threshold was crossed, a 1228µs sample was 280 

recorded. These suprathreshold waveforms were sorted offline using principal component 281 

analyses in Plexon Offline Sorter (Plexon Inc, Dallas, Texas, USA). Waveforms from a given 282 

unit were categorized as “well-isolated” when the waveform cluster was clearly separated from 283 
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other recorded signals using the first 3 principal components. Only well-isolated units were 284 

included in the current analyses. Then, we verified the stability and isolation of the principal 285 

components of each unit for the entire time of recording by plotting the first 2 principal 286 

components over time. For the within-neuron analyses (see below), we discarded any unit that 287 

completely disappeared or appeared after inactivation or for which the PC1-2 cluster isolation in 288 

relation to other signals was lost at any point during recording. Thus, although some neurons in 289 

these analyses had very few spikes during reaching and grasping in post-inactivation trials (e.g., 290 

see Figure 5F), they were sufficiently active during intertrial intervals or between blocks of trials 291 

to follow their isolation from the beginning to the end of recording. It should be noted that this 292 

approach could have resulted in the removal of neurons that truly shut off or started discharging 293 

after inactivation and consequently to an underestimation of the number of neurons with lower or 294 

higher firing rate after the inactivation. However, we preferred this potential underestimation to 295 

an overestimation of the impact of inactivation. Initial sorting was done by one experimenter 296 

(IM-D) and the quality of the isolation of sorted waveforms confirmed by a second (SQ). After 297 

sorting, we confirmed that units had no refractory period violation (0%) using an inter-spike 298 

interval of 1ms, before and after inactivation.   299 

 We ensured that most neurons included in the study were sampled only once in iPMv 300 

(66/94; 70.2%) and in cPMv (103/138; 74.6%) for within-neuron analyses. For this 301 

subpopulation, only signals from a single inactivation experiment were selected for any given 302 

electrode (i.e., 0% chance of double sampling). We verified that all analyses using ‘within-303 

neuron’ data gave similar results with this subpopulation of neurons. However, because 304 

Muscimol could potentially affect the activity of a given neuron differently, for example 305 

depending on the specific location of the injection in relation to the hand representation or the 306 
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level and nature of impairment it caused, we considered each inactivation experiment as an 307 

independent sampling. We thus included signals from more than a single recording session for 308 

some of the electrodes in iPMv and cPMv in the total population of neurons (see Results). 309 

 310 

Task epoch modulation of individual neurons. To give an appreciation of the discharge pattern 311 

of the total population of neurons, we produced heat plots of discharge rates in relation to the 312 

onset of grasp (see Figure 4A-B). In these plots, for each neuron the spike density estimate 313 

(SDE) of spike discharge at each moment in time was divided by the average SDE across the 314 

time window of interest (-1 to 1s around Grasp Onset) to highlight when neurons had their peak 315 

discharge. To characterize if neurons were modulated during one or several epochs of the task, 316 

we compared the average firing during the pre-cue epoch (0.7 to -0.1s before the Go cue), which 317 

served as a baseline of neural activity, to the firing rate during other epochs of the task using 318 

two-tailed T-tests. The different epochs of interest, in chronological order, were pre-cue, post-319 

cue, reach, and grasp. The post-cue epoch was the first 0.1s following the GO cue, and the reach 320 

epoch ranged from -0.1 to 0.2s from Reach Onset, when the monkey’s hand left the home plate. 321 

The current set of analyses mostly focused on the grasp epoch, which ranged from -0.1s before 322 

the fingers entered the slot (Grasp Onset) to 0.1s after the fingers had left the slot with the pellet 323 

(Grasp Offset). Since the grasp epoch encompasses both the Grasp Onset and Grasp Offset 324 

events, the T-test was performed on spike times aligned on each event separately for some 325 

analyses. The two windows of time used were -0.1 to 0.5s from Grasp Onset, and -0.2 to 0.1s 326 

from Grasp Offset. A neuron whose firing rate was modulated according to the T-test (p<0.05) 327 

within either of these windows was considered tuned to grasp during that block of trials. To 328 

visualize the modulation of individual neurons during the task, in addition to raster plots, we 329 
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calculated SDEs of the firing rate across trials for each neuron (Nawrot et al., 1999), with spike 330 

times aligned at Grasp Onset (see Figure 5). The SDEs were performed using a Gaussian kernel 331 

function with a kernel of 50ms.  332 

 333 

Effect of inactivation on the total population of recorded neurons.  334 

To explore changes in the general discharge of neurons when the animals were at rest, we looked 335 

at the firing rate of control and Post 0.5h PMv neurons during the pre-cue epoch (-0.7s to -0.1s 336 

from cue) when the animal waited with either hand in the start position. For each neuron, we 337 

determined the mean firing rate during the pre-cue epoch for each block of trials (right or left 338 

arm, pre or post 0.5h inactivation). We compared the proportion of neurons modulated during 339 

grasp (i.e., identified with the two-tailed T-test; see above) before and after inactivation (Figure 340 

6A-B) and the proportion of neurons modulated in function of the hand used (Figure 6C-D). All 341 

available control and Post 0.5h neurons were used for these comparisons. When performing 342 

these analyses, ‘control’ always included PMv neurons from both hemispheres pooled together, 343 

using their activity during ipsilateral or contralateral hand movements, as appropriate. For other 344 

analyses, we only used neurons that remained clearly isolated throughout the inactivation 345 

experiments, both before (‘Pre’) and Post 0.5h after inactivation (‘within-neuron’; see below). 346 

 347 

 348 

Quantification of changes within continuously recorded neurons before and after 349 

inactivation (‘within-neuron’ analyses).  350 

To take into account differences in grasp duration within a given trial block, but also following 351 

inactivation, we normalized the duration of grasp for our ‘within-neuron’ analyses (Figures 7-352 
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11).  The SDE of each trial was resampled, attributing a value of “0” at the time of Grasp Onset, 353 

and “100” at the time of Grasp Offset, such that time is visually represented as percentage (%) of 354 

grasp completed. In this normalized time, each time bin represents 1/1000
th

 (0.1%) of grasp 355 

duration. The mean trial SDE during the pre-cue epoch for a block of trials served as a baseline, 356 

which was then subtracted from the resampled SDE curves.  357 

 358 

Incidence of neurons with increases and decreases of discharge rate during grasp. 359 

We were first interested in determining how many neurons increased or decreased activity during 360 

grasp following inactivation (see Figure 7). For each neuron, and at each moment in normalized 361 

time, we determined whether there was an increase or decrease of neural discharge following the 362 

inactivation by subtracting the Post-inactivation SDE values from the Pre-inactivation SDE 363 

values at that moment in time. We also performed unpaired T-tests on the SDE values obtained 364 

in trials performed before and after inactivation. This provided counts of neurons whose 365 

discharge increased or decreased at each moment during grasp and for how many neurons these 366 

changes were substantial (i.e., ‘significant’ change reported by the T-test). Furthermore, to 367 

provide an alternative quantification of increases or decreases of neural activity throughout 368 

grasp, we calculated cumulative sums of neurons with higher and lower firing rates after 369 

inactivation at each moment in time according to the following formula: 370 

 371 

Equation 1: 372 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑢𝑚 = ∑
𝑁𝑒𝑢𝑟𝑜𝑛𝑠 ℎ𝑖𝑔ℎ𝑒𝑟(𝑖) − 𝑁𝑒𝑢𝑟𝑜𝑛𝑠 𝑙𝑜𝑤𝑒𝑟(𝑖)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑒𝑢𝑟𝑜𝑛𝑠 𝑥 1200

𝑛
𝑖=1 𝑥 100 373 

 374 
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Where i is the time bin ranging from 1 to the total number of time bins per trial considered for 375 

this analysis, n=1200 (1000 bins for grasp duration, plus the last 100 bins before grasp onset, and 376 

the first 100 bins after grasp offset). Total neurons represent the number of neurons included in 377 

the population, which could either have higher (Neurons higher) or lower (Neurons lower) firing 378 

rates after inactivation in comparison to Pre-inactivation values, at time i, regardless of whether 379 

changes were significant or not. Accordingly, values are expressed as a percentage of the 380 

maximum sum of neurons with increase possible (i.e., if only increases would occur across the 381 

population throughout grasp). Positive values report that the proportion of neurons with higher 382 

activity surpassed the proportion of neurons with lower activity as grasping progressed. This 383 

reflects an increase of activity in the neuronal population after inactivation. Negative values 384 

report that a greater proportion of neurons with lower activity cumulated along grasp and reflects 385 

that the neural population became less active after inactivation. To better visualize the effect of 386 

the inactivation on the cumulative traces in comparison to chance, we used Monte Carlo 387 

methods. For each neuron, the firing rate at each time bin in the Pre- and Post-inactivation blocks 388 

of trials were pooled. Two new artificial SDE traces were generated by randomly selecting data 389 

points from this pool of bin values, with replacement. Then, we subtracted the two artificial SDE 390 

traces to calculate the increase or decrease of firing rate at each time bin. The same procedure 391 

was done for all neurons in a hemisphere and for a block of trials (e.g., iPMv, non-paretic hand 392 

trials) and the cumulative sum of this population was calculated. This process was repeated 1000 393 

times. The mean and 95
th

 percentile from all these artificial traces are shown in relation to real 394 

values in Figure 7.    395 

 396 

Changes of peak discharge time and burst rate 397 
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For both the peak discharge time (Figure 8-9) and rate (Figure 10-11), we wanted to investigate 398 

further the changes of activity in neurons that specifically had a burst of activity during grasp (in 399 

contrast to neurons modulated according to the T-test). Because of the time devoted to each 400 

epoch, the T-test is insensitive to neurons with either low spiking rate or with discharge burst of 401 

short duration. Therefore, for these analyses we opted to include neurons that had a maximal 402 

discharge value >1 standard deviation (STD) from baseline (i.e., pre-cue epoch) in the grasp 403 

epoch of the normalized SDE curves, either before or after inactivation. For each neuron with 404 

such a burst during grasp, we identified the time of maximal discharge rate during grasp before 405 

and after inactivation (Figure 8C-D) and quantified the change by subtracting the two values 406 

(Figure 9B).    407 

For the analyses of burst rate, since neurons could have peaks at different moments 408 

during the grasp epoch before and after inactivation, we characterized the amplitude and time of 409 

the peak in both recording sessions, when present. For each neuron, we compared the firing rate 410 

at the time of the peak for pre-inactivation (i.e., Pre Peak; see Figure 10A for example) to the 411 

firing rate at the same moment in normalized time in Post 0.5h and averaged the changes across 412 

the population of neurons. This approach highlights the change of activity at the time when the 413 

neuron was most active prior to the inactivation and emphasizes decreases of neural activity. 414 

Similarly, we took the time of peak discharge in Post 0.5h (i.e., Post 0.5 Peak; see Figure 10C for 415 

example) and compared the firing rate of each neuron in the pre-inactivation to the Post 0.5h at 416 

this time and averaged changes across the population. This highlights the change of activity at 417 

the time when the neuron was most active after the inactivation and emphasizes increases of 418 

neural activity.  419 
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Finally, we verified that neural changes followed the time course of behavioral 420 

impairments induced by the inactivation (Figure 11). We selected well-isolated neurons with a 421 

significant burst during grasp with the non-paretic hand and with consistent waveform 422 

characteristics across recording sessions for a given inactivation experiment (i.e., Post 0.5h; Post 423 

3h and Post 10h). These analyses were exclusively conducted with trials of the non-paretic hand 424 

because monkeys were not able to complete trials with the paretic hand in at least one of the 425 

recording sessions. We compared the peak amplitude of neurons in the different sessions after 426 

inactivation to the pre-inactivation values, similarly to what was described above. For each 427 

neuron, we calculated the mean of the SDE values of trials of a given session in a 1200 bin 428 

window that spanned across grasp duration (1000 bins for grasp duration, plus the last 100 bins 429 

before grasp onset, and the first 100 bins after grasp offset). Complimentarily, we also performed 430 

the same analysis using the discharge amplitude of the population at the time of maximal 431 

discharge prior to inactivation (see Figure 11D).  432 

 433 

Statistical Analysis 434 

Quantification of Muscimol effects on movement duration and EMG (Figures 2-3). 435 

The effects of Muscimol on movement duration was evaluated using unpaired T-tests. For each 436 

arm, one test compared the duration of the reach period and one test compared the duration of 437 

grasp (p<0.05). To compare the area under the curve of average EMG signals before and after 438 

Muscimol injections, we used paired T-tests (p<0.05). Cohen’s d was used to measure effect 439 

sizes when appropriate. In some cases when the sample was too small (i.e. n<20, we used 440 

Hedges’ g to measure the effect size. 441 

 442 
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Quantification of Muscimol effects on the total population of recorded neurons.  443 

To identify neurons significantly modulated during one or several epochs of the task, we used 444 

paired T-tests (T-test p<0.05). The discharge of neurons at rest, when the animal waited with the 445 

hand in the start position using a 600ms window prior to Cue onset (-0.7s to -0.1s), were 446 

compared using a 3-way ANOVA (p<0.05), using area (iPMv, cPMv), arm (non-paretic, paretic), 447 

and session (control, Post 0.5h) as factors. The effect size for ANOVAs was estimated using the 448 

partial eta squared (ηp
2
). Finally, the proportion of neurons modulated during grasp or in function 449 

of the hand used was compared using Chi-square tests (p<0.05) followed by post hoc two-450 

proportion Z-tests with Bonferroni correction (Figure 6). The effect size for the Chi-square tests 451 

and Z-tests were calculated using Cramer’s V and the correlation coefficient r (r= z / 452 

sqrt(n1+n2)), respectively.  453 

 454 

Quantification of changes within continuously recorded neurons. 455 

 We compared the variance of peak discharge time after inactivation to control neurons recorded 456 

for approximately 1 hour using Bartlett’s test, followed by post-hoc 2-sample F-tests with 457 

Bonferroni correction (Figure 9). Comparison of spike discharge rate before and after 458 

inactivation was done using paired T-tests (Figure 10).  459 

For the progression of changes with time after Muscimol injection (Figure 11), we 460 

evaluated the effect of time and cortical area (iPMv and cPMv) with two-way repeated measures 461 

ANOVAs, one for mean spike firing rate during grasp (Figure 11B) and one for discharge 462 

amplitude of neurons at the time of their maximal discharge (Figure 11C-D). Since in both cases, 463 

there was no effect of area nor interaction between area and session, we merged data from the 464 

two hemispheres. Values from each post-inactivation session (i.e., Post 0.5h; Post 3h and Post 465 
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10h) were then compared to pre-inactivation using a T-test, and the p value adjusted using a 466 

Bonferroni correction (p<0.017).  467 
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Results 468 

We trained two adult female rhesus macaques on a reach-to-grasp task (Figure 1A), in which 469 

monkeys retrieved food pellets using precision grip with the right or the left hand. Both animals 470 

were implanted with chronic electrode arrays in PMv of the two hemispheres (Figure 1B). In 471 

addition, a chamber was placed over the left M1, giving access to the dura. After implantation, 472 

we located the hand representation in the chamber using intracortical microstimulation (ICMS) 473 

trains before initiating inactivation experiments. In each inactivation experiment, we first 474 

recorded the neuronal activity during grasping prior to inactivation (i.e., recording session Pre). 475 

Then, the GABA-A agonist Muscimol was injected in the hand area of the left M1 through the 476 

chamber to induce a reversible inactivation (see Methods). With this design, the left PMv was 477 

always in the same hemisphere as the ‘lesion’ (i.e., ‘ipsilesional’ PMv or iPMv) and the right 478 

PMv was in the opposite hemisphere (i.e., ‘contralesional’ PMv or cPMv) (Figure 1C). The 479 

monkey resumed performing trials approximately 30 minutes after the injection of Muscimol 480 

(i.e., session Post 0.5h). Recordings were uninterrupted throughout these different steps, 481 

allowing us to quantify the effect of inactivation on individual neurons.  482 

As previously reported when using comparable inactivation techniques (Matsumura et al., 483 

1991; Schieber and Poliakov, 1998; Brochier et al., 1999), both monkeys showed clear 484 

impairments with the contralateral, right hand, which we refer to as the ‘paretic hand’. In session 485 

Post 0.5h, animals were still able to perform some trials on the task with the paretic hand 486 

(minimum=5, maximum=25; average±standard deviation (STD)=21.4±5.5), albeit with clear 487 

impairments. Examples of deficits included difficulty to oppose the thumb to the index and a 488 

reduction of individuated movements of the index (e.g., D2 and D3-5 being moved together), 489 

increased number of digit flexions to grasp the pellet, and abnormal coordination between the 490 
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hand and forearm. Reaching and grasping movements with the paretic hand became slower at 491 

Post 0.5h (T-test: reach T(586)=5.15, p=3.57x10
-7

, d=0.43; grasp T(586)=7.49, p=2.41x10
-13

, 492 

d=0.62) (Figure 2). In contrast, we found no change in reach (T(642)=1.26, p=0.21, d=0.099) or 493 

grasp duration (T(642)=-1.36, p=0.17, d=-0.11) with the left, ‘non-paretic hand’. For EMG signals, 494 

the pattern of activation was generally well-preserved during movements of the non-paretic arm 495 

(Figure 3). However, changes were apparent in some muscles of the paretic arm during reach and 496 

grasp after inactivation (Figure 3A) and there was a significant decrease of EMG amplitude in 497 

this arm (Figure 3B; paired T-test: aligned on Grasp Onset, T(12)=-4.129, p=0.0014, g=-0.44; 498 

aligned on Grasp Offset, T(12)=-5.985, p=6.36 x10
-5

, g=-0.85). In addition, no activity was 499 

observed in the ‘resting’ arm (i.e., opposite to the one performing trials) before or after 500 

inactivation. Thus, changes of neuronal activity after inactivation cannot be explained by the 501 

appearance or disappearance of covert, ‘mirror like’ EMG activity in the resting arm. After the 502 

Post 0.5h recording session, the monkeys were brought back to the home cage, where they could 503 

move freely, with unlimited access to water. 504 

We monitored the progression and extent of deficits caused by inactivation in additional 505 

recording sessions, 3h and 10h after the injection of Muscimol. After 3h (Post 3h), impairments 506 

with the right hand were so profound that the monkeys could no longer perform the task. 507 

However, they still attempted grasping when presented fruits. In some cases, this revealed a 508 

limited ability to move digits and an incapacity to produce a precision grip. In other cases, the 509 

paretic hand was completely flaccid. Importantly, in all cases, the monkeys attempted to reach to 510 

the fruit and eat it with no obvious proximal arm or orofacial movement deficits. This confirmed 511 

that the inactivation accurately targeted the M1 hand representation and was seemingly limited to 512 

this part of the brain in all inactivation experiments selected in the present study. At 10h post-513 
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inactivation (Post 10h), the deficits were generally much milder, and they were completely 514 

resorbed on the next day.  515 

 516 

The population of neurons recorded in PMv in the control condition 517 

Neuronal data from both monkeys were obtained during 21 recording sessions. For 8 of these 518 

sessions, there was no inactivation (Unmanipulated sessions). The 13 others were inactivation 519 

experiments. Combining data from the Unmanipulated sessions with data recorded prior to the 520 

injection of Muscimol in the inactivation experiments (i.e., session Pre), we identified 520 well-521 

isolated ‘control’ PMv neurons across both hemispheres.  522 

We characterized the population of neurons recorded by our arrays by determining their 523 

preferred epoch and hand (maximal discharge rate), as well as quantifying modulation patterns 524 

across epochs (T-test p<0.05; see Methods). The population comprised neurons active 525 

throughout the various epochs of the task (Figure 4). However, we found that there was a greater 526 

proportion of neurons with a maximal discharge rate (36.9% across both hands; Figure 4C) or 527 

being significantly modulated (82.3% across both hands; Figure 4D) during the grasp epoch. 528 

This was expected since the arrays were implanted in the region of PMv where the hand 529 

representation and neurons contributing to grasp are typically found (Tanji et al., 1988; 530 

Schmidlin et al., 2008). Neurons that were not modulated during any of these epochs of interest 531 

(9.4% across both hands) often showed modulation after the end of grasp or between trials, 532 

several seemingly related to orofacial movements such as chewing the reward.  533 

Most grasp-related neurons were significantly modulated during movements of both 534 

hands (i.e., hand non-specific; 71.3%; Figure 4E). Fewer neurons were modulated during 535 

movements of the contralateral hand only (16.8%) and fewer still during movements of the 536 
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ipsilateral hand only (11.9%). Together, these results demonstrate that a large proportion of PMv 537 

neurons recorded from our arrays were involved in grasping, and were active during movements 538 

of both hands, albeit with a slight predominance of modulation with movements of the 539 

contralateral hand. These findings are very much in line with previous reports of neuronal 540 

activity in PMv during hand movements while performing comparable tasks (Rizzolatti et al., 541 

1988; Tanji et al., 1988; Umilta et al., 2007; Michaels and Scherberger, 2018). 542 

 543 

The impact of inactivation on the pattern of modulation of all recorded neurons  544 

After Muscimol injection, we identified 293 well-isolated post-inactivation neurons, 138 in iPMv 545 

and 155 in cPMv. The inactivation of M1 in the left hemisphere induced changes of neural 546 

activity in both hemispheres that were readily observed in individual neurons (Figure 5). After 547 

inactivation, both decreases and increases of neural discharge rates were observed. In extreme 548 

cases, neurons completely stopped discharging during movements (e.g., Figure 5F), or neurons 549 

with little activity started to discharge large bursts (e.g., Figure 5L). The most pronounced 550 

changes were often observed in the grasp epoch, suggesting that neuronal activity was 551 

particularly affected during movements of the digits.  552 

We compared the entire population of control neurons to the population of post-553 

inactivation neurons (i.e., not limited to within-neuron analyses). To verify if the inactivation had 554 

an effect on PMv neurons when the animals were at rest, we looked at the firing rate during the 555 

pre-cue epoch, when the hand was at the home plate. We found that the discharge rate during the 556 

pre-cue epoch was similar in both hemispheres and regardless of which hand would be used, and 557 

that there were no interaction effects between these factors (3-way ANOVA p<0.05; see 558 

Methods). However, the firing rate of PMv neurons was significantly lower after inactivation 559 
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(F(1,1618)=14.4, p=0.0002, ηp
2
=0.0088). These results support that the inactivation resulted in a 560 

general decrease of neuronal activity in both hemispheres when the monkeys were not actively 561 

involved in the task. 562 

The M1 inactivation also affected the proportion of neurons modulated during grasp with 563 

the paretic hand in both iPMv (X
2

(2, N=658)=9.36, p=0.0093, V=0.084) and cPMv (X
2

(2, N=675) 564 

=19.76, p=5.11x10
-5

, V=0.12) (Figure 6A-B). When looking at the type of neurons affected, we 565 

found little difference in the proportion of neurons with a significant burst during grasp. Instead, 566 

neurons with a decrease of firing rate, or trough, during grasp were primarily affected (iPMv -567 

12.4%, Bonferroni corrected z-test, z=-2.91, p=0.0071, r=-0.22; cPMv -12.2%, z =-3.01, 568 

p=0.0053, r=-0.22). Finally, the inactivation affected the selectivity of neurons to the hand 569 

moved in both the iPMv (X
2

(2, N=543)=9.85, p=0.0073, V=0.095) and cPMv (X
2

(2, N=543)=15.05, 570 

p=5.39x10
-4

, V=0.12) (Figure 6C-D). In comparison to controls, the post-inactivation population 571 

had a greater proportion of neurons only modulated during use of the non-paretic hand in both 572 

iPMv (11.6%; z=3.14, p=0.0051, r=0.36) and cPMv (16.2%; z=3.84, p=3.65x10
-4

, r=0.37). It 573 

also had a lower proportion of hand non-specific neurons that was significant in cPMv (-15.6%; 574 

z=-3.18, p=0.0043, r=-0.17). A similar trend was observed in the iPMv, although it did not reach 575 

significance (-9.5%; z=-1.96, p=0.15, r=-0.1). This suggests that the lower proportion of neurons 576 

with trough during grasp with the paretic hand may be largely due a loss of neurons broadly 577 

tuned to movements of either hand (i.e., hand non-specific) that became only active during grasp 578 

with the non-paretic hand.  579 

 580 

Increases and decreases of firing rate in individual neurons during grasp 581 
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The greatest strength of our data is that the continuous recording before and after inactivation 582 

allowed us to quantify changes within individual neurons that remained well-isolated throughout 583 

any given inactivation experiment (within-neurons analyses; 94 in iPMv, and 138 in cPMv). The 584 

rest of our analyses were focused on this subpopulation of neurons.  585 

We quantified the incidence of neurons with increases or decreases of neural discharge 586 

rate at each moment in time throughout the grasp epoch (Figure 7). Changes in both iPMv and 587 

cPMv, with movements of either hand, were highly heterogeneous. While many neurons had 588 

increased firing rates, many others decreased their activity, perhaps to counterbalance each other. 589 

Nevertheless, specific and different general trends were present in the two hemispheres. In iPMv, 590 

a greater proportion of neurons decreased firing rate after inactivation, in particular when 591 

monkeys used the non-paretic hand. In contrast, a greater proportion of neurons increased 592 

discharge rate in cPMv, and the largest changes occurred at the end of grasp with the paretic 593 

hand.  These effects were clearly outside the realm of what could be expected by chance, when 594 

compared to Monte-Carlo simulated population changes (see methods). We confirmed that this 595 

increased neuronal activity during movement of the paretic arm was not associated with the 596 

appearance of covert EMG activity in the non-paretic arm (see Figure 3).  597 

 598 

Changes of peak timing in individual neurons following inactivation 599 

We investigated the effects of M1 inactivation on the timing of peak discharge of iPMv and 600 

cPMv neurons during grasp. When looking at all clearly isolated neurons before and after 601 

inactivation (Figure 8A-B), we found that timing was perturbed for many neurons in both 602 

hemispheres and these changes were greater during paretic hand movements. We quantified the 603 

changes of peak discharge timing for neurons with a clear burst during grasp (>1STD increase 604 
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from pre-cue epoch) and found a similar pattern of reorganization with this subpopulation 605 

(Figure 8C-D). In both iPMv and cPMv, several neurons showed altered peak discharge time, 606 

and more so during movements of the paretic hand. We interpret this as a de-synchronization of 607 

PMv neurons’ activity in relation to the various components of grasping movements after 608 

inactivation, that simultaneously occurs in both hemispheres. Interestingly, many well-isolated 609 

neurons in iPMv with a burst during grasp lost this burst after inactivation (n=18, 18.9%; Figure 610 

8C), and more so during movements of the non-paretic hand (n=11, 25.0%; left panel). In 611 

contrast, many neurons in cPMv that did not have peaks during grasp before inactivation had one 612 

after inactivation (n=27, 20.6%; Figure 8D), and more so during movements with the paretic 613 

hand (n=22, 30.1%; right panel).  614 

To give a better appreciation of the effect of the inactivation on the timing of peak 615 

discharge, we compared the effect of the inactivation with the impact of time during a control 616 

session that lasted approximately 1 hour. When comparing the peak discharge time of all the 617 

well-isolated neurons at the beginning and the end of that recording session (Figure 9A), the 618 

timing of discharges appeared much more stable than what we found after inactivation. Using 619 

neurons with a clear burst during grasp, we compared the changes of peak discharge time for 620 

these control neurons to the ones caused by inactivation (i.e., neurons from Figure 8C-D). The 621 

variance of peak discharge time was significantly lower in the control session (Bartlett’s statistic 622 

X
2

(4, N=199)=70.53, p=1.76x10
-14

). This was true for iPMv neurons during movements of the non-623 

paretic and paretic arm (post-hoc 2-sample F-tests F(34,29)=0.053, p=4.16x10
-13

 and F(34,37)=0.081, 624 

p=7.29x10
-11

, respectively), and for cPMv also during movements of the non-paretic and paretic 625 

arm (F-tests F(34,48)=0.11, p=1.53x10
-9

 and F(34,46)=0.041, p=1.08x10
-15

, respectively).  626 
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Overall, it seems that M1 inactivation led to a profound alteration of peak discharge 627 

timing in PMv that was generalized to both hemispheres, and during grasping with the non-628 

paretic and the paretic arm. These circuit-wide changes also involved the disappearance of 629 

discharge bursts for many neurons in iPMv and the emergence of novel discharge bursts for 630 

many neurons in cPMv. 631 

 632 

Changes of peak amplitude at the time of peak discharge of individual neurons 633 

To consider both firing rate and peak timing, we looked at firing frequency at the time of peak 634 

discharge of individual neurons (Figure 10). For iPMv, given the large count drop of neurons 635 

with a detectable peak after inactivation, we identified peak discharge time during grasp prior to 636 

inactivation for each neuron and compared the discharge rate at this time before and after 637 

inactivation. This time alignment highlights that iPMv neurons had a large decrease of activity at 638 

the time during grasp when they were most active prior to inactivation. These changes were 639 

greater during movements with the non-paretic hand (Figure 10A). When comparing the firing 640 

rate at the time of peak discharge (Figure 10B), there was a significant decrease during 641 

movements of the non-paretic (T(40)=-3.25, p=0.0023, d=-0.51) and the paretic hand (T(44)=-2.94, 642 

p=0.0052, d=-0.44). No such decrease was observed in cPMv using this time alignment (p>0.05).  643 

In cPMv, because many neurons started to have significant bursts only after inactivation, 644 

we identified the peak discharge time of each neuron after inactivation and compared the 645 

discharge rate at this time before and after inactivation. While there was no change when 646 

monkeys moved the non-paretic hand, there was a sharp increase of maximal discharge rate 647 

during grasp with the paretic hand (Figure 10C). This time alignment highlights that during 648 

movements with the paretic hand, cPMv neurons had increased discharge or new bursts at a time 649 
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during grasp when they were much less active before inactivation. Peak firing frequency of 650 

cPMv neurons was unaffected during movement with the non-paretic hand (Figure 10D; 651 

T(53)=0.55, p>0.05, d=0.074) and was significantly increased during grasp with the paretic hand 652 

(T(68)=6.37, p=1.90x10
-8

, d=0.77). Using this timing alignment, no such increase was observed in 653 

iPMv (p>0.05).  654 

Although these population changes were supported by neurons that either lost their 655 

discharge peaks (i.e., in iPMv) or had new ones (i.e., in cPMv), the same trends were observed 656 

when only looking at neurons that had detectable peaks before and after inactivation. Within this 657 

subpopulation of neurons, there was also a decrease of activity in iPMv during grasp with the 658 

paretic (-6.15 spikes/sec; T(37)=-2.37, p=0.023, d=-0.32) and the non-paretic hand (-5.69 659 

spikes/sec; T(29)=-3.1, p=0.0043, d=-0.38). In cPMv, there was no changes during movements of 660 

the non-paretic hand (p>0.05), but a sharp increase of activity during movements of the paretic 661 

hand (4.06 spikes/sec; T(46)=3.97, p=2.49x10
-4

, d=0.58).  662 

Together, these findings confirm that two very different phenomena occurred 663 

simultaneously in iPMv and cPMv after inactivation. Neurons in iPMv decreased firing at the 664 

time when they were most active and neurons in cPMv started bursting at a time when they were 665 

less active before inactivation.  666 

 667 

Progression of altered neuronal discharge pattern with time after Muscimol injection 668 

Finally, we wondered whether the changes in neural activity observed at the onset of 669 

impairments would increase along with time and the progression of motor deficits after the 670 

Muscimol injection. We tracked a subset of electrodes with stable recordings across Post 0.5h, 671 

3h, and 10h sessions (i.e., consistently well-isolated and similar spike shape), and thus that we 672 



 

 34 

could reasonably assume to come from the same neurons. In addition, these neurons all had their 673 

maximal peak discharge during grasp with the non-paretic hand prior to inactivation (n=11 674 

iPMv, 34 cPMv neurons). We focused on the non-paretic hand since the monkeys were unable to 675 

perform the task with the paretic hand at Post 3h (see above).  676 

Looking at individual neurons, we found examples with increases and with decreases of 677 

activity following inactivation (Figure 11A). We quantified the mean spike firing rate during 678 

grasp of the neuronal population and compared the different data collection sessions. Since we 679 

did not observe a main effect of area (iPMv, cPMv) nor interaction between area and session 680 

(Pre, Post 0.5h, 3h, 10h) (repeated measures two-way ANOVA; F(3,129)=0.67, p=0.57, 681 

ηp
2
=0.013), we merged the neuronal populations from the two hemispheres. With this analysis, 682 

there was a trend of a progressive decrease of firing rate for Post 0.5h and Post 3h sessions and a 683 

return toward baseline for Post 10h (Figure 11B). However, the main effect of session was not 684 

significant (F(3,132)=1.84, p=0.14, ηp
2
=0.04). We then compared the discharge amplitude of the 685 

population at the time of their maximal discharge prior to inactivation (Figure 11C-D). Again, 686 

since we did not observe any significant interaction between area and session (F(3,129)=0.52, 687 

p=0.66, ηp
2
=0.012), we merged the two populations. With this analysis, there was a significant 688 

effect of session (F(3,132)=4.21, p=0.007, ηp
2
=0.087). While there was no difference between Pre 689 

and Post 0.5h (Bonferroni corrected paired T-test; T(44)=-1.72, p=0.08, d=-0.26), there was a 690 

significant decrease in peak neural activity at Post 3h (T(44)=-3.49, p=6.67x10
-4

, d=-0.52), when 691 

behavioral deficits were most pronounced. At Post 10h, neural activity seemed to have 692 

recovered, returning to Pre-inactivation levels (T(44)=-1.17, p=0.24, d=-0.17). These analyses 693 

support that the changes of neuronal activity at Post 0.5h reflect the level impairments and that 694 
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they likely progressed in a similar manner, becoming more pronounced as behavioral deficits 695 

worsened.  696 
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Discussion 697 

 698 

We investigated the impact of a cortical lesion in M1 on neuronal activity of PMv in the ipsi and 699 

contralesional hemispheres while monkeys produced grasping movements. To do so, we used 700 

reversible inactivation of M1 with an agonist of the neurotransmitter GABA, Muscimol. GABA 701 

is ubiquitously present in the neocortex and cortical injections of Muscimol lead to 702 

hyperpolarization of all neuron types (Matsumoto, 1989; Martin and Ghez, 1999). The discharge 703 

rate of these neurons is profoundly reduced or completely abolished (Hess and Murata, 1974), 704 

causing hypometabolism in the affected region (Martin, 1991). Several experiments support that 705 

the behavioral effects of Muscimol inactivation are comparable to the ones observed acutely 706 

after permanent brain lesions. For example, Muscimol inactivation or permanent lesion in the 707 

motor cortex can both cause movement trajectory errors, impaired dexterous hand control, and 708 

loss of independent finger movements (Martin and Ghez, 1993; Hoffman and Strick, 1995; 709 

Schieber and Poliakov, 1998; Brochier et al., 1999; Nudo et al., 2003; Hoogewoud et al., 2013). 710 

Muscimol is thus considered an acceptable tool to study the acute effects of injuries in the brain. 711 

In the present study, we favored reversible inactivation techniques over more clinically 712 

relevant brain injury models to continuously record isolated neurons before and after the onset of 713 

motor deficits. This powerful approach helped us reveal that extensive and complex neuronal 714 

reorganization takes place in both hemispheres, at the very onset of behavioral impairments. We 715 

view this rapid reorganization as a consequence of the disruption of the motor network’s 716 

homeostasis (von Monakow, 1914; Carrera and Tononi, 2014). We thus expect that changes of 717 

comparable magnitude simultaneously take place in other brain regions interconnected with the 718 

site of injury. Because of the very short delay after injury, molecular and cellular processes 719 



 

 37 

specific to the type of injury (e.g., traumatic or ischemic, etc.) probably have little impact on 720 

neuronal reorganization at this point, but instead become involved later during recovery. 721 

Accordingly, the changes we describe should have many common features with the ones evoked 722 

acutely after any type of lesion in the brain.  723 

 724 

Bihemispheric detuning of neuronal activity in PMv during grasp with the paretic hand 725 

It is well known that some PMv neurons pause during movements of the hand (Tanji et al., 726 

1988). After inactivation of M1, we found that trough neurons in both hemispheres were more 727 

likely to lose their tuning to grasp with the paretic hand. In the oculomotor system, inhibitory 728 

interneurons are tonically active to prevent unwanted movements. When they pause, the release 729 

of inhibition favors the firing of excitatory neurons driving motor outputs (Evinger et al., 1982; 730 

Pare and Guitton, 1998). One possibility is that trough neurons in PMv serve a comparable 731 

purpose. If so, their loss in iPMv after brain injury could favor the generation of undesirable co-732 

contractions and impair individuated finger movements (Lang and Schieber, 2004). The presence 733 

of such a gating mechanism in the premotor cortex is, however, uncertain (Kaufman et al., 2010). 734 

In cPMv, the decrease of hand non-specific neurons and the increase of neurons modulated with 735 

movement of only the non-paretic hand could support compensatory behavior with the non-736 

paretic hand (Jones, 2017).   737 

 A conspicuous impact of inactivation was the alteration of discharge burst timing during 738 

grasp. These changes were also observed in iPMv and cPMv, and more pronounced with 739 

movements of the paretic hand. Similarly, stroke in the somatosensory cortex induces chronic 740 

impairments in the temporal fidelity of responses to peripheral stimulation (Sweetnam and 741 

Brown, 2013), which could be due to a dysfunction of the corticothalamic feedback circuit 742 
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involved in the inhibition of thalamocortical neurons (Paz et al., 2010). In the visual system, 743 

corticothalamic feedback from the visual cortex to the lateral geniculate nucleus is involved in 744 

spike-timing precision of thalamic neurons’ responses to incoming visual signals (Hasse and 745 

Briggs, 2017). It is thus possible that changes in the timing of neuronal activity in PMv during 746 

grasp is due to the loss of corticothalamic signals from M1 that indirectly affect inputs to PMv. 747 

Alternatively, timing abnormality could be caused by the loss of feedback of cortical projections 748 

from M1 to iPMv and cPMv (Dancause et al., 2007; Hamadjida et al., 2016). In any case, our 749 

results suggest that brain injuries immediately have a major impact on the timing of neuronal 750 

activity in spared cortical areas, across the bihemispheric network. The restoration of proper 751 

timing or retuning of the neuronal discharges in these areas may thus be an important contributor 752 

to recovery. Along these lines, activity-dependent stimulation was used to resynchronize the 753 

neuronal activity of spared motor and somatosensory cortex after brain injury in rats 754 

(Guggenmos et al., 2013). Remarkably, this precisely timed, closed-loop approach contributed 755 

more effectively to recovery than stimulation delivered using arbitrary timing, in an open-loop 756 

design.   757 

 758 

Hemisphere-specific alteration of neuronal activity in PMv  759 

The reorganization of iPMv and/or cPMv activity during movement of the paretic hand is one of 760 

the most consistent findings across human imaging studies after stroke (Rehme et al., 2012). The 761 

neuronal correlate to this metabolic reorganization is, however, largely unknown. Previous 762 

invasive studies have shown that cortical injury can induce bihemispheric neuronal 763 

reorganization, with a decrease of responses in the ipsilesional and an increase in the 764 

contralesional hemisphere (Sigler et al., 2009; Mohajerani et al., 2011). However, these studies 765 
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have provided little insight into changes that occur in the motor network during active generation 766 

of movements and have been essentially limited to rodents. This is further complicated by the 767 

equivocal homology between the rostral motor area in rodents and premotor cortex of primates 768 

(Rouiller et al., 1993; Touvykine et al., 2020). Our findings clarify these issues by showing rapid 769 

and heterogeneous effects of brain injury on neuronal activity in the premotor cortex of non-770 

human primates during the generation of hand movements.  771 

Several of our analyses indicate a decrease of activity in iPMv. This decrease might in 772 

part explain the reduction of EMG activity observed during the movement of the paretic hand. 773 

However, it is worth nothing that iPMv activity was more affected during movements with the 774 

non-paretic arm, for which we found no changes of EMG. This suggests that at least some 775 

reorganization in iPMv was due to other factors such as, for example, a disruption of interactions 776 

between neurons within iPMv or with cPMv across the hemispheres. In addition, the decreased 777 

firing rate of some iPMv neurons could be caused by changes of interactions with other neurons 778 

in distant cortical areas of the grasping network (Davare et al., 2011), also likely affected by the 779 

injury.  780 

Among ipsilateral premotor areas, PMv has the most numerous projections to M1 (Dum 781 

and Strick, 2005) and bears powerful facilitatory effects on M1 outputs (Cerri et al., 2003; 782 

Quessy et al., 2016). Interestingly, several studies in monkeys looking at iPMv in the chronic 783 

phase of recovery after brain injury have reported profound physiological and anatomical 784 

reorganization (Dancause et al., 2005; Dancause et al., 2006; Yamamoto et al., 2019). The 785 

contribution of iPMv to recovery has also been supported in pharmacological inactivation studies 786 

(Murata et al., 2015). If the decrease of neuronal activity in iPMv persists during recovery, it 787 

could thus contribute to impairments of movements with the paretic hand. To counter the acute 788 
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decrease of activity in iPMv, it may be interesting to deliver excitatory neuromodulatory 789 

protocols to this area early after stroke, for example using high frequency rTMS (Pascual-Leone 790 

et al., 1994).  791 

Our data also highlight that in awake monkeys, the increased neuronal activity in the 792 

contralesional hemisphere is movement and effector specific. After injury, the firing rate in PMv 793 

of both hemispheres was actually lower at rest. The neuronal activity in cPMv was only 794 

increased with the paretic hand, at the end of grasp. This timing suggests it occurred while the 795 

monkeys attempted to hold the reward and initiate the movement back to the mouth. The novel 796 

activity may thus be due to a mismatch between the predicted and effective movement (Wolpert 797 

and Miall, 1996) or the visual detection of end-point errors (Inoue et al., 2016). If this is the case, 798 

it is intriguing that such an error signal would be present in cPMv, but not detectable in iPMv. 799 

Regardless of its cause, increased neuronal discharges in cPMv could potentially have negative 800 

effects on the generation of paretic hand movements. Inversely to iPMv, cPMv exerts strong 801 

inhibition on the production of M1 outputs (Quessy et al., 2016; Cote et al., 2020). The 802 

application of inhibitory stimulation protocols over cPMv early after brain injury, for example 803 

using low frequency rTMS (Chen et al., 1997), could thus be a valid strategy to help recovery of 804 

hand movements. However, given the specificity of neuronal changes in cPMv, perhaps activity-805 

dependent, closed-loop modulation would be more effective. This could be achieved, for 806 

example, using disruptive single TMS pulse to this area (Day et al., 1989) at the end of grasp 807 

with the paretic hand.  808 

 809 

The impact of rapid neuronal reorganization after brain injury on recovery  810 
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Longitudinal imaging studies in both animals and humans tend to support that the initial impact 811 

of brain injury is profound, inducing changes across multiple areas in both hemispheres 812 

(Dijkhuizen et al., 2003; Rehme et al., 2012). Behavioral recovery is accompanied by a return 813 

toward normal functional connectivity in the network and refocusing of activity in the 814 

ipsilesional hemisphere, in particular in M1 (Grefkes and Fink, 2014). It should be kept in mind 815 

that these correlational studies provide limited information about the functional role of the 816 

changes that take place in the brain. Early changes could reflect negative processes that 817 

contributed to impairments. Alternatively, they may reflect rapid adjustments in the circuit to 818 

compensate for the neuronal loss caused by the lesion and preserve some residual function. 819 

Either way and importantly, the magnitude of early hemodynamic changes correlates with 820 

impairments (Weber et al., 2008; Rehme et al., 2011; van Meer et al., 2012) and has a predictive 821 

value for motor recovery (Marshall et al., 2009; Rehme et al., 2015; Hannanu et al., 2017). Early 822 

shifts of neuronal activity can thus affect subacute reorganization and, consequently, recovery.  823 

Despite the general trends in the two hemispheres, one striking feature in our data was the 824 

heterogeneity of effects across neurons. This diversity likely reflects the complexity of neuronal 825 

processing that takes place in PMv (Rizzolatti and Luppino, 2001). The initial impact of the 826 

lesion on a PMv neuron may vary with its function prior to the lesion and the specific 827 

interactions it entertained with the site of injury. This heterogeneity may create an unstable state 828 

that is particularly malleable, and that offers a window of opportunity for external manipulation. 829 

Supporting this view, inactivation of the contralesional hemisphere in rats increased recovery 830 

when initiated rapidly after stroke, but failed to do so when longer delays were used (Mansoori et 831 

al., 2014; Dancause et al., 2015). Similarly, in humans after stroke, repetitive TMS (rTMS) 832 

seems to be more beneficial when started early after the lesion (van Lieshout et al., 2019). With 833 
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time after injury, shifts in the neuronal population may become more uniform across the area and 834 

stabilize, decreasing the potential impact of treatments. Obviously, the progression of neuronal 835 

reorganization after brain injury will have to be investigated to verify these hypotheses. 836 

However, our data clearly highlights the complexity of the reorganization triggered by acute 837 

brain injuries, at the very onset of motor impairments. A better knowledge of these changes will 838 

lead to the elaboration of new hypotheses for the design of neuromodulatory strategies that target 839 

specific neuronal mechanisms, in different components of the network, to favor recovery.   840 
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Figures 1046 

Figure 1. Experimental design. A) Illustration of the task (left panel). To initiate trials, the 1047 

monkey placed the hand in the home plate (red arrowhead; bottom right inset). After a variable 1048 

delay, a pellet was delivered in a distribution slot (green arrowhead) containing a food well (top 1049 

right inset). Trial events and epochs (right panel). The home plates and slots were equipped with 1050 

infrared LED sensors that reported trial events used to define trial epochs for neuronal analyses 1051 

(see Methods). B) Reconstruction of the location of the electrode arrays in the two monkeys 1052 

relative to the sulci and the location of the chamber (black square). The Muscimol injection sites 1053 

for the different experiments are shown in the chamber. AS: arcuate sulcus; CS: central sulcus; 1054 

L: lateral; R: rostral. C) Schematic representation of iPMv and cPMv, and the paretic and non-1055 

paretic hands in relation to the location of the inactivation, which was always in the left M1. 1056 

 1057 

Figure 2. Impact of the inactivation on movement duration 0.5h after injection of 1058 

Muscimol. A) Average reach and grasp duration (±SEM) before (Pre) and 0.5h after injections 1059 

of Muscimol (Post 0.5h) during movement of the non-paretic (A) and paretic arm (B). Data from 1060 

all sessions for both monkeys are combined. While no changes were observed with the left, ‘non-1061 

paretic hand’ (blue bars), both reach and grasp duration were increased with the right, ‘paretic 1062 

hand’ (red bars). ***p<0.001, unpaired T-tests.  1063 

 1064 

Figure 3. Impact of the inactivation on EMG activity 0.5h after injection of Muscimol. A) 1065 

Mean rectified and filtered EMG traces in the various muscles recorded during grasp with the 1066 

non-paretic arm (left panel) and the paretic arm (right panel) in Monkey M (top) and Monkey S 1067 

(bottom). In each plot, EMG traces are shown aligned on Grasp Onset and Grasp Offset using the 1068 
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same time widows used for the neuronal analyses. For each monkey, data from successful trials 1069 

across inactivation experiments are combined. For each muscle, the average EMG trace of trials 1070 

collected after inactivation (Post 0.5h; black line) is overlapping the standard deviations from the 1071 

mean (STD) of trials collected before inactivation (shaded gray). B) Quantification of EMG 1072 

changes after inactivation using the area under the curve of the average EMG trace across 1073 

recorded muscles. During trials with the non-paretic arm (left plots), there were no significant 1074 

changes of EMG activity in the moving arm (i.e., non-paretic arm, blue bars) after inactivation. 1075 

This was true both at the onset and the offset of grasp. Little EMG activity was present in the 1076 

resting arm (i.e., paretic arm), and the inactivation did not cause any changes. During trials with 1077 

the paretic arm (right plots), there was little activity in the non-paretic arm (i.e., resting arm), 1078 

both before and after the inactivation. However, there was a significant decrease of EMG activity 1079 

in the paretic arm (i.e., moving arm; red bars), both at the onset and the offset of grasp. 1080 

**p<0.01; ***p<0.001. 1081 

 1082 

Figure 4. Population of control neurons recorded in PMv. Data from the two hemispheres in 1083 

both monkeys were pooled for analyses of control neurons. A-B) Heat plots of the spike density 1084 

estimate normalized to the maximal firing rate for all PMv neurons during movements of the 1085 

ipsilateral (A) and contralateral (B) hand. Neurons are ordered separately for each hand based on 1086 

the time of maximal discharge relative to Grasp Onset. Time is in seconds (s). C) Proportion of 1087 

neurons with their maximal discharge rate in the various task epochs, during movement of either 1088 

the ipsi or contralateral hand. Note that there is only one count per neuron, across both the task 1089 

epochs and hand used. There was a greater proportion of neurons with a maximal discharge rate 1090 

during the grasp epoch and with the contralateral hand. D) Proportion of neurons with significant 1091 
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modulation of discharge rate during the various task epochs (T-test; p<0.05). Categories are not 1092 

mutually exclusive. There was a greater proportion of neurons being significantly modulated 1093 

during the grasp epoch. E) Modulation of neurons during the various task epochs in function of 1094 

the hand used. For each epoch, only neurons modulated during the use of either hand in that 1095 

specific epoch are included (sum = 100% per epoch.) Most grasp-related neurons were 1096 

significantly modulated during movements of both hands. 1097 

 1098 

Figure 5. Example neurons with altered pattern of discharge after inactivation. Neurons 1099 

recorded in iPMv (A-F) and cPMv (G-L) during movements of the non-paretic (left, blue) and 1100 

paretic hand (right, red). For each neuron, the top panel shows the average spike shape (STD 1101 

with gray shading; left) and the inter spike interval count histogram (right), before (top) and after 1102 

inactivation (bottom). Below are the density estimate (SDE) curves and finally the raster plot of 1103 

individual trials before (Pre) and 0.5h after inactivation (Post 0.5h). Data are aligned on Grasp 1104 

Onset (time=0) and time is in seconds (s). Colored markers in the raster plots show the timing of 1105 

other events in each trial (C=GO cue; R=Reach Onset; G=Grasp Onset; E=Grasp Offset). While 1106 

many neurons were affected in both hemispheres, there was a great variability in the nature of 1107 

the changes observed in each area.  1108 

 1109 

Figure 6. Changes across the PMv neuronal population after inactivation. A-B) Proportion 1110 

of neurons modulated during grasp (T-test<0.05) in iPMv (A) and cPMv (B) during movement 1111 

of the non-paretic (blue bars) and paretic hand (red bars). The proportion of neurons with 1112 

increased discharge rates during grasp, or bursts, is shown above the x-axis and the proportion of 1113 

neurons with decreased discharge rate, or trough, is below. After inactivation, there was a lower 1114 
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proportion of neurons with trough during grasping with the paretic hand in both hemispheres. C-1115 

D) Proportion of neurons modulated in function of the hand used in iPMv (C) and cPMv (D). 1116 

After inactivation, there was a higher proportion of neurons modulated only during movements 1117 

of non-paretic hand (blue bar) in both hemispheres and a decrease of neurons modulated during 1118 

grasp with either hand (i.e., ‘hand non-specific’; purple bar) in cPMv.  * p<0.05, ** p<0.01, *** 1119 

p<0.001. 1120 

 1121 

Figure 7. Incidence of neurons with increases and decreases of discharge rate during grasp. 1122 

Changes of firing rate in iPMv (A) and cPMv (B) across normalized time during grasp with the 1123 

non-paretic hand (left column) and the paretic hand (right column). All clearly isolated neurons 1124 

before and after inactivation are included in this analysis, independently of their tuning to the 1125 

task epochs (n=94 in iPMv; n=138 in cPMv). In each panel, the top plots show the cumulative 1126 

sum of the difference between the total population of neurons with increases and decreases of 1127 

firing rate across time bins (black trace) with the mean and 95% quantile of randomly simulated 1128 

values (gray line and shadow). The bottom color plots show the percentage of neurons with 1129 

‘significant’ (unpaired T-tests with p<0.05; see Methods) increases (green) or decreases (gray-1130 

blue) in discharge rate at each moment during grasp. The white trace is the difference in the 1131 

proportion of all clearly isolated neurons with ‘significant’ increases and decreases of activity. 1132 

The red shaded area and line show the same difference but using all neurons, including those 1133 

with ‘non-significant’ changes. In iPMv, more neurons showed decreased discharge rate after 1134 

inactivation. This population accumulated with time during grasp, in particular with the non-1135 

paretic hand. In cPMv, more neurons showed decreased discharge rate after inactivation. This 1136 
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population accumulated with time during grasp, in particular with the paretic hand. 0=Grasp 1137 

Onset; 100=Grasp Offset. 1138 

 1139 

Figure 8. Changes in the timing of peak discharge during grasp after inactivation. A-B) 1140 

Heat plots of the spike density estimate during grasp for all iPMv (A) and cPMv (B) neurons 1141 

well-isolated both before and after inactivation (within-neuron analysis) in normalized time. Left 1142 

and right panels show activity during movements with the non-paretic and paretic hand, 1143 

respectively. To emphasize timing shifts over changes in firing rate, the discharge rate of each 1144 

neuron across time is normalized to its peak value. Neurons are ordered based on the time of 1145 

their peak discharge relative to Grasp Onset before inactivation (Pre; top row) and the order is 1146 

kept constant 0.5h after the inactivation (Post 0.5h; bottom row). Grasp Onset=0 and Grasp 1147 

Offset=100. C-D) Peak discharge time of iPMv and cPMv neurons with clear discharge burst 1148 

during grasp before inactivation (‘Pre-Peak’, x-axis) and/or after inactivation (‘Post-Peak’, y-1149 

axis) in normalized time. Colored symbols (+; blue = non-paretic hand; red = paretic hand) and 1150 

numbers are for neurons with detectable bursts (>1STD increase from pre-cue epoch) before and 1151 

after the inactivation. Additional well-isolated neurons that either stopped or started having a 1152 

detectable burst during grasp after inactivation are plotted along the axes (gray x symbols and 1153 

numbers). The inactivation affected the temporal pattern of neuronal discharge in both iPMv and 1154 

cPMv, more so during use of the paretic hand. In iPMv (C), many well-isolated neurons with a 1155 

burst during grasp lost this burst after inactivation. When considering the entire population of 1156 

neurons that had detectable burst during grasp, either before and/or after inactivation (n=44 for 1157 

the non-paretic arm and n=51 for the paretic arm), a total of 18 neurons (18.9%) lost this burst 1158 

after inactivation (n=11 for the non-paretic arm and n=7 for the paretic arm; gray x symbols and 1159 
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count on top of plots). Thus, the loss of modulated neurons was greater during movements of the 1160 

non-paretic arm (11 out of 44; 25.0%). In cPMv (D) many neurons that did not have peaks 1161 

during grasp before inactivation had one after inactivation. Out of the entire population (n=58 for 1162 

the non-paretic arm and n=73 for the paretic arm), 27 neurons (20.6%) showed a new burst of 1163 

activity after inactivation and many more during movements of the paretic arm (22 out of 73; 1164 

30.1%).  1165 

 1166 

Figure 9. Comparison of variability for the timing of peak discharge in an unmanipulated 1167 

session. A) We selected the longest unmanipulated session during which we recorded 1168 

continuously (duration ~1 hour) and identified all well-isolated units in PMv of both 1169 

hemispheres. As in Figure 8A-B, the heat plots show the spike density estimate of these control 1170 

neurons during the first 25 trials (top) and last 25 trials (bottom). The left and right plots show 1171 

data during trials with the ipsilateral and contralateral hand, respectively. Peak discharge timing 1172 

was largely preserved across control neurons. Grasp Onset=0 and Grasp Offset=100. B) Box and 1173 

whisker plot of the change of peak discharge time of PMv neurons with clear discharge burst 1174 

during grasp. The plot compares PMv neurons from the same unmanipulated recording session 1175 

(black) to neurons recorded in iPMv and cPMv in inactivation experiments (i.e., from Figure 8C-1176 

D). The variance of peak discharge time was significantly greater after inactivation, for both 1177 

iPMv and cPMv neurons, and this was true during movements of the non-paretic (blue) and 1178 

paretic arm (red). ***p<0.001.  1179 

 1180 

Figure 10. Changes induced by inactivation at the time of peak discharge. A) Average spike 1181 

density of iPMv neurons during grasp before (dotted line; gray shade=±SEM) and after 1182 
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inactivation (solid line; blue shade=±SEM), when the activity is aligned to the time of peak 1183 

discharge prior to inactivation, in normalized time. Colors on the solid line report time bins for 1184 

which the average firing rate of the population was ‘significantly’ different after inactivation 1185 

(yellow: paired T-test p-value <0.05; red: paired T-test p-value <0.01). There was a decrease of 1186 

activity during grasp that was more pronounced during movements of the non-paretic hand (left 1187 

panel). Grasp Onset=0, Grasp Offset=1. B) Comparison of spike discharge rate of iPMv neurons 1188 

before and after inactivation (paired T-test at time 0). There was a significant decrease of peak 1189 

firing rate with movements of both the non-paretic (left; blue) and paretic hand (right; red). C) 1190 

Average discharge rate of cPMv neurons, when the activity is aligned to the time of peak 1191 

discharge after inactivation. There was a sharp increase of activity during movements of the 1192 

paretic hand (right panel). D)  There was a significant increase of peak firing rate with 1193 

movements of the paretic hand at the time of maximal discharge during grasp (right; red). 1194 

**<0.01; ***<0.001. 1195 

 1196 

Figure 11. Progression of neuronal changes in PMv with time after Muscimol injection. A) 1197 

Examples of well-isolated neurons, showing decreases (left and middle column) and increases 1198 

(right column) of activity during use of the non-paretic hand in real time (s). There is a clear 1199 

impact of the inactivation on neural activity at time Post 0.5h and Post 3h. At time Post 10h, the 1200 

firing rate tended to return toward pre-inactivation values. B) Average firing rate during grasp. 1201 

The neuronal population showed a similar trend across different data collection time points. The 1202 

largest change from baseline was observed at Post 3h, with a return toward baseline at Post 10h. 1203 

C) Profile of peak discharge of PMv neurons at Post 0.5h, Post 3h and Post 10h, when aligning 1204 

data using the time of peak maximal discharge of each neuron prior to inactivation in normalized 1205 
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time (Pre-Peak). The average firing rate progressively decreased at Post 0.5h and Post 3h and 1206 

then came back toward pre-inactivation values at Post 10h. D) Maximal peak discharge rate 1207 

(±SDE) using Pre-Peak time alignment. There was a significant decrease at Post 3h. At Post 10h, 1208 

neural activity seemed to have recovered, returning to Pre-inactivation levels. ***p<0.001. 1209 

 1210 
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