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Materials and Methods 

Animals 

Two male rhesus macaques (Macaca mulatta: Mk1, 8 years, and Mk2, 10 years) were used in the 

experiments. The facilities provide cage size exceeding the requirements of Italian and European 

regulations, and daily access to an enriched environment including wooden structures and various 

toys. The experimental protocols complied with the European law on the humane care and use of 

laboratory animals (Directive 2010/63/EU), were approved by the Veterinarian Animal Care and 

Use Committee of the University of Parma and authorized by the Italian Ministry of Health. 

Apparatus and behavioral paradigm 

The two monkeys were trained to autonomously enter a primate chair and to be transported in the 

laboratory. Both monkeys were chronically implanted with a titanium head post (Crist Instruments, 

Hagerstown, MD, USA) to perform head-fixed sessions. Once fully trained to have their head fixed 

and receive solid and liquid rewards, they were trained to perform forelimb and mouth motor 

actions under conventional laboratory conditions at the center of the NeuroEthoRoom (NER), 

which allowed us to monitor the animals’ behavior with a multicamera system. The NER is a 

transparent Plexiglas enclosure (W x H x D, 205 x 205 x 180 cm), surrounded by a system of 8 

color cameras, which enabled us to record the macaque behavior at 50 Hz throughout the sessions, 

synchronized with the neural data acquisition system (see below).  

The experimental session and data acquisition included two steps: first, neuronal activity 

and behavior were recorded in a restrained context (RC), in which the monkey was head-fixed in 

the primate chair at the center of the NER; next, in the second part of the recording session, the 

same cells and the monkey’s behavior were recorded in a freely moving context (FMC), by leaving 

the monkey free to move in the NER enriched with a wooden structure and a rope for climbing, 

seeds and small pieces of food on the floor for foraging, and fruit morsels hanged on hooks lowered 

from above through transparent wires, allowing the monkey to catch them on the fly.  

In the RC, we could study neuronal activity while monkeys were performing different types 

of actions.  

Reaching-grasping actions. Starting with its hand from an initial position close to its body, the 

monkey reached and grasped a piece of food positioned on a tray and suddenly presented by the 

experimenter lifting a shutter within the animal’s reach; the monkey grasped the food with a 

spontaneously selected grip (typically a side grip, performed by opposing the thumb with the 

lateral part of the index finger) and brought it to the mouth to eat. For each action at least ten trials 

were collected, interleaving trials performed with the monkey’s right and left hand. 

Mouth actions. The monkey was given directly in its mouth the same type of food morsels used 

for the reaching-grasping actions by the experimenter using a stick, to test biting of the food 

without the use of the hand. Furthermore, the monkey was given some drops of juice with a plastic 

syringe, which it sucked and drunk without the use of the hands. Also in these cases, at least 10 

trials for each action were collected. 

At the end of the testing phase in the RC, the monkey’s head was released, and the animal 

in the primate chair was moved out of the cage temporarily (approximately 10 minutes) while the 

NER was enriched by the experimenters with the items needed for the subsequent phase of the 

session. Next, the monkey was allowed to enter the NER directly from the primate chair, through 



 

 

 

 

a vertical sliding door in the frontal part of the NER. In the FMC, the monkey could spontaneously 

explore all the volume of the NER and express any possible type of behavior with no restrictions. 

In order to elicit at least the same actions that could be tested in the RC, the experimenter 

periodically offered juice to the monkey using the same syringe employed in the RC, introducing 

it through small apertures in the Plexiglass walls, and pieces of food with the same stick used in 

RC, to elicit biting when taking food directly with its mouth. Additionally, it could forage from 

the ground and catch fruit morsels lowered into the NER through transparent wires hanging from 

the ceiling. In addition, many other different actions spontaneously occurred (e.g. scratching, 

climbing, yawning, walking, etc.), with considerable variability in their frequency across sessions, 

as they entirely depended on the monkey’s willingness to produce them. 

 

Surgical procedures 

Each monkey underwent three surgeries: first, they received the titanium head-post, and 

subsequently each animal was implanted with a variable number of 32-channel floating 

microelectrode arrays (FMA, Microprobes for Life Science, Gaithersburg, MD, USA) in both 

hemispheres at different times. In particular, first we implanted the left hemispheres (n = 4 probes 

in Mk1; n = 6 in Mk2, of which 5 were used for this study, Fig. S1A) and then the right hemispheres 

(n=6 probes in both monkeys, Fig. S1A). A customized recording chamber equipped with a 

regularly spaced grid was secured to the skull with bone screws and dental cement, acting as a 

connector block for 32 channel Omnetics connectors (Fig. S1B). The chamber housed the cables 

coming from the arrays and was partially filled with liquid dental cement, which rapidly solidified 

isolating its inner part from the outside, and then further protected with QuickCast silicone. The 

Omnetics connectors were locked to the grid by a further plastic block screwed on top of them, 

and finally the chamber was closed with a cover screwed to it. During neural data logging, a 

further, larger protective cover was fixed and screwed on top of the chamber, allowing to house 

and protect the neural data loggers and the battery pack (Fig. S1B and C). 

All surgeries were carried out under general anesthesia, in aseptic conditions, followed by 

postsurgical pain medications. Animals were prepared for the anesthesia by administering atropine 

(0.03 mg/kg) 15 minutes prior to the induction of anesthesia with ketamine (4.5 mg/kg) and 

medetomidine hydrochloride (0.05 mg/kg). Anesthesia was then maintained via inhaled 

isofluorane (IsoFlo, 100% p/p). A multiparameter monitor allowed us to constantly control heart 

rate and ECG, SPO2 and respiration parameters, blood pressure and body temperature. Hydration 

was maintained by continuous infusion of saline solution (5 ml/kg/h). Before the implantation of 

electrode arrays, the animals were prophylactically treated with phenobarbital with progressively 

increasing dose (1-6 mg/kg, PO), starting from 1 week before the surgery and until 4 weeks post-

surgery (fading out the dose over the last 2 weeks), to prevent seizures after probe implantation. 

At the end of each surgery, antibiotics (Benzylpenicillin Benzatin 25000 U.I./ml + 

Dihydrostreptomycin 100 mg/ml), dexamethasone (Soldesam, 0.15 mg/kg) and ketoprofen (Vet-

Ketofen, 3 mg/kg) were administered for a variable number of days depending on the surgical 

procedure. 

Electrode arrays were implanted by estimating the location and extent of the craniotomy 

with MRI-based reconstruction of the monkey skull. After opening the bone breach, the specific 

site of insertion was decided based on visible anatomical landmarks, particularly the superior and 

inferior arcuate sulci and the central sulcus. Our customized FMAs design includes two alternated 

electrode lengths (2.5 and 4 mm), which allowed us to explore different depths of the cortex. The 

customized plastic cover enables the communication of the logger with the transceiver, to keep the 



 

 

 

 

synchronization of the recorded neural data with the video collected by the multicamera system, 

and ensuring the highest quality of the neural signal (Fig. S1D), as it does not need to be transferred 

via a radio frequency. 

 

Behavioral data acquisition and analysis 

To combine the ethological study of animals’ behavior with the neuronal recordings, we devised 

a transparent Plexiglass enclosure with minimal amount of metal, the NeuroEthoRoom (NER - see 

Fig. S1E), which allowed us to film the animal’s behavior from multiple (n=8) cameras 

synchronized with the neural data.  

The data were scored frame by frame (at 50 Hz resolution) using a dedicated software 

(BORIS) (21) by two independent observers with extensive training and experience with non-

human primates in laboratory contexts (Fig. S1F), leveraging an ethogram specifically developed 

during the behavioral preparation of the animals for the recording sessions both in RC and FMC 

(Fig. S2). Considering the brain area of interest, we also marked separately forelimb actions 

performed with the left and right forelimb, ipsi- and contra-lateral to the recorded hemisphere, 

respectively. We generated an output for each session containing the timestamps related to all the 

behavioral point events.  

Concerning the alignment point of each action, we selected a critical point constituting the 

transition between distinct motoric phases of each action (e.g. finger opening/closure during the 

various type of grasping, arm extension/flexion for steps during walking, mouth opening/closure 

in biting, drinking or yawning). This point is typically associated with a peak in somatosensory 

and/or proprioceptive feedback. For each transitive action defined in the ethogram (Fig. S2) the 

alignment point corresponds to the moment when a body part makes contact with the monkey’s 

own body (scratching) or with an external object (all transitive hand and mouth actions, e.g. the 

food in biting, the syringe in drinking, the floor in each step of walking, etc.); for intransitive 

actions, such as yawning, the alignment point (i.e. maximal mouth aperture, Fig. S2) corresponds 

to the peak of proprioceptive feedback. 

 

 

Neural recording techniques 

We simultaneously recorded from 128 channels distributed across 4 FMAs implanted in the lateral 

precentral cortex by mean of a wireless neural data logging system (RatLog-128, Deuteron 

technologies, Jerusalem, Israel). The recordings were performed with a bandpass filter set to 2-

7000 Hz and a sampling rate of 32000 Hz on each channel. Signals were amplified, digitized, and 

stored locally, in a MicroSD memory card (64 GB). The logger was powered by an external battery 

(3.7V) directly connected with it and housed in the protective cover (Fig. S1B and C). The logger 

received from a transceiver a synchronization signal, consisting in a 50 Hz pulse of 5V generated 

by an external PC equipped with a National Instrument board. This signal was stored on the SD 

card together with the neuronal activity, and in parallel the same signal was fed to the SIMI Motion 

capture system (Simi Reality Motion Systems GmbH, Unterschleißheim, Germany) to act as a 

trigger for the acquisition of each frame of the video from all the 8 cameras, thereby enabling the 

synchronization of video and neuronal signals.  



 

 

 

 

Spike sorting and assessment of the recording stability 

All formal analyses were carried out offline. The signal from all the recorded channels was band-

pass filtered (300-6000Hz) and spike detection was performed with a negative threshold of 3 

standard deviation from the mean signal of each channel. Detected spikes were then sorted using 

either an automated software (MountainSort) (23), setting “noise overlap” threshold at 0.20 for 

single units, or Plexon Offline Sorter (Plexon Inc). Since well-isolated single neurons were the 

primary target of this work, putative single unit were further scrutinized by manual curation using 

standard criteria. First, we discarded any unit identified by the automated software that exhibited 

a clearly non-physiological waveform. Second, we merged waveforms isolated in the same 

channel that exhibited the same waveform shape and ISI distribution but slightly different spike 

amplitudes distribution along the session, suggesting that they were indeed the same single unit 

occasionally clustered into separate ones because of drift in spike amplitudes during the recording 

(see Fig. S4 for final demonstration of single unit stability over time). Third, to exclude potential 

contamination with multiunit spikes, we checked whether the inter-spike interval (ISI) distribution 

of the extracted single units fulfilled the criteria of a refractory period longer than ~1 ms. The 

waveforms that were not clustered into a well-isolated and stable unit constituted the multiunit 

activity. 

To assess the temporal stability of the isolation of single units, we extracted from each 

channel the waveform of all the N spikes in a 100-point clip (~3ms) centered on the spike 

minimum. The resulting Nx100 matrix underwent Principal Component Analysis (PCA) to reduce 

the waveform space to three dimensions. In this space, we calculated in one-minute bins the 

distance of the waveforms attributed to single units from those attributed to the multi-unit, taking 

the median of spike values in that minute for each principal component. The distances between 

single- and multi-units for each session were smoothed using a moving median (10 minutes), 

interpolated to align sessions of different durations, and normalized to the value of the first minute 

(see Fig. S4). All single units whose distance drifted in time toward the multiunit and merged with 

it or appeared/disappeared suddenly at a certain point during the session, were classified as 

unstable and excluded from all subsequent analyses (n=6, Mk1; n=3, Mk2). 

 

Analysis of firing features  

For each neuron and in each of the two tested contexts (RC and FMC), we extracted a firing rate 

vector by binning spikes in 20 ms bins. Then, the average firing rate was calculated as the average 

across bins of the firing rate vector, and the maximum firing rate was calculated as the maximum 

across bins of the firing rate vector smoothed with a Gaussian filter (=100 ms). As an index of 

firing variability, we computed the Fano Factor by extracting a firing rate vector in 200 ms bins 

and calculating the ratio between the variance and average across bins. To analyze the possible 

relation and differences between these firing features in RC and FMC, we applied Wilcoxon 

Signed-rank test for paired samples comparisons and Spearman correlation analysis. 

Construction of peri-event histograms and analysis of neuronal tuning 

In FMC the number of occurrences of each action cannot be controlled and varies considerably 

across sessions. Thus, for actions with a high number of occurrences, we randomly subsampled to 

a maximum of 20 occurrences for constructing the peri-event histograms and to analyze single 

neuron modulation. This was done both for visualization purposes and to mitigate possible false 



 

 

 

 

positive bias in single neuron modulation due to oversampling of highly repetitive actions (e.g. 

steps). The dataset for evaluating single neuron modulations in FMC was pre-processed by binning 

the spikes of each neuron in non-overlapping 100 ms epochs within a time window centered on 

the alignment point of each action. The duration of the time windows was optimized for each 

action based on a tradeoff between the needs to capture the largest action unfolding period and the 

necessity to limit the overlapping between functionally linked behaviors occurring sequentially. 

The selected time windows relative to each event (considered at time 0) were: ±1 s for bite and 

drink; -0.8/+0.5 s for grasp, climb and step with either limb; ±2 s for yawn and scratch. A one-way 

repeated-measure ANOVA was then applied to test for statistical differences among epochs in the 

time window related to each action, and considering a neuron as modulated for a given action if 

the ANOVA resulted in a significant main effect (α=0.01) and the neuron average firing rate in the 

time window was higher than 0.5 spk/s. This procedure was motivated by the fact that in the 

absence of a baseline, the null hypothesis was that if a neuron was not related to a given action, 

then its firing rate should not significantly change while that action was performed. Actions 

occurring less than 5 times in a session were considered as untestable in that session.  

To compare single neuron modulations across the two contexts we employed a mixed 

ANOVA (within factor: epoch; between factor: context) carried out for each of the four actions 

occurring in both contexts (Bite, Drink, Grasp with contralateral and ipsilateral hand). For each 

action, a neuron was considered modulated if it exhibited a significant main effect of epoch and at 

least one significant post-hoc comparison (α=0.01, Tukey-Kramer correction). For each action, if 

a neuron was modulated, we looked at the epoch-by-context post-hoc comparisons within each 

context, and the neuron was considered modulated in a context if at least one post-hoc comparison 

was significant. Finally, for each action, we investigated whether the modulations across RC and 

FMC were similar or different: a neuron was considered differently modulated (FMC ≠ RC) if 

there was a significant interaction between epoch and context and at least one significant context-

by-epoch post-hoc comparison; otherwise, it was considered similarly modulated (FMC = RC). 

 

Sørensen-Dice coefficient. To evaluate the similarity in single-neuron tuning across the different 

actions during FMC, we calculated a variant of the Sørensen-Dice coefficient (SDC) for each pair 

of actions: 

𝑺𝑫𝑪𝑨𝑩 =
𝟐�̃�𝑨𝑩

�̃�𝑨 + �̃�𝑩

 

where �̃�𝑨𝑩denotes the weighted number of neurons significantly tuned for both actions A 

and B, and �̃�𝑨 and �̃�𝑩 denote the weighted number of neurons significantly tuned for either action 

A and B, respectively, in sessions with sufficient occurrences for both actions. Each neuron was 

weighted with the degree of its tuning selectivity, i.e., one minus the fraction of actions the neuron 

was tuned for, such as the SDC between two actions “sharing” neurons tuned only for those two 

actions resulted higher than the SDC between two actions sharing neurons tuned for several other 

actions. In the case of yawn, that did never reach a sufficient number of occurrences in the same 

session with bite, catch food contra, rope climb and scratch, we estimated its SDC with those 

behavior by taking the average SDC of yawn with all the other available actions.  

A hierarchical cluster analysis was applied to the distance matrix defined as 1 minus the 

SDC matrix; the corresponding dendrogram was constructed based on the Ward linkage criterion, 

and the SDC matrix was arranged accordingly (see Fig. 2C). Leaves within a branch were arranged 

according to their average distance to the nearest branches. Finally, we repeatedly shuffled tuning 



 

 

 

 

labels across all neurons and actions (1000 times) to obtain a chance SDC distribution whose 95th 

percentile defined a significance threshold (α=0.05): all actions (or group of actions) showing a 

SDC higher than threshold were represented with the same color. 

 

Population analyses 

 

Neural population trajectories and alignment index 

We quantified the similarity in the neural population codes among pairs of actions occurring in 

different contexts (Fig. 3D) by computing the residual variance obtained after projecting the neural 

trajectory associated to one action in one context (i.e. RC or FMC) onto the neural subspace of the 

same and any other action in the same and any other context (23, 44). To this purpose, first we 

calculated the soft-normalized firing rate of each neuron in a -0.8/+0.5 s time interval relative to 

the alignment point of each action (five trials minimum). The spikes of each neuron were binned 

in 20-ms time windows, averaged across trials, smoothed with a Gaussian kernel (σ=60 ms), and 

soft-normalized relative to the absolute maximum +5 spk/s, to reduce the influence of low-firing 

neurons (45). We obtained eight matrices for Bite, Drink, Grasp with contralateral and ipsilateral 

hand in RC and FMC, each with dimensions T x N (T being the number of time bins, N the number 

of neurons). For any pair of actions A and B, we applied PCA to the corresponding mean-centered 

data matrices XA and XB, obtaining the coefficients of the first five principal components VA and 

VB (five principal components typically captured nearly 90% of the total variance of a given 

action). Next, we evaluated the overlap or “alignment” of action A over action B by projecting the 

neural activity of A onto the principal components VB and computing the residual variance 

normalized by the variance captured by the first five principal components VA, as follows (45): 

𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝐴𝐵 =
𝑡𝑟(𝑉𝐵

𝑇𝑐𝑜𝑣(𝑋𝐴)𝑉𝐵)

𝑡𝑟(𝑉𝐴
𝑇𝑐𝑜𝑣(𝑋𝐴)𝑉𝐴)

 

The alignment index ranges from 0 (if neural subspaces are orthogonal) to 1 (if neural subspaces 

are perfectly aligned). We calculated the alignment index for any pair of actions, resulting in an 

alignment index matrix. Next, a hierarchical cluster analysis was applied to the distance matrix 

defined as 1 minus the symmetrized alignment matrix; the corresponding dendrogram was 

constructed based on the Ward linkage criterion, and the alignment matrix was arranged 

accordingly (see Fig. 3D-E). 

The drawings of neural population trajectories were produced as follows. Given the neural 

activity matrices X of a given population (obtained as described above), we normalized them for 

the square root of their corresponding total variances to make the amplitude of the projected 

population trajectories comparable across behaviors (irrespective of the magnitude of their overall 

modulations), thus qualitatively reflecting the value of the alignment index (46). The population 

dynamics associated to each action in each context has been projected onto the first two PCs of 

every combination of action and context (Fig. S11). 

 

Neural decoding analysis  

FMC Decoding. The FMC Decoding analysis was designed to determine if a decoder based on 

Support Vector Machine (SVM) model with linear kernel could classify various movements in the 



 

 

 

 

FMC (Fig. 2F). For each session, we created balanced datasets randomly picking the same number 

of trials (≥10) from each class of movement. To address significant original imbalances (e.g., step 

vs yawn), we repeated this random undersampling 10 times. The predictors were characterized as 

the temporal evolution of spike counts derived first from only single-units’ activity and second 

from both single- and multi-units’ activity. For every event, we identified the timestamp of the 

alignment point and proceeded to tally the spikes within a temporal window centered around this 

reference point. Following a symmetrical approach, we gradually introduced bins, two at a time 

with 50% overlap, extending the coverage to a maximum of (-1.0, +1.0) s in relation to the 

alignment point. This binning procedure was iterated for four different window lengths: [1.0, 0.5, 

0.2, 0.1] s. After z-scoring, we projected the predictors onto the principal components explaining 

90% of the variance, and we performed Leave-One-Out Cross Validation (LOOCV) for validating 

the SVM model. At the conclusion of all decoding sessions, the performances achieved during the 

tuning process and averaged across the 10 balanced datasets were compared and ranked to 

determine the optimal binning strategy capable of consistently delivering high performance across 

all sessions. The binning strategies were ranked according to their respective mean accuracies over 

the 10 partitions, and the top five appearing in all sessions were retained. The distances from the 

maximum mean accuracies in each session were then calculated and summed up. The strategy 

resulting in the minimum aggregate distance was identified as the winning strategy. The consensus 

favored the use of 0.5 s bins for both single-units decoding and single- combined with multi-units 

decoding. In our study, the entire range from -1.0 s to +1.0 s yielded the best overall performances 

for single unit decoding (Fig. 2F and Fig. S7). Conversely, when using both single- and multi-

units, shorter dynamics (from -0.75 s to +0.75 s) resulted in superior performances, surpassing 

those obtained solely with single-units (Fig. S8 and Fig. S9). 

Sliding Decoding. In the Sliding Decoding analysis, we explored the robustness of our decoder 

and how its performance evolves when considering predictor arrays not centered around the 

alignment points, but instead spanning through 5 seconds before and after these reference points. 

A nearly identical pipeline was employed for this analysis. We used the same responses from the 

previously defined 10 balanced datasets. The respective predictors, this time composed of only 

single unit activity, underwent iterative adjustments using a single spike count binning strategy, 

which was shifted in time by half the bin's dimension. The binning strategy for this study was 

chosen using the previously described ranking method, with the exception that dynamics 

exceeding 1 second were excluded. This adjustment aimed to enhance the temporal resolution for 

detecting relevant neural dynamics. The ranking method favored 0.2 s bins and a total coverage of 

1.0 s. For each investigated interval, we conducted cross-validation using LOOCV, and averaged 

the accuracies obtained from the 10 balanced datasets. Finally, for each session, we plotted the 

mean accuracies for each time interval. Given the resulting bell-shaped curves (see Fig. 2G), we 

also sought to identify a specific time point where there is a notable variation in decoder 

performances. For this purpose, we searched for the elbow, i.e. the point where the curve visibly 

bends from low to high slopes, using the knee_pt function from MATLAB Central File Exchange 

on the smoothed profiles. 

Cross-Context Decoding. To compare the generalization power of our decoder when trained with 

RC versus FMC data, a Cross-Context Decoding analysis was applied considering the four 

behaviors occurring in both contexts. Due to the inherently higher variability of the FMC data, we 

considered the grasp contra- and ipsi-lateral by merging grasp-to-eat and catch food trials (with a 

specific hand), to avoid making assumption on the grasping actions in FMC mostly similar to the 



 

 

 

 

same actions in RC. Furthermore, this analysis was applied to only 9 sessions, because one did not 

contain a sufficiently large number of biting occurrences. With the new responses’ arrangement, 

random undersampling was performed again to obtain a total of 20 different balanced datasets, 10 

for RC and 10 for FMC. For this study specifically, only predictors containing both single- and 

multi-unit activity were tested. Using LOOCV, we trained the SVM model using one context 

dataset and validated it by either using the left-out element from the same context (intra-decoding) 

or by utilizing its corresponding event in the other context (inter-decoding). The process was 

repeated 10 times, one for each partition of the dataset, and the overall accuracies were averaged 

across these 10 repetitions. This resulted in a total of four training-validation sets combinations: 

RCRC, FMC  FMC, FMC  RC, and RC  FMC. Similarly to FMC Decoding, various 

binning strategies were tested and ranked to determine the optimal spike count binning. The 

ranking method favored 0.5 s bins with a total coverage of 1.5s. The final four confusion matrices 

were generated by averaging the nine sessions confusion matrices for each training-validation 

combination (see Fig. 4A). 

Intracortical microstimulation experiments 

ICMS was performed in both monkeys during sessions distinct from the recording sessions. During 

each ICMS session, the experiments were conducted in RC, first with the monkey head-fixed, and 

then with the head free. Monopolar, biphasic trains of cathodic square wave pulses were delivered 

through a constant current stimulator (PlexStim, Plexon), with the following parameters: total train 

duration 500 ms, single pulse width 0.2 ms, pulse frequency 200 Hz, current intensity 100μA and 

150μA. The same parameters were also applied with 50 ms trains, varying the current intensity to 

reach the lowest intensity threshold capable to elicit an observable movement, with the aim to 

identify the putative border between premotor and primary motor cortex. We monitored the current 

and voltage waveforms on an oscilloscope. At each site, ICMS was delivered when the monkey 

was quiet and relaxed; if the monkey performed voluntary movements before or during the 

stimulation, these were not considered to be the result of ICMS and the trial was repeated. 

Movements were considered to be evoked by ICMS when 2 experimenters, independently and 

repeatedly observing the animal during pulse delivery, identified the same movement or muscle 

twitch, consistent with previous studies (22, 47). All the experiments were also filmed and the 

ICMS results cross-checked offline by independent observers to achieve a more accurate 

description of the evoked effects. Effectors involved in movements elicited by ICMS were mouth 

(jaw or lips movements) and face (movements of any face portion different from jaw and lips), 

hand (movements of fingers and/or wrist), hand-and-mouth (movements of the two previous 

categories were observed simultaneously), and axio-proximal (neck/head, trunk or the upper part 

of the arm between the elbow and the shoulder). 

 

 

 



 

 

 

 

          

Fig. S1. Neuro-behavioral platform enabling recording of premotor neurons. (A) Floating 

Microelectrode Arrays implanted in the left and right hemispheres of Mk1 and Mk2. (B) Recording 

chamber design. The illustrated 8-slot model is configured with six 32-channel Omnetics 

connectors, with the protective cover used during freely moving neural recordings. (C) Top: Half-

cover mounted on the recording chamber with the data logger and battery connected for a 128-

channel recording session. Bottom: Full cover mounted and sealed. (D) Neural traces from 3 

simultaneously recorded channels of Mk1 during a FMC. (E) Photograph of the NeuroEthoRoom 

(NER) set up for a recording session. (F) Video frame exemplifying a “drink” action in FMC (top-

left) when the monkey's mouth touches the plastic spout of a syringe filled with juice; behavioral 

scoring of a FMC session with BORIS software (bottom-left); inter-rater reliability calculated for 

two scored sessions of FMC for Mk1 and Mk2 (top-right) and time lag between the same behaviors 

scored by the two rater (bottom-right - the black dashed line indicates the average time lag between 

raters). 

 

  



 

 

 

 

Actions RC/FMC Definition of the scored event 

 

Both 

Bite: The monkey opens its mouth, closes it around a piece of food 

(typically a morsel of fruit) given by an experimenter using a stick directly 

into its mouth, and then chews it; marked when food touches the mouth, 

corresponding to the transition between mouth opening and closure phases. 

 

Both 

Drink: The monkey opens its mouth, closes it around the tip of a plastic 

syringe given by an experimenter directly into its mouth, and then drinks 

the juice; marked when the syringe touches the mouth, corresponding to the 

transition between mouth opening and closure phases. 

 

FMC 

Yawn: The monkey opens the mouth, takes a deep inspiration followed by 

a brief apnea and a slow expiration, and then closes the mouth; marked on 

the moment of maximal mouth opening before closure starts. Start and stop 

of mouth opening/closure were also marked. 

 

Both 

Grasp to eat (RC): The monkey grasps (with the ipsi- or contra-lateral 

hand) a small piece of food presented on a tray by the experimenter and 

brings it to the mouth; marked when the monkey’s hand touches the food, 

corresponding to the beginning of finger flexion to secure the object. 

Grasp to eat food from the floor (FMC): The monkey grasps (with the 

ipsi- or contra-lateral hand) a small piece of food from the floor and brings 

it to the mouth; marked when the monkey’s hand touches the food, 

corresponding to the beginning of finger flexion to secure the object. 

Catch food from a hanging thread (FMC): The monkey grasps (with the 

ipsi- or contra-lateral hand) a small piece of food hanging on a thread 

lowered from the top of the NER; marked when the monkey’s hand touches 

the food, corresponding to the beginning of finger flexion to secure the 

object. 

 

FMC 

Climb: Monkey performs a power grasp with the whole contralateral hand 

on the wooden structure; marked on the moment when the hand touches the 

structure, corresponding to the beginning of finger flexion to secure the grip 

before the arm pulling phase. 

 

FMC 
Rope climb: Monkey performs a power grasp with the whole contralateral 

hand on the rope; marked on the moment when the hand touches the rope, 

corresponding to the beginning of finger flexion to secure the grip. 

 

FMC 
Scratch: Brief sequence of repeated finger movements, marked on the 

moment when the monkey’s contralateral hand makes the first contact with 

a body part within a cycle of repeated extension/flexion movements. 

 

FMC 

Step: Monkeys' contralateral hand touches a flat surface within a sequence 

of walking (i.e. excluding the first and last step of a walking sequence from 

the analysis), corresponding to the transition between the previous swing 

and the subsequent stance phases. 

Fig. S2. Ethogram of the investigated actions in RC and FMC and alignment events. Mouth 

(blue) and forelimb (red) actions have been defined relative to the main behavioral event used as 

a reference for the study of the neuronal activity. Forelimb actions were separately scored for right 

and left limb. Examples are shown in Movie S1. See table S1 for temporal details of each action. 

 



 

 

 

 

 
 

Fig. S3. Recorded regions in the 4 hemispheres of Mk1 and Mk2. The left hemispheres of both 

monkeys have been flipped to facilitate the comparison with the right hemispheres. The orange 

dashed lines indicate the putative anatomo-functional border between the primary motor cortex 

and the premotor cortex, defined based on the anatomo-functional evidence of previous studies 

(22) and the threshold of 50 ms ICMS < 25 A. The size of each dot represents the number of 

single units isolated in each site. CS, central sulcus; AS, arcuate sulcus; PS, principal sulcus. Note 

that the fraction of neurons modulated vs non-modulated during at least one action was not 

significantly different between putative primary motor (56 out of 65) and premotor (287/359) 

regions (Yates-corrected 2=1,0, p=0.32).  



 

 

 

 

 

Fig. S4. Neural recording stability along RC and FMC. (A) Two example channels from which 

we recorded single unit activity. Even though the waveforms drifted along the session, they 

remained well isolated from the multi-unit. (B) Quantification of single unit stability along the 

entire session. For each neuron, we plotted the median distance computed in the first three principal 

component subspace between its spikes and those of the multi-unit in 1-minute bins. The resulting 

distance time-course was smoothed with a 10-minute moving median, linearly interpolated to a 

constant number of time points and normalized for the first value to make different neurons of 

different sessions comparable. Unstable single units that disappeared into the multi-unit during the 

session or appeared from it at some point, were excluded from all analyses (n=6, Mk1; n=3, Mk2). 

  



 

 

 

 

 

Fig. S5. Example neurons recorded in cortical sites where ICMS evoked distinct pattern of 

movement. On top of each column the map indicates the location of the sites where movements 

illustrated in the image sequence was evoked, and the neurons on the bottom of the figure were 

recorded (see Movie S2). (A) Example of a site where ICMS causes the contralateral arm to move 



 

 

 

 

toward the ipsilateral side and mouth opening, and single neurons recorded in the same site showed 

the strongest modulation during climbing actions. (B) Example of a site where ICMS causes a 

grasping-like movement, with hand closure and concomitant wrist rotation, while neuronal activity 

is more strongly modulated during actions such as climbing, grasp-to-eat and catch food. (C) 

Example of a site where ICMS causes a chewing-like movement, with contraction of the 

contralateral oral commissure, and the single neuron recorded from the site is maximally 

modulated during drinking actions. (D) Example of a site where ICMS causes an avoidance-like 

movement, with a contralateral facial squint and head tilt, while neurons recorded from the same 

site exhibit modulation during various forelimb and facial actions. 



 

 

 

 

 

Figure S6. Fraction of sparse coding neurons responsive to each of the tested actions 

recorded from non-excitable sites (NE) or sites in which ICMS triggered head/axial, hand, 

hand-and-mouth, or mouth/face movements. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 

 

 

Fig. S7. Confusion Matrices of neural decoding with single unit activity for all sessions. Each 

plot illustrates the confusion matrix computed with the predictors including only single unit 

activity for all sessions of both monkeys. Mean and standard deviation from averaging the 10 

different class-balanced partitions of the dataset are also reported. These confusion matrices are 

obtained using 0.5 s bins over 2.0 s of total temporal evolution. 

  



 

 

 

 

 



 

 

 

 

Fig. S8. Confusion Matrices of neural decoding with single- and multi-unit activity for all 

sessions. Bin width 0.5 s and 1.5 s of total temporal evolution. Other conventions as in Fig. S7. 

 

 

  



 

 

 

 

 
 

Fig. S9. Decoding performances deriving from four different strategies for building 

predictors. Scatter plots of decoding accuracies in relation to the number of classes occurring in 

the 10 sessions (connected dots correspond to the same session) in Mk1 (dark gray) and Mk2 (light 

gray). The red line indicates chance level as a function of the number of classes. The left and right 

panels differ for the chosen binning strategy. Left: the spike counts were obtained using the optimal 

parameters for the SUA (0.5 s bins, interval ranging from -1.0 to +1.0 s relative to the alignment 

point). Right: the spike counts were obtained using the optimal strategy for SUA+MUA (0.5 s 

bins, interval ranging from -0.75 s to +0.75 s relative to the alignment point). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. S10. Anatomical localization of context-invariant neurons (red). Data have been reported 

on a template brain obtained by warping the four hemispheres of the two monkeys. Conventions 

as in Fig. 1D. 



 

 

 

 

 

Fig. S11. Neural trajectories of activity during actions in FMC and RC. Neural trajectories for 

each of the actions (n=4) studied across contexts (n=2) have been projected onto the neural 

subspace defined by the neural activity during each action in each context. Neuronal population 

has been subdivided in two subpopulations of context-invariant and context-dependent neurons. 

The alignment between pairs of trajectories (20) corresponds to the value of each cell in the 

matrices of Fig. 3. Dots along the trajectories indicate the alignment point, while small dots at the 

extremities of the lines indicate the end of the trajectory. 



 

 

 

 

 
Fig. S12. Comparative measures of intra- and inter-class variability of a 3D t-SNE 

embedding of neural responses in RC and FMC. (A) Intra-class variability measured for 9 

sessions in terms of mean pairwise distances between all elements belonging to a specific class 

and context. In FMC, intra-class variability is consistently higher than in RC across all classes. (B) 

Inter-class variability measured in terms of centroid distances for RC and FMC in 9 sessions. 

Moving from bottom to top, each stacked bar represents the aggregated sum of the following 

distances: Mouth centroid (mean of Bite and Drink centroids) from Hand centroid (mean of Grasp 

Con and Grasp Ip centroids); Grasp Con centroid from Grasp Ip centroid; Bite centroid from Drink 

centroid. Overall, FMC has lower total inter-classes distances than RC for all sessions. (C) 

Silhouette Index values quantifying the clustering quality for each type of action in RC and FMC 

for 9 sessions. 

This evidence indicates that the higher intra-class variability in FMC likely results from the 

combination of different nuances within each specific class, and that, together with its lower inter-

class variability, FMC has higher generalizability in cross-decoding analyses compared to RC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Action Definition of the event 
Average duration in 

FMC (± st dev) 

Bite 
Start: the monkey starts to open the mouth. 

Stop: the mouth is completely closed. 
0.65 ± 0.17 s 

Drink 
Start: the monkey starts to open the mouth. 

Stop: the syringe detached from the mouth. 
1.74 ± 0.79 s 

Yawn 
Start: the monkey starts to open the mouth. 

Stop: the moment the monkey closes the mouth. 

2.32 ± 0.78 s 

Grasp 
Start: the monkey starts to reach the food. 

Stop: the hand reaches the mouth. 

Grasp-to-eat 
Reaching: 0.42 s  

Retrieving: 0.65 ± 0.46 s 

Catch food 
Reaching: 0.69 s 

Retrieving: 0.71 ± 0.66 s 

Climb 
Start: the monkey starts to reach for the support to lift up. 

Stop: the monkey’s hand lost contact with the support. 
2.15 ± 0.45 s 

Rope climb 
Start: the monkey starts to reach the rope. 

Stop: the monkey’s hand lost contact with the rope. 
1.10 ± 0.45 s 

Scratch 

Start: the monkey moves the forelimb to get in contact with 

the body part to be scratched. 

Stop: the monkey’s hand detached from the scratched body 

part. 

1.8 ± 0.93 s 

Step 

Start: the monkey’s hand leaves the ground (from a 

previous step). 

Stop: the monkey’s hand get in contact with the ground 

again.  

0.73 ± 0.23 s 

Table S1. Definition and average duration of the onset and offset of each studied action in 

FMC. The values have been calculated on a subset of 15 trials per action of each monkey randomly 

sampled across all the sessions. 
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