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observation and execution matching

systems are phylogenetically preserved.
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SUMMARY
In non-human primates, a subset of frontoparietal neurons (mirror neurons) respond both when an individual
executes an action and when it observes another individual performing a similar action.1–8 Mirror neurons
constitute an observation and execution matching system likely involved in others’ actions processing3,5,9

and in a large set of complex cognitive functions.10,11 Here, we show that the forelimb motor cortex of rats
contains neurons presenting mirror properties analogous to those observed in macaques. We provide this
evidence by event-related potentials acquired by microelectrocorticography and intracortical single-neuron
activity, recorded from the same cortical region during grasping execution and observation.Mirror responses
are highly specific, because grasping-related neurons do not respond to the observation of either grooming
actions or graspable food alone. These results demonstrate that mirror neurons are present already in spe-
cies phylogenetically distant from primates, suggesting for them a fundamental, albeit basic, role not neces-
sarily related to higher cognitive functions. Moreover, becausemurinemodels have long been valued for their
superior experimental accessibility and rapid life cycle, the present finding opens an avenue to new empirical
studies tackling questions such as the innate or acquired origin of sensorimotor representations and the
effects of social and environmental deprivation on sensorimotor development and recovery.
RESULTS AND DISCUSSION

In primates, a subset of neurons located in the premotor,1–4 infe-

rior parietal,5 and primary motor6–8 cortices of macaque

monkeys respond both when an individual executes an action

and when it observes or hears another individual performing a

similar action. Given this matching of the observed actions

onto the observer’s motor repertoire, these sensorimotor

neurons have been referred to as ‘‘mirror neurons.’’ Since their

discovery in macaques, similar (audio-motor) mirroring mecha-

nisms have been reported in songbirds, possibly reflecting so-

cially driven sensorimotor learning.9 An extensive amount of

work has suggested that the mirror neuron network could play

a role in the development of key cognitive functions.10 In fact,

the sensorimotor matching performed by the mirror networks

might be central for motor learning by observation.11 These infer-

ences are based on indirect measures of neuronal recruitment in

humans,12 and because individual neurons can rarely be re-

corded in humans,13 non-human primates are still the experi-

mental model of choice to characterize the behavioral function

subserved by mirror neurons. However, the experimental life

cycle of non-human primates severely reduces the possibility

of investigating key open questions, such as those of social inter-

action and motor learning.14 In this regard, murine models have

long been valued for their superior experimental accessibility,
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and although some evidence suggests that they might somehow

benefit from observational learning,15 they have never been em-

ployed for the study of individual mirror neurons. Rats reach and

grasp objects effectively16 with a movement kinematics that is

somehow similar to monkeys and humans.17 Moreover,

regarding prehension movements, they share with primates

many similarities in terms of cortical representation, as evi-

denced by intracortical microstimulation studies.18–21 Recent

studies further showed that Long-Evans rats make efficient use

of visual shapes information in a way that is largely tolerant to

variation in object appearance22 and following a human-like

strategy.23 These elements, together with their social nature,24

suggests that the rat brain could be an interesting substrate for

the study of some so-called ‘‘high-level functions,’’25 such as

the recognition of others’ actions.

Here, Long-Evans rats were trained to perform a reach-to-

grasp action toward a food pellet (Figures S1A–S1C). They

either had to execute that action or observe another rat perform

the same task (Figures S1D and S1E). Observation of another

animal performing grooming was used as control condition.2

A video cameras system was used for kinematic recordings,

thus assessing the motor behavior, and to verify attentional

orienting of experimental animals (Figure 1A). Consequently,

statistical analysis during passive action observation epochs

was conducted on those trials showing no forelimb movement
ber 11, 2021 ª 2021 The Authors. Published by Elsevier Inc. 4405
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Figure 1. Methodological overview

(A) Schematic view of the experimental setup, with a grasping rat (Gr) and an observing rat (Or), composed by 1–3 infrared cameras and 0 video camera.

(B) Kinematic parameters acquired from a representative ‘‘observer’’ rat at three specific time points. Head-limb (pink), head-food (green), and limb-food (orange)

distances and head-food angle (blue) must not exceed cutoff values (dashed black lines). Continuous and dotted colored lines refer to validated and excluded

trials, respectively.

(C) Representative segment of mECoG recording, showing three potentials evoked in individual trials and aligned at the touch event (red circles) and the resulting

average potential. Red vertical lines indicate end of trials.

(D) Representative segment of intracortical single-neurons recording and superimposed spike waveforms belonging to a single neuron and aligned to the touch

event.

See also Figure S1 and Video S1.
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as well as aligned head-target line during the three considered

time points (baseline and reaching and touch phases; Fig-

ure 1B). Epidural field potentials and single-neuron responses

of behaving animals were recorded by high-density microelec-

trocorticography (mECoG) and intracortical recordings from the

deep layer V, respectively (Figures 1C and 1D). To define a

mECoG site as significantly modulated, the difference in the ac-

tivity was assessed by unpaired Student’s t test between two

different 300-ms epochs, namely ‘‘baseline’’ (from 700 to

400 ms before food touch) and ‘‘action’’ (from 150 ms before

and 150 ms after touch). To define a neuron as significantly

modulated, the difference in activity was assessed by

repeated-measures one-way ANOVA followed by Dunnett’s

post hoc test for multiple comparison among three different

300-ms epochs, namely ‘‘baseline’’ (from 1,000 to 700 ms

before food touch), ‘‘pre-touch’’ (from 300 ms before touch to

food touch), and ‘‘post-touch’’ (from touch to 300 ms after

touch).

Epidural field potentials
mECoG signals were aligned to touch, averaged, and evaluated

at the single-electrode level to detect cortical modulations dur-

ing the different tasks (evoked potentials; Figure 1C). Overall,

unpaired Student’s t test revealed that 59 recording sites

(9.8 ± 1.6 sites per animal) presented a significant modulation.
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Among these sites, 92% (54/59; 8.9 ± 1.3 per rat) were modu-

lated during grasping execution (motor sites). Of them, 50%

(27/54; 4.5 ± 0.9 per rat) showed a significant increase of activ-

ity also during action observation (visuomotor sites). The

remaining 8% of active sites (5/59; 0.8 ± 0.5 per rat) were

modulated only during grasping observation (visual sites).

None of the sites responsive to grasping observation re-

sponded during grooming observation. The absence of any sig-

nificant modulation during food presentation allowed us to

exclude that the grasping observation-related activation was

due to motor preparation or other food-triggered neural pro-

cesses. Some representative evoked potentials recorded from

motor, visuomotor, and visual sites during grasping execution

(green profiles), grasping observation (red), grooming observa-

tion (blue), and food presentation observation (orange) are

shown in Figures 2A–2C. Note that, although motor (Figure 2A)

and visual sites (Figure 2C) presented a significant increase of

activity around the touch event either during grasping execution

or grasping observation, visuomotor sites (Figure 2B) were

significantly modulated during both conditions. The representa-

tive maps (Figure S1F) and the bi-dimensional, bregma-relative,

frequency distribution of execution- and observation-sensitive

sites (Figure S1G) showed a consistent topographical organiza-

tion. In the cumulative maps, motor sites (Figure 2D) were clus-

tered in the forelimb area, prominently in the lateral part of



Figure 2. Epidural field potentials
(A–C) Representative mECoG signal of motor (A), visuomotor (B), and visual (C) sites during grasping execution (green), grasping observation (red), grooming

observation (blue), and food presentation observation (orange).

(D–F) Frequency color-coded bregma-relative maps of motor (D), visuomotor (E), and visual (F) sites. White arrows onmaps indicate the site of the corresponding

representative examples.

(G) Area size of motor, visuomotor, and visual sites.

(H and I) Comparison between P1-N1 and N1-P2 amplitudes (H) and P1, N1, and P2 time-to-peak (I) of visuomotor sites during grasping execution and

observation.

Data are represented as mean ± SEM. (A–C) **p < 0.01 different from baseline. (G–I) ##p < 0.01 different from other considered conditions. See also Figure S1.
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its caudal portion, with visuomotor sites (Figure 2E) largely

overlapping the motor ones. By contrast, the few visual sites

(Figure 2F) did not clearly cluster within a well-defined region.

Accordingly, the one-way ANOVA on the area extension of

the motor and visual sites (Figure 2G) revealed a significant dif-

ference (F2,15 = 8.80; p = 0.0030). Amplitude and latency of

evoked potentials recorded from visuomotor sites were further

analyzed (Figures 2H and 2I). Generally, the cortical potential

(identified by first positive or P1, first negative or N1, and sec-

ond positive or P2 peaks) reflects the sequence of cortical

recruitment. P1 is the primary evoked potential directly origi-

nated from thalamo-cortical connections26 and may reflect

the initial depolarization of layer V that contains pyramidal cells.

Following this initial depolarization, axon collaterals produce an

enhanced activation which generates the secondary evoked

potential N1,27,28 although P2 arises from the activation of cor-

tico-cortical connections.29,30 Unpaired Student’s t tests

showed no statistically significant difference between execution

and observation peak-to-peak voltages (Figure 2H) for the P1-
N1 (t10 = 1.91; p = 0.0857) and N1-P2 (t10 = 2.21; p = 0.0520)

components. The timing of the components (Figure 2I) was

significantly different for P1 (t10 = 2.42; p = 0.0359), N1 (t10 =

3.02; p = 0.0130), and P2 (t10 = 2.26; p = 0.0470), with observa-

tion-evoked peaks showing shorter latencies. These differences

could be due to the presence of different generators in different

cortical layers. In fact, when synaptic activity reaches the super-

ficial layers, it propagates horizontally, thus making response

latency to increase systematically from more superficial to

deeper cortical layers.31 Thus, this result could be interpreted

as based on a laminar dissociation between motor activation

for movement generation and motor planning.32 However, the

shorter latency of peaks during observation with respect to

execution might reflect a predictive activation pattern,33,34

because the reaching phase could represent a contextual cue

enabling a predictive activation.35–37 Anyhow, the timing of an

evoked potential likely reflects a readout of a coincidence of

synaptic transmission in a large population of neurons, without

an immediate relation with single-neurons discharge.
Current Biology 31, 4405–4412, October 11, 2021 4407
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Single-neuron activity
mECoG reflects the net activation of a relatively large neural pop-

ulation under the electrode.38 As a consequence, visuomotor re-

sponses can either be expressed by a sub-population of neurons

with genuine activation in both conditions or by intermingled un-

imodal neurons responding either during execution or observa-

tion (the same applies to non-invasive recording methods, such

as functional magnetic resonance imaging (fMRI), functional

near-infrared spectroscopy (fNIRS), magnetoencaphalography

(MEG), or electroencephalogram [EEG]). Intracortical single-

neuron recordings can disambiguate between these alternative

interpretations. We therefore recorded multisite single-neuron

activity during action execution and observation from the same

regions from where we recorded mECoG potentials, by using a

32-channel microelectrode array connected to a miniature wire-

less transmitter implanted on the skull of the animals. Signals re-

corded in each task were aligned to the touch instant as for the

mECoG data (Figure 1D). Overall, 158 single neurons were re-

corded (Figure S1H). Among them, one-way repeated-measures

ANOVAs revealed that 152 neurons (25.3 ± 8.7 for each rat) were

modulated during grasping execution. Among grasping neurons,

74% (113/152; 18.8 ± 6.9 for each rat) were motor neurons,

showing a selective modulation during grasping execution only

(motor neurons), whereas 26% (39/152; 6.5 ± 2.3 for each rat)

showed a significant increase of spiking activity also during

grasping observation (visuomotor neurons). Neurons displaying

this dual modulation were observed in each rat, albeit in different

proportions. The remaining 4% of neurons (6/158; 1.0 ± 0.6 for

each rat) were modulated only during grasping observation (vi-

sual neurons). As for mECoG results, none of the neurons respon-

sive to grasping observation responded during grooming obser-

vation. Representative motor, visuomotor, and visual neurons

recorded during grasping execution, grasping observation, and

grooming observation are shown in Figures 3A–3C. Note that,

although motor (Figure 3A) and visual (Figure 3C) neurons,

respectively, increased their activity during either grasping

execution or observation, visuomotor neurons (Figure 3B)

showed a significant modulation during both conditions. Other

examples of visuomotor neurons recorded from different rats

are described in Figures S2A–S2F. In order to define the proper-

ties of neurons belonging to the three populations (i.e., motor,

visuomotor, and visual neurons), we analyzed the spiking activity

recorded during pre-touch (pre-t) (300 ms before touch) and

post-touch (post-t) (from food touch to 300 ms after it) epochs.

We then compared each condition (action execution, action

observation, and grooming observation) against a baseline

(from 1,000 to 700 ms before food touch; Figures 3D–3F). Two-

way repeated-measuresANOVAsdisplayed that activity ofmotor

neurons (Figure 3D) showed a significant effect of condition

(F2,336 = 117.60; p < 0.0001) and epoch (F2,672 = 45.61; p <

0.0001) and a significant condition 3 epoch interaction (F4,672 =

47.24; p < 0.0001), justified by the evident increase of their

discharge during both pre-t and post-t epochs. By contrast, no

significant effect was found for grasping or grooming observa-

tion. Firing of visuomotor neurons (Figure 3E) displayed a signifi-

cant effect of the condition (F2,114 = 93.89; p < 0.0001) and epoch

(F2,228 = 92.37; p < 0.0001) and a significant condition 3 epoch

interaction (F4,228 = 27.68; p < 0.0001) with an increased activity

with respect to baseline during both pre-t and post-t epochs.
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No effect was found for grooming observation. Visual neurons

(Figure 3F) displayed a significant effect of condition (F2,15 =

16.89; p = 0.0001), epoch (F2,30 = 4.46; p = 0.0201), and a signif-

icant condition 3 epoch interaction (F4,30 = 10.13; p < 0.0001).

Post hoc tests confirmed that, for these neurons, during grasping

observation, discharge increased with respect to the baseline at

both pre-t and post-t epochs. No effect was found for grasping

execution or grooming observation, similarly to what was seen

onnon-humanprimates.2 In general, thedischarge timing reveals

that visual properties areweaker and spread over time, an aspect

that is common also in macaques.39 The bi-dimensional,

bregma-relative, frequency distribution of execution- and obser-

vation-sensitive neurons (Figure S1I) shows a consistent topo-

graphical organization. In the cumulative maps, motor neurons

(Figure 3G) appeared clustered in the forelimb area, with a ros-

tro-caudal gradient. Likewise, the distribution of visuomotor neu-

rons (Figure 3H) was almost overlapping, with responsive neu-

rons mainly clustered at coordinates corresponding to the

rostral forelimb area and the anterior portion of the caudal fore-

limb area. By contrast, visual neurons (Figure 3I) show far less

spatial specificity. The increased discharge of visuomotor, but

not motor, neurons during grasping observation was observed

in parallel with an actual immobility of forelimb (FigureS2G). Inter-

estingly, and similarly to what it was originally shown in macaque

mirror neurons1,2 and by the mECoG reported in the present

study, grasping observation-related responses of rat visuomotor

neurons were unrelated to food presentation. This was demon-

strated by both (1) the presence of a statistically significant differ-

ence between grasping-related epochs and the baseline (when

the food pellet was already visible to the observing rat) and by

(2) a further analysis performed on a subset of trials (n = 14)

from9different neurons/rats where the instant of food placement

by the experimenter was occasionally recorded before the start-

ing of the trial (Figure S2H). Although this last analysis was based

on a small sample of trials, we consider that the absence of any

phasic modulation of neural activity at the instant of food place-

ment, together with the absence of any tonic modulation during

food observation by the observing rat, allowed us to exclude

that visuomotor responses were ‘‘food triggered’’ or due to ‘‘mo-

tor preparation.’’ Taken together, these data confirm the hypoth-

esis that the cortical activation during grasping execution and

observation was mostly generated by neurons with bimodal

sensorimotor properties, mainly expressed in the rostral forelimb

area, where complex sequences of reach-to-grasp movement

are represented.19,21,40,41 Accordingly, the rat rostral forelimb

sub-region is considered the homologous of the premotor and

supplementary motor area of primates,42 thus playing a key

role in conditioning the output of othermotor regions.41 To further

discern the specific properties of possible sub-populations, we

analyzed the temporal distribution of maximal discharge. Thus,

each neuron was classified based on the epoch where its aver-

agedactivitywassignificantly larger, namely pre-t or post-t domi-

nant. In case similar discharge was detected in the two epochs,

the neuron was classified as pre/post-t dominant. Considering

motor neurons (Figure 3J), a remarkable quantity of neurons

were either pre-t dominant (35%; 40/113) or post-t dominant

(51%; 57/113), although only a relative small number of cells

displayed a pre/post-t dominance (14%; 16/113). Considering

visuomotor neurons (Figure 3K), the two most representative



Figure 3. Single-neuron activity
(A–C) Representative discharge of a motor (A), visuomotor (B), and visual (C) neuron during grasping execution (green), grasping observation (red), and grooming

observation (blue). Rasters aligned (upper panels) and histograms (lower panels) were considered in specific epochs.

(D–F) Activity of motor (D), visuomotor (E), and visual (F) neuronal populations in the specific epochs.

(G–I) Frequency of discharge, color-coded bregma-relative maps of motor (G), visuomotor (H), and visual (I) neurons.

(J and K) Classification of sub-populations of motor (J) and visuomotor (K) neurons based on epoch dominance. Visuomotor neurons were classified bymatching

grasping execution and observation.

Data are represented as mean ± SEM. (A–F) **p < 0.01 different from baseline. See also Figures S1–S3.
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categories were pre-t or post-t dominant for grasping execution,

with a pre/post-t dominance for grasping observation (28%, 11/

39 and 33%, 13/39, respectively). A less represented category

was constituted by neurons showing a pre-t dominance for

both grasping execution and observation (15%; 6/39). Other

combinations were only weakly represented (5%–8%; 2–3/39).

To characterize the specific properties of these neurons and to

verify that they constitute distinct sub-populations, we investi-

gated the averaged activity for motor (Figures S3A–S3E) and vi-

suomotor (Figures S3F–S3J) neurons in relation to their epoch

dominance as well as amplitude and time-to-peak activity. In

short, results confirmed previous evidence in non-human pri-

mates: neurons displaying visuomotor properties share similar

discharge timing (relative to the specific phases of grasping
movement) of purely motor neurons,43 although during observa-

tion, firing was more spread in time.44

At the end of the last recording sessions, to verify that the

recording site was effectively the forelimb motor area, somato-

sensory-evoked potentials (SEPs) were assessed by electrical

stimulation of the median nerve of the preferred forelimb, and

rough maps were obtained (Figure S3K). Maps revealed signif-

icant activation of the caudal portion of the motor cortex,

because it receives more afferents compared to the rostral

portion,44 both via direct thalamic projections to primary motor

cortex (M1) and by associative connections from primary soma-

tosentory cortex (S1).45 In addition, visible electrode tracks

were examined (Figure S3L). The fact that the electrodes were

inserted in the forelimb motor representation until 1,500 mm
Current Biology 31, 4405–4412, October 11, 2021 4409
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below the cortical surface ensures that recordings were per-

formed in layer V of the frontal agranular cortex,46 supporting

the idea that visuomotor activity may originate from pyramidal

tract neurons47 or short-range interneurons modulating them.

Mirror network in rats
In rats, a sequential replay of recent episodes occurred in hippo-

campus immediately after a motor activity,48 suggesting an

involvement of central areas in the neuronal activation in

absence of movements. Accordingly, information reflecting the

spatial location of both the self and the other was encoded by

hippocampal pyramidal cells in the observer rats.49 This is in

line with the recent observation that the anterior cingulate cortex

contains ‘‘emotional mirror neurons’’ responding to the experi-

ence of pain and the observation of pain inflicted on other

rats.50 This emotional resonance, similar to that found in sin-

gle-neuron recordings from a neurosurgery human patient,51

although supporting the social nature of the rat brain, lacks

both the specificity and the effector-related response character-

izing the mirror neurons originally described in monkey premotor

cortex.Monkeymirror neuron networkmay act asmatching tem-

plate for others’ motor behavior because of the coexistence in

the same neurons of visual and motor responses to specific ac-

tions. This is what characterizes the visuomotor responses of rat

motor cortex we describe here, evoked during both goal-

directed actions execution and observation. This finding sup-

ports the hypothesis that rats may be provided with a similar

neuronal network able to match self and other’s experiences.

This execution and observation matching system12 in rats could

play a key role in social learning as suggested by the previous

finding that rats learn a lever-pressing task faster when they

can observe other experienced rats doing the task.52 Consis-

tently, functional cortical and hippocampal mapping in mice re-

vealed that C-Fos expression increased significantly after the

observation of other animals in the swimming task.53 However,

a recent work on mice failed to reveal a mirror response in pos-

terior parietal cortex and secondary motor cortex during the

execution and observation of a reaching task.54 This discrep-

ancy was probably due to different experimental approach,

i.e., Ca2+ imaging response, and animal conditions, such as forc-

ing attentional state using a head-fixation system.54 In addition,

different frommice, Long-Evans rats are characterized by a high-

ly developed visual system22 that may play a key role in visuomo-

tor skills as well as in exploratory and social behaviors. In addi-

tion, rats motor representations are organized according to

discrete ethological19,21 action maps, rather than simple and

discrete movements.55 Here, we extend this concept to the vi-

sual description, and possibly to the identification, of conspe-

cifics’ motor acts.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
In the present work, twelve adult male Long-Evans rats (Charles River Laboratories), eachweighing 250–300 g, were used. During the

experiment, animals were housed in individual cages under regular lighting conditions (12 hr light/dark cycle) and temperature/hu-

midity range (21-23�C/55%–65%). The experimental protocol complied with the ARRIVE guidelines and it was designed in compli-

ance with Italian law regarding the care and use of experimental animals (DL26/2014), and approved by the institutional review board

of the University of Ferrara and the ItalianMinistry of Health (permission n. 332/2015-PR). Adequatemeasures were taken tominimize

animal pain aswell as the number of animals used, according to the three Rs principle56. For surgery and acute recording procedures,

rats were initially anaesthetised with ketamine hydrochloride (80 mg/Kg, i.p.), and supplementary ketamine injections (4 mg/Kg, i.m.,

given as required, typically every 25–30min) were used for the duration of the session to maintain long-latency and sluggish hindlimb

withdrawal upon pinching the hindfoot (stage III-1 and III-257,58). Under anesthesia, a heat lamp was used to maintain the body tem-

perature at 36–38�C.

METHOD DETAILS

Experimental design
Experiments were aimed at the analysis of motor cortex activation in rats trained to execute a grasping using the forelimb aswell as to

observe another rat performing the same action. In the first set of experiments, epidural field potentials evoked during the different

tasks were evaluated by using 64-channel mECoG arrays positioned over the whole motor cortex. In the second set of experiments,

single-neuron discharge during the different taskswas evaluated by using 32-channel intracortical arrayswith electrode tips in layer V

of the forelimb motor representation. The behavioral sequences to which rats were submitted are schematically described in Fig-

ure S1E. After completion of recording sessions, a cortical mapping of potentials evoked by electrical stimulation of themedian nerve

as well as the histological evaluation were performed to assess electrode sites placement.

Behavioral apparatus
The overall apparatus is similar to that proposed by a recent work59. Substantially, it consisted of two identical clear Plexiglas boxes,

eachmeasuring 45 cm height3 15 cmwidth3 35 cmdepth, facing each other. This box design is classically employed to investigate

the ability of a rat to reach for and grasp a single food pellet16,60,61. Two animals were placed in the two different boxes at the same
Current Biology 31, 4405–4412.e1–e4, October 11, 2021 e1
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time, always with the same partner. Each rat had to execute a series of grasping or observe the other rat performing grasping or

grooming. Tasks were performed in a random sequence. In order to maintain motivation high, rats were placed on a restricted

diet to maintain 90% of normal free-feeding body weight for the duration of experimental procedures (training and recording ses-

sions). At the end of each session, animals were re-housed in their own cage, and rewarded with an extra dose of food pellets. Water

was always available ad libitum.

Grasping task

Rats were expected to extend their preferred paw to retrieve a rounded food pellet (�45mg each; TestDiet, Richmond, USA) and the

procedure used was similar to that described by previous reports20. Rats were trained to do so by extending the forelimb through an

aperture (15 cm height3 1 cmwidth), to grasp and eat one food pellet at a time (Figure 1A). Rats undergoing the skilled reaching task

were trained for several days (usually 4 weeks). Following an initial period of grasping using the mouth, the rat was then forced to use

its paw. After a few days, rats developed a consistent preference for either the left or right paw during the reaching/grasping phase,

but used both paws to bring the food to the mouth and hold it while they ate (manipulation phase). The food pellets were placed in a

small indentation on a shelf located outside the slit (3 cm high with respect to the floor of the box). The box was embedded with an

infrared sensor placed on the bottom of the indentation, triggering when the food pellet was removed by the grasping rat. Animals

were also trained to walk to the rear wall of the box after each attempt, in order to readjust their body position before the next attempt

to grasp a pellet. Rats were observed daily and the their performance on 40-60 attempts (usually �20 min) was determined. During

the experiment, each trial started with the removal of a black screen (123 12 cm) initially placed in front of the Plexiglas cage of the

grasping rat to prevent the vision of the food pellet, previously placed by the experimenter and always visible to the observing rat. The

inter-trial interval depended on the individual rat behaviors (usually 20-30 s). Completion of training was defined as five successive

sessions in which the rat executed at least 70% successful trials for each task (Figures S1A–S1C).

Grooming task

Rats were routed near the slit by placing one food pellet and few drops of 5% glucose solution were dropped by the experimenter

over the face, thus inducing the animal to perform a self-cleaning action using forelimbs. This task did not need training, and a

maximum of 10-15 trials per recording session were allowed to avoid stress and/or loss of motivation. The inter-trial interval de-

pended on the individual rat behaviors (usually 30-60 s). In order to maintain high levels of motivation, the rat was rewarded each

3-5 trials with an additional food pellet.

Observation task

Rats had to pay visual attention to the task performed by the other rat (grasping or grooming) maintaining a static posture (Fig-

ure S1D). The proximity of the two boxes allowed the rat to view the food pellet to be grasped by the other rat but too far to be reached

by the observing rat. In the food presentation condition, the rat had to pay attention to the food alone, placed in the same position

used for grasping observation (without the presence of the other rat). The food pellet was presented to the observing rat by the

removal of a black screen (12 3 12 cm) placed initially in front of the Plexiglas cage to prevent the vision of the food pellet. The in-

ter-trial interval depended on the individual rat behavior (usually 20-60 s). In order to maintain high levels of motivation, the rat was

rewarded each 3-5 trials with an additional food pellet. This task did not need systematic training, since animal attention appeared

influenced by several contextual-independent experimental variables.

Trials validation
Trials were considered for analysis only when both acting and observing rats have performed a correct trial.

Grasping task

A trial was scored as correct if a rat obtained the pellet and then consumed it, or if the pellet dropped during retraction. On the

contrary, the trial was not considered if the pellet was pushed off the shelf by an imprecise movement.

Grooming task

A trial was scored as correct if a rat performs the self-cleaning in front of the slit. Otherwise, the trial was not considered if the action

was performed more than 5 cm away from the slit.

Observational task

Two consecutive steps of validation were used to identify a correct trial. Only trials when the observer rat was motionless in front of

the slit during the action performed by other rat were considered for the second step of validation. The second step of validation con-

sisted in a quantitative characterization of immobility and visual attention to the grasping or grooming execution as well as to food

presentation. During mECoG recording, an optical 3Dmotion analyzer (QualisysMotion Capture System; Qualisys North America Inc,

Charlotte, USA), in which the X-, Y- and Z- axes corresponded to the anterior, lateral and dorsal directions, respectively, was used to

record the spatial position over-time a of adhesive infrared-reflective spherical markers (weight: 0.04 g, diameter: 0.30 cm) placed on

the observer rat (Figures 1A and 1B), through three infrared cameras positioned around the box. This setup was previously employed

to evaluate kinematics of ICMS-evokedmovements in rats19–21 aswell as grasping in non-human primates62,63. To verify the absence

of possible forelimb movements, one marker was positioned on the forelimb skin, i.e., the dorsal middle of the wrist. In parallel, to

evaluate the visual attentional state, other twomarkers were positioned on the frontal and the occipital edges of the recording cham-

ber. An additional marker was fixed in the rear of the small indentation for the food pellets (food marker). To minimize positional vari-

ability, markers were positioned by the same operator in all experiments. Markers were placed on the rat only during the observa-

tional tasks to avoid any possible influence on grasping performance or stress-induction. Recordings were collected at a

sampling rate of 100 Hz and Qualisys Track Manager software was used to calculate kinematic features offline (Video S1). During
e2 Current Biology 31, 4405–4412.e1–e4, October 11, 2021
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intracortical recording, since the chronic implant was performed by fixing the multi-electrode array directly on the skull without a

recording chamber, an optimal positioning of the infrared reflective markers was not possible. Thus, two video cameras were posi-

tioned around the Plexiglas box of the observer rat to obtain a lateral and a dorsal view of the animal and its behavior was videotaped

at 60 frames/s. Both dorsal and lateral views were evaluated offline frame-by-frame using commercial free softwares (VirtualDub:

https://www.virtualdub.org and Avidemux: http://fixounet.free.fr/avidemux), virtual markers being positioningmanually by the exper-

imenter at the salient frames. On both motion capture data, we first evaluated head and forelimb proximity to the aperture and

motionless by measuring reciprocal distances between three markers, namely that positioned on the rostral part of the chamber,

wrist and food pellet (Figures 1A and 1B). A displacement below 5% of the distance at baseline lead a trial validation. We then

analyzed head-food alignment to verify if the rat was paying attention to the task (grasping and grooming). The amplitude of the angle

formed by the virtual axis passing through the two head markers and that passing through the rostral marker of the head and food,

was evaluated (Figure 1B). An angle comprised in the range 139.1-176.5 degrees (for the infrared system) or 170.0-190.0 and 152.5-

179.8 degrees (respectively, for top and lateral views of video cameras system) lead at trial validation. For a trial to be valid, the head-

food angle must be comprised between two pre-selected cut-off values (horizontal dashed lines in Figure 1B). Cut-off values were

derived from the grasping condition, where the animal is facing toward the food being its visual attention directed toward the to-be-

grasped target. Trials showing a marker displacement or unaligned position of the head-food markers during at least one of the three

considered frames, namely baseline (frame at 500 ms before touch), reaching (frame in which the paw comes out from box aperture)

and touch (frame corresponding at the beginning of food grip) was excluded from further analyses. Considering grooming observa-

tion, the same criteria were used. Reciprocal distances of forelimb and head were measured to assess immobility. Proximity of the

two animals and the virtual axis passing between the two head markers was used to verify that attention was directed toward the rat

performing the grooming action.

Surgical procedures
After the end of training, ketamine-anaesthetised rats were placed in a Kopf stereotaxic apparatus (David Kopf Instruments, Tujunga,

CA, USA). A craniotomy was performed to expose the frontal cortex of the hemisphere contralateral to the preferred limb. Each un-

derwent different procedures depending on whether they were going to be used for recording epidural field potentials or single unit

activity. After surgery, each rat was re-housed in their cage and treated with analgesic and antibiotic drugs until complete recovery

(usually two or three days).

Epidural field potentials

The dura remained intact and kept moist with saline. A custom-made titanium recording chamber (18 mm length, 13 mm wide and

12 mm height) was surgically implanted on the selected hemisphere. The chamber was fixed to the skull using screws and dental

cement (Jet Repair Acrylic; Lang Dental Manufacturing, Chicago, IL, USA). Using a micromanipulator (David Kopf Instruments,

Tujunga, CA, USA), a custom-made flexible 83 8 mECoG array64, measuring 7mm in theML3 8mm in the AP direction, was inserted

within the chamber and placed over exposed cortex. The 63 active electrodes are in gold (impedance: 0-5-1.5 MU at 1 KHz) with a

contact diameter of 0.1 mm and inter-electrode distance of 0.9 mm in the ML and 0.7 mm in the AP direction. The size of the array

ensure that the whole motor cortex is recorded, thus including the vibrissa and forelimb motor representations of the selected

hemisphere. An electrode located in the angle of the array served as reference. Finally, the array was blocked through its connectors

(Omnetics Connector Corporation, Minneapolis, USA) to the chamber with a cover.

Single neuron activity

Under surgical stereomicroscopy (Carl Zeiss Meditec AG, S100/OPMI pico, Jena, Germany), the dura was removed and the cortex

kept moist with saline. Using a micromanipulator, a 4 3 8 intracortical arrays (MEA, Microprobes, Gaithersburg, USA) measuring

1.5 mm in the ML3 3.5 mm in the AP direction, was lowered vertically to 1500 mm below the cortical surface, corresponding to layer

V of the frontal agranular cortex, in the area comprised between 2.5-4.0 mm in the ML and 0.5-4 mm in the AP direction, that usually

constitutes the forelimb representation21,65,66. The 32 active electrodes were in platinum-iridium (impedance: 0.5-1.5 MU at 1 KHz)

with an inter-electrode distance of 0.5 mm in the ML and AP direction. Array dimensions ensure that the whole forelimb representa-

tion was recorded. A screw implanted more caudally with respect the craniotomy served as reference. After electrode implantations

the exposed cortexwas covered by silicone elastomer Kwik-Cast (Word Precision Instruments, Sarasota, USA). Finally, the arraywas

fixed to the skull using screws and dental cement (Jet Repair Acrylic; Lang Dental Manufacturing, Chicago, IL, USA).

Cortical activity recording
Recording sessions began 3-4 days after surgery, to fully recover basal functions such as gait balance and food-intake, and it lasted

up to 11 days, based on implant survivor. Before each recording session, the implanted mECoG or intra-cortical array was manually

connected to a wireless headstage interfaced with a receiver (W-Series, Triangle Biosystems International, Durham, USA), gently

holding the conditioned rats. Through the headstage, signals were amplified 3 800 and bandpass filtered between 0.8 and

7000 Hz67. Then, signals were elaborated differently based on protocol of recording, namely epidural field potentials or single unit

activity.

Epidural field potentials

Signals were further amplified3 10, bandpass filtered between 3 and 250 Hz, digitized with a sampling rate of 2 KHz, and stored for

the offline analysis (Visual Basic .NET code and National Instrument library). Averaging of 50-100 trials (usually acquired in 4-7 days),

starting 700 ms before and ending 500 ms after the grasping, yielded one evoked potential.
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Single neuron activity

Signals were further amplified3 10, digitized with a sampling rate of 30 KHz (Visual Basic .NET code and National Instrument library),

and stored for the offline analysis. For spikes detection, the signal was band-passed (300-3000 Hz), thresholded using 3.5 standard

deviations (SD) above and below the mean of the sample distribution and extracted waveforms were clustered using K-means

Algorithm of Off (Plexon Inc, Greenville, USA).

Electrodes placement reconstruction
At the end of the intracortical recording period, somatosensory evoked potentials (SEPs) were assessed under electrical peripheral

stimulation in ketamine-anaesthetized rats, to assess size and location of the forelimb representation with respect to the array po-

sition. Animals were in a prone position and themedian nerve of the preferred forelimb was stimulated by aWPI A310 pulse generator

through aWPI A360R stimulus isolation unit (World Precision Instruments, Sarasota, USA), with a rectangular constant current pulses

with a frequency of 0.25 Hz, via bipolar subcutaneous needle electrodes (2mm separation). Pulse duration was 0.2ms and amplitude

was set at threshold level to evoke a visible forepaw twitch (usually in the 1-2 mA range). Signals were amplified 3 10, bandpass

filtered between 3 and 250 Hz, digitized with a sampling rate of 2 KHz, and stored for the offline analysis (Visual Basic .NET code

and National Instrument library). Averaging of 100 sweeps, starting at stimulus delivery and ending 100 ms after, yielded one SEP.

Histology
At the end of the recording period, each animal was deeply anaesthetised with Zoletil 100 (10 mg/Kg, i.m.; Virbac Laboratories, Carros,

France), transcardially perfused with saline at room temperature, and fixed with cold 4% paraformaldehyde at pH 7.4. Brains were

removed, post-fixed overnight, and transferred to 30% sucrose solution for cryoprotection until they sunk. A freezing microtome

(SM2000R; Leica Microsystems, Wetzlar, Germany) was then used to cut 50 mm coronal sections, which were collected free floating

in saline for Nissl staining, according to a previously described protocol21,65. Briefly, sections at the level of the motor cortex were

mounted on chrome-alum-coated slides, stained with cresyl violet, dried in escalating alcohol concentration, cleared in xylene,

coverslipped with mounting medium, and captured using a computer-interfaced light microscopy workstation (Zeiss Axioskop, Carl

Zeiss, Jena, Germany) with a high-resolution digital camera (AxioCam ICc3, Carl Zeiss, Jena, Germany). For each section (Figure S3L),

electrodes placement was assessed and whole array position reconstructed onto schematic templates of coronal sections68.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data presentation and statistical analysis
Data are represented asmean ± SEM and were obtained from twelve animals. In the present work, a motor site/neuron was defined as

site/neuron significantly modulated by grasping execution, whereas a visuomotor site/neuron as site/neuron significantly modulated by

grasping execution and observation. Finally, visual site/neuron refers to a site/neuron significantly modulated by grasping observation.

Considering the epidural field potentials, activities were aligned with respect to food touch, averaged among trials, and expressed in

function of time, to obtain a profile which provide a continuous time-dependent measure. To ensure that the response at each cortical

sitewasmodulated by the task, the difference in the activitywas statistically assessed for each site by unpairedStudent’s t test between

two different 300-ms epochs, namely baseline (from 700 to 400ms before food touch) and action (from 150ms before and 150ms after

touch). Epoch durationwas selected by looking at the temporal evolution of the cortical potentials (usually observed at�100ms around

touch). Sites showing significant potentials were further taken into consideration. Considering single neuron data, spike trains were

aligned with respect to food touch (MATLAB Mathworks, Natick, USA), averaged among trials, and expressed in function of time

(20ms bins) to obtain a time-dependent measure of the firing pattern (spike/s). To ensure that the response of a selected neuron

was modulated by the task, the difference in activity was statistically assessed for each neuron by repeated-measures one-way

ANOVA followed by Dunnett’s post hoc test for multiple comparison among three different 300-ms epochs, namely baseline (from

1000 to 700 ms before food touch), pre-touch (from 300 ms before touch to food touch) and post-touch (from touch to 300 ms after

touch). Epoch duration was chosen based on the time it takes for the extension or retraction of the forelimb (usually �250 ms each).

Differently from epidural signals, epochswere extended from two to three, since an early and later modulationwas expected at the level

of single neuron activity. Only neurons showing significant differences with respect to baseline, were further taken into consideration.

Neuronal populations and sub-populations were then assessed by two-way repeated-measures ANOVA, with conditions and epoch as

factors, followed by Bonferroni post hoc test for multiple comparisons. For both mECoG and intracortical recordings, to characterize the

spatial distribution in the motor cortex surface of the task-related activity across animals, a 2D distribution of motor-, visuo-motor and

visual sites (for mECoG) or neurons (for intracortical recording) at coordinates relative to the bregma was generated using a spatially

interpolated contour plot. Each movement-related site was assigned X and Y values corresponding to the coordinate relative to the

bregma (ML and AP, respectively), and a Z value corresponding to the assigned probability. A probability at a given site of 100% will

be achieved when all responses of the same group will be detected at that site. A quantitative evaluation of the motor cortex configu-

rationwas obtained from the sizes of the activated area, assuming that each task-related site represented a 0.63mm2 (0.93 0.7mm) or

0.25mm2 (0.53 0.5mm) of cortical surface, based on inter-electrode distance for mECoGor intracortical electrode arrays, respectively.

Unpaired Student’s t test or one-way ANOVA followed by Dunnett’s post hoc test for multiple comparison were used to assess differ-

ence among different conditions. P values < 0.05 were considered to be statistically significant. All details on quantitative methods and

software used were explained in the Method details section.
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