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AIM OF THE WORK 

Social interaction is a fundamental prerogative of primate’s life. Different abilities are part of the 

repertoire that is necessary to fulfill a complex social behavior. Many of these abilities are shared 

between human and monkeys: non-human primates are capable of cooperating (Haroush & Williams 

2015), monitor each other’s actions (Falcone et al. 2012a), learn from observation (Subiaul et al. 

2004, Falcone et al. 2012b, Chang et al. 2011, Monfardini et al. 2014). One of the bases of social 

behavior is certainly the ability to understand other’s actions. In this respect, one of the major 

discovery in neurophysiology in the last decades is that of ‘mirror neurons’ in monkey’s parietofrontal 

circuits (di Pellegrino et al. 1992, Rizzolatti et al. 1996). These neurons are activated both when an 

action is performed and when the same action it is just observed. It has been suggested that they could 

play a critical role in providing the bases for understanding the action of others through the same 

neural mechanisms which activate during the execution of a specific motor act. Despite that, the 

activity of mirror neurons is not able to provide a neural signal able to distinguish between self and 

others. Recently, some studies attempted to investigate the neural correlates of self-others 

differentiation, looking for evidence of a non-overlapping neural representation of self and others 

action. In this thesis, I will discuss the results of three distinct neurophysiology experiments that 

investigated the role played by different areas of the macaque frontal cortex in providing such 

distinction. Through a task design that required the interaction between humans and monkeys, the 

aim of these experiments was to explore the distinct neural correlates which allow the prediction or 

the anticipation of someone else actions.           

In Section 1, a general description of the experimental design adopted by the three experiments 

discussed here is provided. The non-match-to-goal task required the interaction between the monkey 

and the experimenter, which alternated their role as actor and observer along the different trials.   

In Section 2, the methods and the main results of two previous neurophysiology experiments (Falcone 

et al. 2016, Falcone et al. 2017) are discussed. These experiments investigated the property of single 

neurons recorded in the lateral prefrontal cortex and in the medial frontal cortex.  

In Section 3 are discussed the methods and the main results of our study (Cirillo et al. 2018), which 

adopted the same task design as the two previous experiments, recording the activity of neurons in 

the dorsal premotor cortex.  

Section 4 presents an overview of the overall results, discussing the role played by different categories 

of cells identified within the frontal cortex in the three experiments that investigated the neural 

correlates of representing others’ future and past behavior in a separate way from one’s own.   
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SECTION 1 

__________________________________ 

THE NONMATCH-TO-GOAL TASK IN 
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1.1 THE MATCH-TO-GOAL RULE 

Analogical reasoning is considered a key feature of the human’s cognition. This concerns the ability 

to identify similarities and correspondences between exemplars, getting to know the relationship that 

occurs between them (Gentner 1983). Reasoning by analogies is considered a core high level function 

of the human mind that enables to learn information about the relationship between objects and to 

transfer this knowledge whenever a similar and new situation is presented (Holyoak et al. 1984). 

Studies with human children highlighted the important role played by different executive functions 

in the development of such ability (Krawczyk 2012, Simms et al. 2018, Whitaker et al. 2018).       

In comparative research, many studies tried to address the question whether the ability of abstract 

thinking and making logical inference is an exclusively human competence or whether it is shared 

with animals. Since the use of language is a key feature in human for the ability to acquire abstract 

concepts, the first studies that tried to address this question proposed that nonverbal being could not 

develop such a competence (Premack, 1978).  Several studies over the years suggested that this is not 

the case: analogical reason has been found in great apes (Gillian et al. 1981, Thompson et al.1997), 

monkeys (Katz et al. 2002, Fagot et al. 2011, Truppa et al. 2011), crows (Smirnova et al. 2015) and 

parrots (Obozova et al. 2015). To investigate these processes in a laboratory setup, one of the most 

common experimental paradigm used is the match-to-goal task (MTG). In this type of task usually 

two different stimuli are presented. The sample stimulus has to be compared with two or more 

comparison stimuli in order to give a judgment about the difference between them. Consider for 

example a geometrical figure used as sample stimulus, a red square. The comparison stimuli in the 

test phase could be a green square and a green triangle: in this case, the correct response may be the 

stimulus with the same geometrical shape, the green square. However, another case is possible, in 

which two different comparison stimuli can be presented, a red circle and a green triangle: the 

underlying rule in this case may be to select the same color, which would make the red circle the 

correct response. Indeed, in the MTG the correct response is untied to the specific features of a 

stimulus, but rather it relies on the rule of ‘same/different’, that could be varied experimentally.  In 

order to recognize whether two stimuli match with each other, it is necessary to have the notion of 

‘sameness’, which is an abstract concept. Different versions of the MTG task can test more difficult 

abstraction rules, like the relational match (RMTG). In the case of the MTG, the ‘sameness’ relies on 

a perceptual judgment about the physical features of the stimuli; in the RMTG, it is required to 

understand if objects share the same relation rather than the same perceptual attributes. Consider for 

example a sample stimulus composed by 2 letters (AA) and two comparison stimuli also composed 

by two letter, the stimulus (BB) and the stimulus (CD). Identifying the first comparison stimulus (BB) 
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as the correct response requires the ability to understand relationships; in this case the fact that the 

correct comparison stimuli is the one composed by a couple of identical objects, as the sample 

stimulus, even if the objects are perceptually and physically different. 

         

1.2 NONMATCH-TO-GOAL AND SOCIAL INTERACTION 

We analyzed three different datasets recorded in three different frontal areas of the rhesus monkey’s 

brain. The aim of the experiments was to study the neural activity of single neurons during a social 

interaction task. For this purpose, a variant of MTG task was used in all the three experiments, the 

nonmatch-to-goal-task (NMTG). This task provides the same underlying rule of the MTG task except 

that, in the case of the NMTG, the correct response is given by the selection of the stimulus that 

doesn’t match, instead of the one which is the same. Here I provide a brief general description of the 

task design used in those experiments; a more specific description along with the details of the specific 

versions and their variants used in each experiment will be discussed in the further sections.  

In the NMTG task, in each trial a couple of stimuli is presented on the touchscreen. The task’s rule 

required the monkeys to discard the stimulus selected in the previous trial and to select the other one. 

In each trial, one of the two stimuli presented on the screen was thus the correct stimulus in the 

previous trial, and the other stimulus was either a new one or the one previously not selected. The 

peculiarity of the NMTG task is that choosing the different stimulus instead of the same, as in the 

MTG task, makes it possible to have a sequence of trials linked with each other, in which the correct 

response changes from trial to trial. This feature becomes crucial because it introduces the necessity 

to keep in mind the selection carried out in the previous trial in order to be successful in the current 

trial. Therefore it is possible to measure the ability of the monkeys to follow the nonmatch rule, which 

is expressed in terms of the proportion between correct and error trials after a correct trial.     

In this framework the experiments discussed in this work introduce a variant in the NMTG task to 

study social interaction. In the social version, monkeys have to interact with a human partner to 

perform the task, alternating the role of actor and observer during the experiment. At the end of a trial 

performed by the monkey, the human agent could intervene in the task, performing himself the next 

trial with monkey observing his choices and  actions. In the trial performed by the human agent, the 

correct choice still depends on which stimulus was chosen in the previous trial by the monkey: the 

human agent follows the same nonmatch rule as the monkey, taking in account the previous monkey’s 

choice and selecting the different target. At the end of the trial performed by the human agent, the 

monkey can perform the next trial. The underlying idea behind the social variant is that the monkey 
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has to keep in mind the stimulus previously chosen by the human partner in order to discard it and to 

choose the new one of the couple, as well as he performs the task alone.  

The NMTG task described above represents the basic task designed behind all the three different 

experiments that will be discussed in this work. However, two different variants were adopted, that 

differed in the ‘domain’ in which they operate: an ‘object’ version and a ‘spatial’ version. In the 

object nonmatch-to-goal version (ONMTG), four objects of different shapes presented in a couple 

are used as stimuli and the rule consisted in discarding the previously chosen object. In the spatial 

nonmatch-to-goal version (SNMTG), a unique stimulus is presented in two out of four possible 

different positions and the rule consisted in discarding the previously chosen position. The same 

NMTG rule was applied in both cases, a rule that required to identify the different stimulus and to 

discard it, but within a different context. For instance, the information about the position of the 

stimulus was uninformative in the ONMTG version, while it was fundamental in the SNMTG. 

Nevertheless, Falcone et al. (2013) found that monkeys were capable of transferring the abstract rule 

underlying the NMTG between the two different versions, despite they appear to belong to two 

different cognitive domains. For the purpose of this work, the ability of trained monkeys to switch 

easily between the two task versions can offer a good chance to compare the results obtained with the 

two of them. 

    

1.3 ADVANTAGES AND LIMITATIONS OF THE TASK DESIGN 

This task design offers various advantages in the attempt to study a complex and naturalistic behavior 

like social interaction in the laboratory environment. First, it introduces the requirement of monitoring 

other’s actions. Previous studies that investigated others’ actions observation often adopted 

experimental paradigms in which no active monitoring was required to the monkeys. This is the case, 

for example, of the classical studies about mirror neurons (di Pellegrino et al. 1992, Rizzolatti et al. 

1996, Casile et al. 2013), in which monkeys observed passively the execution of different movements 

performed by the experimenters. In the NMTG task instead, for its interactive aspect, it becomes 

critical for the monkey to monitor the action of the human partner during his turn, focusing on the 

choice that the partner makes, and to retain the information until it is time to make a choice in the 

next trial. Introducing an active monitoring of the partner’s actions permits to have a behavioral 

measure of the ability of the monkeys in the task, in terms of correct trials performed after a trial 

performed by the human partner. Second, a social interaction with a real physical agent was  

introduced. Some previous studies investigated action observation when a cursor moved on a screen 
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(Cisek & Kalaska 2004, Tkach et al. 2007). It is not clear how the monkeys can interpret the automatic 

movement performed by a computer of a cursor on a screen, without an observable agent that 

physically performs the action, and in any case it is far from the typical interaction that a monkey 

experiences daily in its social life. Furthermore, the animacy of a rival agent seems to play a role in 

the modulation of the activity of neurons recorded during a competitive social task (Hosokawa & 

Watanabe, 2012). Finally, the interaction with a human partner, instead of another monkey, offers the 

chance to have the performance of the agent under experimental control. In the NMTG task used in 

the three experiments that we will further discuss, the human partner always performed the correct 

choice, without making mistakes. The absence of errors allowed the creation of a stable predictive 

context, in which the monkeys always know what the human partner will do next without ambiguities, 

offering the base for a possible prediction of his actions. For this particular reason, the main analysis 

on neural activity has been carried out in a delay period of the task, occurring between the presentation 

of the stimuli and the go-signal that allows the movement toward one of them. The introduction of 

this task period is important to study the neural activity without the possible confound of the 

perception of the movement either of the monkey or of the human agent. The purpose of this task is 

to investigate not only the neural mechanisms that lead to the differentiation between self and others’ 

actions during the choice of a behavioral goal, but also the anticipation, or prediction, of these actions. 

Knowing the underlying rule of the task and creating a strong stable predictive contest can facilitate 

the prediction of other’s choices in this period of the task, where the information that defines the 

correct behavioral goal is already present but the movement necessary for its selection is not allowed 

yet.  

However, a major limitation arises with the use of this task design. This is related to the impossibility 

to study error related activity, at least during the trial performed by the human agent. Whilst a stable 

predictive context enhances the ability of the monkeys to predict what the human agent will do, 

because his actions do not lend themselves to any ambiguities, the absence of errors as controls leads 

to an uncertainty in the clear interpretation of the results as an actual predictive activity. This 

possibility will be further addressed in details in the conclusive section.  
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SECTION 2 

__________________________________ 

LATERAL PREFRONTAL CORTEX AND 

MEDIAL FRONTAL CORTEX 
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2.1 lPFC AND MFC IN SOCIAL INTERACTION 

lPFC 

The prefrontal cortex (PFC) in the macaque brain can be divided into three main regions: the medial 

prefrontal cortex (mPFC), the ventral prefrontal cortex (vPFC) and the lateral prefrontal cortex 

(lPFC). The latter can be subdivided into two further regions: the dorsolateral prefrontal cortex 

(dlPFC), which includes the Broadmann’s areas 9 and 8b, and the ventrolateral prefrontal cortex 

(vlPFC), which includes The Broadmann’s areas 12/47, 45 and 46 (Walker 1940). Of the many 

cognitive functions that have been associated with the activity of the lPFC, many neurophysiological 

studies focused on its role in the representation of behavioral goals. The activity of the neurons in this 

area represented the position of the behavioral goal during the delay period of different tasks (Rainer 

et al. 1998, Saito 2005). The sustained activity during the delay suggests that lPFC is involved in 

retaining the necessary information to achieve behavioral goals mediating working memory 

mechanisms (Goldman-Rakic 1988, Tanji & Hoshi 2008). Yamagata et al. (2012) investigated 

different aspects of the generation of a goal-directed behavior: analyzing the activity of lPFC during 

and after the presentation of an instruction cue (IC) the authors found that neurons in the vlPFC 

encoded the visual features of the IC, while neurons in the dlPFC did not. On the contrary, during the 

presentation of the IC and during the following delay period, neurons in the dlPFC directly encoded 

the behavioral goal represented by the IC (in this case, right or left position), to a greater extent than 

neurons in vlPFC. Such difference seems to be in line with the idea proposed by Goldman-Rakic 

(1988) that different information domain are processed by the two different areas, with the vlPFC 

involved in features processes, and the dlPFC involved in spatial processes. In addition, the 

involvement of lPFC has been investigated not only in the coding of future goals, but also for coding 

past goals. Genovesio et al. (2006) found that neurons in the lPFC had activity that encoded future 

and previous goal in a task in which it was necessary, similarly to the NMTG, to remember the 

previous chosen goal in order to succeed in the successive trial. Interestingly, only a few neurons 

encoded both, leading to two separate subpopulations in lPFC that clearly distinguish between future 

and previous goals.    

All these evidence of the ability of the lPFC to represent so many specific aspects in the process of 

selection of a behavioral goal lead to the question whether similar processes can take place in this 

area during social interaction. The ability to distinguish between their own goals and those of others 

is a key feature in primate social life. So far, evidence of the involvement of the lPFC in social 

cognition mechanisms comes from functional neuroimaging studies with humans, where these areas 

have been observed to encode other’s actions prediction error (Burke et al 2010, Suzuki et al. 2012).                       
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MFC 

The medial frontal cortex (MFC) as a whole has been suggested to play an important role in different 

cognitive functions, but a special attention has been dedicated to study social cognition (Ridderinkhof 

et al. 2004, Amodio & Frith 2006). Numerous studies outlined the importance of several areas of the 

MFC in the processes of action (Carter et al. 1998, Botvinick et al. 2001) and errors monitoring (Ito 

et al. 2003), with a specific involvement of the anterior cingulate cortex, in the ventral part of the 

medial wall. The dorsal part of the medial wall includes numerous areas. The posterior part belongs 

to the Broadmann areas 4 and 6 and includes the primary motor cortex M1, the supplementary motor 

area (SMA) and the pre-supplementary motor area (pre-SMA). The anterior part lies in the prefrontal 

cortex, and the Broadmann’s areas 8 and 9 occupy the more posterior region (posterior medial 

prefrontal cortex, pmPFC). Recording sites in the experiment of Falcone et al. (2017) were located in 

these areas.  

In the macaque brain, the supplementary (SMA) and pre-supplementary motor areas (pre-SMA) are 

located on the dorsomedial frontal cortex in Broadmann area 6, rostrally to the primary motor cortex. 

The caudal part of area 6 corresponds to the SMA and the anterior part to the pre-SMA (respectively 

area 6aα and area 6aβ, Matelli et al. 1991, Pickard & Strick 1996). These regions are involved in 

different fundamental aspects of motor behavior (Nachev et al. 2008). Neurons in these areas 

discharge before movements of specific parts of the body (Brinkman & Porter 1979, Tanji & Kurata 

1982), responds to movements cued by specific sensory cues (Tanji & Kurata 1985) and are active 

during learning of movement’s sequences (Nakamura et al. 1998). Only recently, the role of these 

areas has been investigated in social interaction paradigms, to better understand their involvement in 

the representation of self and others’ behavior. Yoshida et al. (2011) recorded the activity of single 

neurons in two rhesus macaques using a role-reversal task. In this task, monkeys were required to 

press one of two buttons, green or yellow, in order to receive a reward. Pressing one button led to 

reward delivery while pressing the other did not. The correct response was associated with the 

pression of a specific button for blocks of 5-17 trials, then switched unpredictably. Monkeys 

alternated the role of actor and observer every 2 trials. When the correct button was pressed, reward 

was delivered to both the actor and the observer. When the partner chose the wrong button because 

of the block change, the observer monkey had to use this information to switch color and press the 

other button when it was his turn to be the actor. Recordings were obtained in two areas of the medial 

cortex: a dorsomedial region, including the SMA and pre-SMA areas, and a more ventral region, 

including the cingulate sulcus regions. The authors found a significant proportion of cells that 

selectively encoded the agent who performed the trial during the action, ‘partner type’ neurons and 
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‘self type’ neurons. The proportion of partner and self type neurons was greater in the dorsomedial 

area compared to the cingulate sulcus region. In the same dataset, authors found cells that selectively 

encoded partner’s errors (Yoshida et al. 2012), proving that the supplemental motor complex is highly 

involved at different levels in the processes of self-others’s actions differentiation. The advantages of 

this kind of experimental paradigm are multiple. In the first place, similar to what happens with the 

NMTG task, monkeys have to actively monitor the actions of the partner to make a choice when they 

become the actors. This feature distinguishes it from previous paradigms in which the monitoring 

was essentially passive, where it was not necessary to extract information during the observing phase 

to succeed during the execution phase. In the second place, the task includes a real interaction with 

another living agent instead of an inanimate one such a cursor. However, this particular experiment 

comes with the limitation of not having a delay period, since the neural activity was investigated 

during the movement period of the task, as previously done in studies about mirror neurons activity 

(di Pellegrino et al. 1992, Rizzolatti et al. 1996). The introduction of a delay period allowed a better 

understanding of those mechanisms which permit the self-others differentiation in terms of prediction 

of others’ actions, without the possible interference due to the observation of the movements.  

To what extent the pmPFC is involved in social interactions mechanisms appears to be nowadays less 

clear. The few neurophysiological studies with primates that targeted these areas showed neurons 

which were modulated by the selection of specific tactics necessary to select an action (Matsuzaka et 

al. 2012, Matsuzaka et al. 2016), involving this area in the processes of supervisory control during 

the execution of a specific motor behavior.      
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2.2 MATERIALS AND METHODS 

Here are reported the experimental procedures and the details of the tasks used by Falcone et al. 

(2016, 2017) in their studies on social interaction in the lateral prefrontal cortex and medial frontal 

cortex. In the lPFC (Falcone 2016), two male rhesus monkeys (macaca mulatta) performed an 

ONMTG task version: Monkey 1, average weight 9.5 Kg, and Monkey 2, average weight 7.5 Kg. In 

the MFC (Falcone 2017), two male rhesus monkeys (macaca mulatta) performed instead a SNMTG 

task version: Monkey 1, 10 years old, average weight 9 kg, and Monkey 2, 7 years old, average weight 

8 kg.  

Sequence of task events 

lPFC 

Each monkey sat in a primate chair facing a monitor touch screen (Microtouch monitor, 19 inches, 

800x600 pixel resolution) used to perform the ONMTG task (Fig 2.1). The task started with the 

presentation of a white circle (central stimulus, CS, 7° visual angle) in the center of the screen: the 

monkeys were required to touch it and to hold the touch to start the trial. If the CS was not touched 

within 2 s, the trial was aborted. After the touch of the CS, a rectangular horizontal grey bar (18° x 

10°) immediately appeared on the screen, above the CS (14° above the position of the CS). The 

monkeys were required to hold the touch on the CS for a randomly chosen period of 1 or 1.5 s (holding 

CS period) after which the object-goals (OG) appeared on the screen. The OGs were 4 different 

figures (13°x13°, Fig 2.1, on the top) which were presented in couples, one on the right and one on 

the left of the CS (24° from the CS position). After the appearance of the OGs, a delay period started, 

randomly lasting 0, 1 or 1.5 s. During the delay period the CS, the horizontal bar and the OGs were 

on the screen, and the monkeys were still required to hold the touch on the CS. At the end of the delay 

period, the horizontal bar disappeared: this represented the go-signal that inform the monkeys to move 

toward one of the two OGs, making a choice. After the monkeys reached one of the two objects, they 

had to maintain the touch for a randomly chosen period of 0.8 or 1.2 s (holding goal period). After 

that, a visual feedback, that was informative about the correctness of the choice just made, appeared 

around the chosen object. A white square (28°) or a red triangle (30° x 25°) informed the animals that 

the choice was correct; a white circle (28°) or a blue triangle (30° x 25°) informed the animals that 

the choice was incorrect (Fig 2.1, on the top). Positive and negative feedbacks were presented in 

couple based on color (white square and circle) or shape (red and blue triangle) for blocks of 21 

correct trials, then the couple was switched. Since the appearance of the feedback around the chosen 

object, monkeys had to continue to maintain the touch on the OG for a randomly chosen period of 
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0.8 or 1.2 s (feedback period). At the end of the feedback period, reward was delivered after correct 

choice, then the screen turned black. After a randomly intertrial period of 1 or 1.5 s, the next trial 

started. In the successive trial, the chosen object was presented again, together with one of the two 

objects of the four not presented before or with the same object discarded in the previous trial. After 

incorrect choices, no reward was delivered and after the intertrial period the next trial followed, which 

was always a correction trial. In correction trials, the same couple of objects was re-presented, so as 

the monkeys could switch their choice and select the correct object. Perseverative errors in correction 

trials led to the repetition of the correction trial. In the ONMTG the rule was to discard the object that 

was chosen in the previous trial and select the other one. In the first trial of each session, which was 

not preceded by any trial, each of the two object was accepted as correct choice. 

 

 

Fig. 2.1 Sequence of the task events in the ONMTG task used by Falcone et al. (2016). Each black square represents 

the monitor screen in a period of a trial. On the top the four different objects and the feedbacks used in the task are 

represented. 

 

MFC 

In this study Falcone et al. used a very similar experimental paradigm to that used in the lPFC, with 

the difference that monkeys carried out a SNMTG task (Fig 2.2). Using the same experimental setup 

previously described, a trial started with the presentation of a CS represented by a white circle (7°) in 

the center of the touch screen monitor. After the touch, the go-signal horizontal grey bar (18° x 10) 

appeared above the CS, initiating the holding CS period in which the monkeys had to hold the touch 

on the CS for a randomly chosen period of 1 or 1.5 s. At the end of this period, two peripheral targets 
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(PT) represented by identical filled grey rectangle (7.1° x 7.7°) appeared on the touch screen in two 

different positions out of four. The four possible positions were a combination of two spatial 

coordinates, right or left and bottom or center: bottom right (17.5 ° and 23.5° below and right from 

the center), bottom left (17.5 ° and 23.5° below and left from the center), center right (23.5° left from 

the center) and center left (23.5° left from the center). The delay period duration of 0 or 1s started 

after the presentation of the PT, during which the animals were not allowed yet to move toward one 

target but instead they had to maintain the touch on the CS. As in the other experiment, at the end of 

the delay period the disappearance of the horizontal bar served as a go signal for the monkeys. Within 

3s animals had to select one of the two PT and to continue touching it for a holding target period, 

lasting 0.8 or 1.2 s. Finally, the same couples of feedback used in the other experiment (Fig. 2.2, on 

the top) were used to inform the monkeys whether the choice was correct or not: the shape feedbacks 

were a white square (14.8°) for the correct response and a white circle (16.7°) for the incorrect 

response; the color feedback were a red triangle for the correct response and a blue triangle (19.3° x 

15.9°) for the incorrect response. The feedback surrounded the chosen PT appearing at the end of the 

holding target period. In the feedback period, monkeys continued touching the target for 0.8 or 1.2 s. 

At the end, reward was delivered in correct trials and after 1 or 1.5 s of intertrial period the successive 

trial could start. In the successive trial, the chosen position was presented again, together with the two 

position not presented or the positions not chosen in the previous trial. In the SNMTG the correct 

response was not related to the shape of the object, as in the ONMTG previously described, but rather 

it was related to its position. Indeed, monkeys had to choose the target that was not presented in the 

same position  as the chosen target of the previous trial. In incorrect trial, reward was not delivered 

and after the intertrial period a correction trial was presented. In correction trials, targets were 

presented in the same positions of the previous trial, to allow the monkeys to correct their choice. 

Errors in a correction trial led to another correction trial.     
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Fig. 2.2 Sequence of the task events in the SNMTG task used by Falcone et al. (2017). Each black square represents 

the monitor screen in a period of a trial. On the top the feedbacks used in the task are represented.     

Monkey Human interaction 

In both experiments, in a subset of trials the monkeys interacted with a human partner to perform the 

task, alternating their role as observer and agent. The human partner was sitting next to the animals 

on their right side. After a complete and correct trial performed by the monkey, the human could 

decide to intervene in the successive trial, moving his hand toward the center of the screen during the 

intertrial period. Monkeys were trained to let the human perform the trial when it was his turn without 

intervening and just observing his actions. The sequence of the events of a trial was identical whether 

the monkey or the human performed it. The human partner could perform randomly between 1 and 4 

consecutive trials, and he performed always the correct choice. At the end of every trial, the human 

agent could decide to leave his hand at the center of the screen during the intertrial period, to make 

it clear that he was going to perform another trial. Otherwise, he could decide to remove the hand 

from the center of the screen, so that the monkeys could know that they should perform the next trial. 

In this way, it was possible to distinguish three type of trial, based on the agent who performed it. 

The human trials were all the trials in which the human was acting as agent and the monkey as 

observer. Instead, the trials in which the monkey was acting as agent and the human as observer were 

classified as monkey trials. Furthermore, the monkey trials were divided into two different subgroups. 

The monkey trials not interactive were all the trials performed by a monkey when the previous trial 

was also performed by the monkey; the monkey trial interactive were all the trials performed by a 

monkey when the previous trial was instead performed by the human agent (Fig 2.3). 
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Fig. 2.3 Example of a sequence of trials in the ONMTG (a) used by Falcone et al. (2016) and in SNMTG (b) used by 

Falcone et al. (2017). The monkey and the human alternate as actor and observer. Each black square represents the 

monitor screen in the feedback period in an example set of five consecutive trials. Above each black square is 

described the type of trial.  

 

Surgical Procedures and data collection 

Animals were surgically implanted with a head holding device during the training phase. In the lPFC 

experiment, before the recording sessions started, two recording cylinder (18mm diameter) were 

implanted in both monkeys, over the right frontal lobe for Monkey 1 and over the left frontal lobe for 

Monkey 2. Recordings were obtained extracellularly with a 5-channel multielectrode system (Thomas 

Recording); the electrodes were inserted transdurally with a microdrive. Penetrations reached the 

lateral prefrontal cortex in both monkeys in different hemisphere (Fig 2.4a). In the MFC experiment, 

recordings were obtained with the same methods from three different areas: the posterior medial 

prefrontal cortex (pmPFC), the pre-supplementary motor area (pre-SMA) and the supplementary 

motor area (SMA). Penetrations sites for both monkeys in the medial prefrontal cortex are shown in 

Fig. 2.4b. 
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Fig. 2.4 (a) Penetration sites for both monkeys in the experiment of Falcone et al. (2016), lateral view. Penetrations 

in the right hemisphere of Monkey 1 are plotted on the left hemisphere for a better comparison with Monkey 2. (b) 

Penetration sites for both monkeys in the experiment of Falcone et al. (2017), top left – top view.      
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2.3 RESULTS 

Behavior 

In both experiments, to assess the ability of the monkeys to follow the task rule and monitor the 

actions of the human agent, the percentage of correctly performed trials was calculated in the two 

conditions, i.e. not interactive and interactive. In the ONMTG task in lPFC, Monkey 1 performed 

93% and 91% of correct trials; Monkey 2 performed 95% and 91% of correct trials, in not interactive 

trials and in interactive trials, respectively. In the SNMTG task in MFC, Monkey 1 performed 97% 

and 91% of correct trials; Monkey 2 performed 98% and 95% of correct trials, in not interactive trials 

and in interactive trials, respectively. These results showed in both experiments that the monkeys 

were able to monitor the choice made by the human partner and to remember the goal or the spatial 

information contained in this choice in order to give the correct response in the trial after, with a high 

degree of accuracy.       

Neural data 

The aim of the two experiments here described was to investigate the properties of single neurons in 

the frontal areas of the macaque brain during a social interaction task. For this purpose, neural activity 

was recorded extracellularly through a multielectrode system, and single unit activity was identified 

checking the recorded waveforms through an offline sorting system (OpenSorter, TDT). Here we 

discuss the main findings of the two experiments separately.  

lPFC 

In the experiment with the ONMTG task, Falcone et al. (2016) recorded the activity of 184 single 

neurons from both monkeys (81 from Monkey 1 and 103 from Monkey 2) in the lPFC. 

Neural activity was analyzed during 5 different periods of the task, in all correct trials preceded by a 

correct trial: the holding CS period, from 80 to 1000 ms; the delay period, from 80 to 1000 ms; the 

reaction and movement period, extended from the go signal to the touch of the OG; the holding goal 

period, from the touch of the OG to 800 ms later; the feedback period, from 80 to 800 ms after the 

appearance of the feedback around the chosen goal. Here we will focus in particular on the analysis 

performed in the first two periods listed above, the holding CS period and the delay period. Because 

the appearance of the OG on the screen is straddling these two periods, this offers the chance to study 

the modulation of neurons in two different processes. In the delay period, monkeys were asked to 

remain with their hand on the CS until the go-signal, while the two object goals, one on the right and 

one on the left, had already appeared on the screen. In this way, the information about the spatial 
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position of the correct choice is already available for the monkeys, in monkey trials as well as in 

human trials. This delay between the appearance of the OG and the go signal allowed the authors to 

investigate a possible encoding of the future correct response in terms of modulation of the neural 

activity between trials with the correct target on the left and trials with the correct target on the right, 

excluding the possible interference due to the movement of the hand toward the object. This is 

possible because in this period monkeys possess the necessary information to select the correct object 

during monkey trials and to predict the future choice of the human partner before he performs it 

during human trials.  In the holding CS period instead, monkeys are still waiting for the presentation 

of the object-goals on the screen, hence they do not have a clue yet about their position in the current 

trial. The absence of the information about the spatial position of the correct object in this period of 

the task makes it impossible to study the future goal position selectivity. Instead during this period, 

the authors investigated whether the neurons of the lPFC could somehow represent information 

related to the previous trial. In the NMTG paradigm indeed, it is necessary to retain in memory what 

happened in the previous trial in order to succeed in the current one.  

In the delay period, a two-way Anova was performed on the firing rate using as factor the current 

agent performing the task and the current position of the correct goal. Out of a total of 184 single 

neurons, 41 (22%) selectively encoded the agent that was performing the task, the monkey or the 

human agent, independently of the correct goal position; 27 (15%) selectively encoded the correct 

goal position, right or left, no matter which agent performed the trial; 15 (8%) showed a significant 

interaction between the factors agent and correct goal position. Furthermore, the authors investigated 

whether some neurons could encode the correct goal position with an agent specificity. Through a 

post-hoc analysis single neurons were therefore classified into three distinct group: the monkey-only 

cells, namely those neurons that encoded the correct goal position only during monkey trials; the 

human-only cells, which encoded the correct goal position only in human trials; the both-agents cells, 

which were the neurons that encoded the the correct goal position during both monkey trials and 

human trials. 40 cells were grouped into these three groups. The 68% of these cells coded the spatial 

position only when the monkeys were performing the trial, the group of monkey-only cells. The 23% 

of cells were classified as human-only cells. Finally, only the 10% of cells showed a goal position 

effect both in monkey and in human trials.  

In the holding CS period, a two-way Anova was performed on the firing rate distribution using as 

factors the previous agent and the previous goal position, to test whether neurons encoded these 

information related to the trial before at the beginning of the trial. Although to a lesser extent 

compared to the delay period, a percentage of cells encoded the agent and the target position of the 
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previous trial: 9% for the previous agent and 14% for the previous correct goal position. As for the 

delay period, the authors divided into three classes those cells that showed a goal position selectivity 

for at least one agent. Out of 32 cells in total, 47% were classified as monkey only, i.e., the cells that 

encoded the previous correct goal position only when the trial before was performed by the monkey; 

41 % human-only, which encoded the previous correct goal position only when the trial before was 

performed by the human agents; both-agents cells, which encoded the previous correct goal position 

in both cases.  

MFC 

In the experiment with the SNMTG task, Falcone et al. (2017) recorded a total amount of 273 cells 

from both monkeys (87 from Monkey 1 and 186 from Monkey 2), divided between three different 

areas: 128 in the pmPFC, 81 in the pre-SMA and 64 in the SMA (Fig. 2.4).  

Likewise the analysis performed in the other experiment, the authors focused on the delay period to 

investigate whether some neurons could encode the correct target position or the agent who performed 

the task. A two-way Anova using the current agent (human or monkey) and the current correct target 

position (bottom right, bottom left, center right and center left) as factors showed that in all the three 

areas more than half of the recorded cells were modulated by the agent performing the task (51% in 

pmPFC, 56% in pre-SMA and 53% in SMA, Fig. 2.5).  

 

 

Fig. 2.5 Example of a neuron encoding the agent who performed the task in the delay period in the experiment of 
Falcone et al. (2017). In the raster plot each dot represents a spike and each line represents a trial. Neural activity is 
aligned to the beginning of the delay period when the targets appeared. 
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Conversely a minority of cells were modulated by the correct target position (25% in pmPFC, 19% 

in pre-SMA and 14 % in SMA) and by the interaction between the two factors agent and target 

position (23% in pmPFC, 17% in pre-SMA and SMA). Post hoc analysis revealed the presence of 

those cells that encoded the correct target position with an agent specificity or for both agents, 

dividing the population into three groups: monkey-only, human-only or both-agents cells. The 

proportion of monkey-only and human-only was similar across the three different areas. On the total 

amount of cells that showed a modulation for the correct target position for at least one agent, 40% 

were classified as monkey only in the pmPFC, 41% in the pre-SMA and 61% in SMA, while 40% 

were classified as human-only in the pmPFC, 41% in the pre-SMA and 33% in the SMA. The 

proportion of both-agents cells was lower compared to the other two groups: 24% of cells in the 

pmPFC, 18% in the pre-SMA and 6% in the SMA. 

 

 

Fig. 2.6 (a) Example of a neuron that shows a higher activity for the center right position in monkey trials in the delay 
period. The same neuron do not shows selectivity for any target position in human trials (monkey-only cell). (b) 
Example of a neuron that shows a higher activity for the center left position in human trials in the delay period. The 
same neuron do not shows selectivity for any target position in monkey trials (human-only cell). 

 

Moreover, the authors investigated the monitoring of the previous trial at the beginning of the current 

trial as was done in the lPFC experiment. A two-way Anova using the previous agent (human or 

monkey) and the previous correct target position (bottom right, bottom left, center right and center 

left) as factors was performed on the firing rate during the holding CS period from 80 to 1000 ms. On 
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a smaller scale compared to the delay period, they found a larger proportion of cells that encoded the 

previous agent: 13% in the pmPFC, 12% in the pre-SMA and 9 % in the SMA. The number of neurons 

encoding the previous correct target location was smaller but comparable between the three areas: 

8% in the pmPFC, 7% in the pre-SMA and 8% in the SMA. The authors found with post-hoc analysis 

the proportions of cells which showed a modulation for a specific previous correct target position for 

at least one agent: monkey-only cells (56% in pmPFC, 43% in pre-SMA, 27% in SMA), human-only 

cells (40% in pmPFC, 39% in SMA, 41% in pre-SMA) and both-agents cells (4% in pmPFC, 18% in 

pre-SMA, 32% in SMA).  



24 

 

SECTION 3 

__________________________________ 

THE DORSAL PREMOTOR CORTEX 
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3.1 PMd IN SOCIAL INTERACTION 

The premotor cortex (PM) in the macaque brain is part of a wide frontal region, which corresponds 

to the Broadmann Area 6 (Broadmann, 1908), lying in a caudal position relative to the arcuate sulcus 

and in a rostral position relative to the principal sulcus. The PM cortex is one of the different motor 

areas that are placed on the medial and lateral surface of the area 6, which compose the cortical motor 

system, projecting directly not only to the primary motor cortex (M1), but also to the spinal cord 

(Dum 2002). PM is placed on the lateral surface of area 6 and it is usually divided into two main 

parts, based on anatomical and functional differences: a dorsal region (PMd) and a ventral region 

(PMv) (Barbas & Pandya 1987, Kurata 1994). A further distinction can be made based on the rostro-

caudal axis, distinguishing between an anterior and posterior part of PMd (PMdr, or F7, and PMdc, 

or F2, respectively) and an anterior and posterior part of PMv (PMvr, or F5 , and PMvc, or F4, 

respectively) (Rizzolatti & Luppino 2001). The first studies on premotor cortex outlined the 

importance of both the dorsal and the ventral regions in the control of motor functions (Fulton 1935, 

Weinrich & Wise 1982). PM receives inputs from parietal and frontal lobes and transmits them to 

M1, and it represents different aspects of motor behavior: neurons show movement related activity 

(Wise 1985), signal related activity after the presentation of a visual instruction stimulus and set 

related activity during a delay period (Kurata & Wise 1988, Boussaoud & Wise 1993). As the studies 

on PM continue, it becomes clear that this area, and more generally all the motor areas, are not simply 

involved in the generation and execution of motor acts, but rather they participate also in the 

elaboration of higher cognitive functions, such as the production of goal-direct behavior or action 

understanding (Rizzolatti et al. 2014).  

The seminal idea that premotor cortex could play a role in ‘social’ mechanisms like action 

understanding comes from one of the major breakthroughs in the last decades in neuroscience, that is 

the discovery of ‘mirror neurons’. These particular neurons, observed for the first time in the F5 area 

of the macaque ventral premotor cortex, show an increased activity in their firing rate in response to 

both executed and observed actions (di Pellegrino et al. 1992, Rizzolatti et al. 1996). The properties 

of this class of cells were deeply investigated through many studies over the years. Gallese et al. 

(1996) showed that the great majority of mirror neurons showed their mirror activity only when there 

was a correspondence between the type of observed and executed action, such as grasping, 

manipulating or placing a specific object. A strong evidence in favor of the idea that these neurons 

are involved in actions’ understanding and they are specific for goal-directed behavior comes from 

the fact that a strong modulation was found even when the final part of the action was covered from 

view (Umiltà et al. 2001). All these findings led to the idea that the activation of the mirror system in 
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the brain could represents a bridge between the perception of an action and its understanding. The 

‘direct match hypothesis’ proposed by Rizzolatti et al. (2001) claimed that the visual analysis of the 

components of an action has to be mapped onto the motor representation of the very same action in 

our brain in order to understand it. Nevertheless, social interaction is a complex behavior which 

requires not only the ability to understand others’ actions and intentions, but also the capacity to 

distinguish between self and others. A neural network that is responsible for the execution and at the 

same time the observation and the understating of others’ action it may fail in providing such 

distinction. It is therefore why we wondered whether beside the mirror network could exist a neural 

substrate that is able to recognize self and other’s behavior without overlapping and whether the 

activity of single neurons in the dorsal premotor cortex could reveal it.  

To our knowledge, the first study to report the activity of single neurons in the dorsal premotor cortex 

during a performance and observation task was the one of Cisek and Kalaska (2004). They used a 

center-out reaching task to investigate how the PMd could represent different alternative reaching 

direction. During the task, two spatial cues of different colors were displaced in two out of eight 

different possible positions, located in a circle around the center of the screen. After the disappearance 

of the spatial cues, a color cue of the same color as one of the two previous spatial cues was presented 

at the center of the screen. The color cue served as an instruction stimulus for the monkey: at the end 

of a delay period, after a go signal, they had to move a cursor on the screen with a manipulandum 

toward the location in which the spatial cue of the same color was presented (execution condition). 

As a control task, monkeys had to observe the same task sequence and events without intervening, 

while the computer was moving automatically the manipulandum (observation condition). The 

authors reported neurons with ‘mirror like’ properties: the majority (84%) of those cells that were 

directionally tuned in the delay period for a specific direction during the execution condition, showed 

the same selective tuning also in the observation condition. The activity of those cells is defined 

‘mirror like’ because, although not during the movement period but during the delay period, in which 

there is no movement in either condition on the part of the monkey, it is possible to observe the 

representation of the intended motion during both the execution and the observation condition. In a 

successive study (Tkach et al. 2007) single neurons activity from M1 and PMd was collected during 

a similar task with an execution and an observation condition. The monkeys had to use a 

manipulandum to move a cursor on the screen toward a target that was moving between different 

locations (execution condition). Successively, they had to observe passively the automatic 

movements of the cursor on the screen (observation condition). This task differed from the previous 

one for the lack of a delay period, since the neural activity was recorded during the actual movement 
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and during the observed movement. Also in this case, authors discovered that the neural responses 

were similar in the two conditions, with neurons that showed mirror properties.  

These studies taken together seems to suggest that in PMd the action execution and the action 

observation activate similar networks that overlap with each other. However, these results and their 

interpretation might be the product of some specific task features and analysis criteria. First, in these 

experiments the authors were looking for those cells that showed a modulation in both the execution 

and the observation conditions. This led to the selection of those neurons activated during the 

movement or the pre-movement period, which were tested after to check whether they showed the 

same activation in the observation or not. This bias in the selection criterion made impossible to find 

neurons that were selectively activated during the observation condition only. In our experiment we 

aim to discover whether in the PMd a separated representation of others action and behavior exists, 

which is independent of one’s own. Second, monkeys had to observe the movement of a cursor on a 

screen, the same cursor that was moved during the execution condition. This could have enhanced 

the activation of the same neurons activated during the execution, due to an underlying ‘simulation’ 

mechanism from the monkeys. Indeed, Cisek and Kalaska interpreted this activity as an evidence of 

a ‘mental rehearsal’ process. Furthermore, observing a non-real agent such a cursor instead of a 

physical real agent, may lead to a different response from the neurons, that has been observed to 

modulate their activity based on the animacy of the partner (Hosokawa & Hatanabe 2012). 

Introducing a real agent, which is visible and sitting close to the monkeys, might produce a more 

natural social interaction and might enhance the differentiation between self and other’s actions. 

Furthermore, the interaction with the human partner comes with another advantage, which is the 

necessity to actively interact with him. In the previous tasks, the observation was passive, i.e. it was 

not necessary to monitor the action of the cursor. The NMTG task introduces a behavioral measure 

which gave us the chance to know how well the monkeys are able to monitor the action of the human 

agent, represented by the proportion of correct trials performed by the monkey after an observed trial 

performed by the human.  

All these differences in the experimental settings are studied to better investigate social interaction 

mechanisms in a task with a real physical agent, which requires an active monitoring of other’s 

actions. Our aim is to investigate whether a different neural substrate capable of recognizing self and 

others behavior in a separate way is present in the dorsal premotor cortex, besides the well-known 

mirror network which is fundamental for the understanding of other’s actions.      
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3.2 MATERIALS AND METHODS 

Here we report the experimental procedures and the details of the task used in our experiment to 

investigate social interaction in the dorsal premotor cortex. Two rhesus monkeys participated in this 

study performing two versions of a NMTG task: a spatial version (SNMTG) and an object version 

(ONMTG): Monkey 1 (8 years old, 8 Kg average weight) and Monkey 2 (12 years old, 9.5 kg average 

weight). 

Sequence of task events 

Monkeys faced a monitor touch screen (Microtouch 19 inches, 800x600 pixel resolution) with the 

head fixed, sitting on a primate chair. The animals performed two versions of a NMTG task (Fig 3.1). 

The two tasks used different peripheral stimuli as targets (Fig. 3.1 on top), but the underlying rule to 

solve the task was identical in both cases. The other stimuli and the duration of the task periods were 

the same in both versions. Both animals performed the SNMTG, while the second one performed also 

the ONMTG version. To allow a better comparison we decided to analyze the data of the SNMTG in 

Monkey 1 and of the ONMTG task in Monkey 2, since the second monkey did not reach the criterion 

(>70% of correct monkey trials interactive) in the interaction with the human agent in the spatial 

version. 

A trial started with the presentation of a central stimulus (CS) represented by a red circle in the center 

of the screen (7° visual angle). Monkeys were required to touch it within 2s, otherwise the trial was 

aborted and a new trial started. After the touch of the CT, monkeys had to maintain the touch for a 

holding CS period randomly lasting for 0.5 or 0.8 s. After this period, the peripheral targets (PT) 

appeared on the screen. In the SNMTG version, the PTs were two identical grey rectangles (7.1 x 

7.7°) that were presented in two out of four possible locations on the screen: bottom right (17.5 ° 

below and 23. 5° right from the center), bottom left (17.5 ° below and 23. 5° left from the center), 

center right (23. 5° right from the center) or center left (23. 5° left from the center). In the ONMTG 

version, 4 different objects were presented in couples as PT, one on the right (23.5 ° right from the 

center) and one on the left (23.5 ° left from the center) of the CS. The objects were four different 

geometrical shapes: a blue rectangle, a pink square, a green triangle and a yellow cross. A delay 

period started after the presentation of the PTs, lasting for a randomly chosen period of 0.8 or 1.2 s. 

During the delay period monkeys were required to hold the touch on the CS. The disappearance of 

the CS served as a go signal for the monkeys, allowing them to move the hand from the CS toward 

one of the two PTs. The touch on the PT had to be maintained for 0.4 or 0.6 s, the holding target 

period. At the end of the holding target period, reward was delivered for correct trial and it was 
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missing for incorrect trials. After an intertrial period of 1 or 1.5 s in which the screen turned black, 

the next trial started. In case of a correct choice in the previous trial, the same PT chosen before was 

presented again coupled with one of the other PTs not presented in the previous trial or with the same 

PT that was not chosen before. In case of incorrect choice, a correction trial was presented, with the 

same PTs in the same positions to allow the monkey to correct their choice. Incorrect choices in a 

correction trial led to another correction trial. As outlined above, the two tasks shared the same ground 

rule: in each trial, the monkeys had to discard the PT chosen in the trial before and select the new 

one. In the case of the SNMTG, they had to discard the previous chosen position; in the ONMTG 

they had to discard the previously chosen object. In both cases, it was necessary to keep track of the 

choice in the previous trial to succeed in the current trial.  

 

Fig. 3.1 Sequence of the task events in the SNMTG and ONMTG task used in this study. On the top the peripheral 
target used in the two versions are represented.  

 

Monkey Human interaction 

Both monkeys interacted with a human partner in a subset of trials. In this paradigm the animals were 

trained to switch their role during the task with the human, acting in some trial as the agent and in 

some trials as the observer. The human partner was sitting to the right of the monkey, facing the 

touchscreen monitor. After a correct trial performed by the monkey, he could decide to intervene in 

the task by placing his hand at the center of the screen during the intertrial period. At this point, 

monkeys recognized the ‘shift’ and observed the human performing the trial in his place. The human 
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performed only correct trials and at the end of every trial monkeys received the reward as in the trials 

performed by themselves. The human could perform only 1 trial or a sequence of trials, up to 4 

consecutive trials, before removing his hand from the screen during the intertrial period at the end of 

his last trial. At this point the monkey could start a new trial. Behavioral performances were analyzed 

during two type of trials: the monkey trials not interactive, the trials performed by the monkey after 

a trial performed by the monkey itself, and the monkey trials interactive, the trials performed by the 

monkey after a human trial. Neural activity was instead analysed during two type of trials: correct 

monkey trials, the trials performed by the monkey, and correct human trials, the trials performed by 

the human, in both cases preceded by a correct trial.   

Surgical Procedures and data collection 

Both animals were implanted during the training period with a head holder device. At the end of the 

training period, a chronic recording system (Utah array, Blackrock Microsystems) was surgically 

implanted over the premotor dorsal cortex in the left hemisphere in both monkeys (Fig 3.2). With 

the chronic implant it was possible to record the neural activity extracellularly through 96 different 

channels in each session. We obtained 3 recording sessions from Monkey 1 and 4 recording 

sessions from Monkey 2.  

 

Fig. 3.2 Location of the chronic implants in both monkeys relative to the Arcuate Sulcus (AS) and the Principal Sulcus 
(PS).  
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3.3 RESULTS 

Behavior 

As previously described, behavioral performance was analysed in monkey trials, not interactive and 

interactive. In the first case, the percentage of correctly performed trials was informative about the 

ability of the monkey to follow the basic task rule, i.e. keeping in mind its last choice and discarding 

it. In not interactive trials, Monkey 1 performed 90.9 % ± 1.2%; Monkey 2 performed 90.1 ± 1.0% 

(±SEM). In the second case, the performance in the interactive trials tested the ability of the monkeys 

to monitor the human choice. The performance for Monkey 1 was 86.0% ± 1.2%, while the 

performance for Monkey 2 was 75.3% ± 2.4% (±SEM). Reaction times, defined as the time from the 

go signal to the detach of the CS, were not significantly different for Monkey 1 in the not interactive 

and interactive condition (t-test, p=0.07, t[2]=3.58), whereas it was significantly different for Monkey 

2 (t test, p=0.02, t[3]=4.87), being lower in not interactive trials. 

Neural data 

Single unit activity 

Our recording dataset was composed of 400 single neurons, obtained through 4 sessions from Monkey 

1 (258 neurons) and 3 sessions from Monkey 2 (152 neurons). Single unit activity was isolated 

through an offline sorting software (OpenSorter, TDT). Since recordings were obtained with chronic 

implants, there was the possibility to record with a specific electrode the same cells among different 

sessions. Therefore, from the recording dataset, we excluded those cells that turned out to be the same 

across sessions. The single unity stability method (Fraser and Schwarz 2012) was utilized after the 

sorting that led to the selection of the 400 single units. To determine a score of similarity, this method 

considers, for each recorded neuron, four different parameters: the shape of the waveforms, the mean 

firing rate, the autocorrelation function and the cross correlograms with the others neurons from the 

dataset. These different scores were combined with a quadratic classifier in order to find a decision 

boundary. If the combined similarity exceeds the decision boundary, two neurons were classified as 

the same. This analysis was performed for neurons recorded in consecutive sessions; when a neurons 

was classified as the same among two consecutive sessions, we considered it only in the session with 

the highest number of trials, discarding the other. Thus, our final dataset was composed of 328 single 

neurons, 210 recorded from Monkey 1 and 118 recorded from Monkey 2.  

We decided to focus our analysis to the same periods which were matter of interest in the previous 

works of Falcone et al. (2016, 2017), the delay period and the holding CS period.  
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In the delay period we selected trials with both delay durations (0.8 s or 1.2) and we analyzed the 

firing rate in the interval between 0.4 and 0.8 s after the appearance of the PTs. A two-way Anova 

was performed on the discharge rate using as factors the agent performing the task (monkey or human) 

and the spatial position of the correct target (right or left). For the SNMTG task, since there were two 

possible positions for right and left targets (bottom or center), we decided to combine these positions 

and assign them either to the right or left position, analysing the activity only in those trials in which 

the two targets were presented in non-ipsilateral locations. We found that 48% of cells selectively 

encoded the agent who performed the task while 26% selectively encoded the spatial position of the 

correct target.  

 

Fig. 3.3 Example of two agent selective neurons. Neural activity is aligned to the appearance of the peripheral targets 
and the analysis of selectivity was performed in the window 0.4 – 0.8 s of the delay period. Nevertheless, it is possible 
to observe that the agent selectivity is also extended in other periods of the trial, before and after the period of 
interest.  

 

We investigated whether some cells could encode the target position exclusively for a specific agent, 

monkey or human, or for both. Post hoc analysis (Fisher’s least significant difference [LSD] test, 

p<0.05) revealed those cells that we classified accordingly to the subgroups described by Falcone et 

al. in the previous experiments. The monkey-only cells were those cells that showed the encoding of 

the correct target position in the delay period only when the monkey was performing the trial, but not 

when the monkey was the observer. Human-only cells viceversa, were the group of cells that encoded 

the target position when monkeys were observing the human agent performing the trial, but not when 
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they were performing it by themselves. Finally, both-agents cells encoded the target position 

independently from the agent who performed the trial. During the delay period 80 cells out of 328 

coded the target position for at least one agent: the majority (64%) was classified as monkey-only 

cells, while the proportion of human-only and both-agents cells were similar (17% and 19% 

respectively). 

 

Fig. 3.4 Raster plot of three example neurons, one per group. Neural activity is aligned to the beginning of the delay 
period. Grey shaded areas indicate the analyzed period. Grey vertical bars in the raster plots represent the end of the 
delay period.  

 

In the holding CS period we examined whether a monitoring activity of the previous trials was 

occurring. We performed a two-way Anova on the firing rate in this period using as factors the agent 

who performed the previous trial (monkey or human) and the previous correct target position (right 

or left). We selected the current trials performed either by the monkey or by the human. This period 

was chosen because is at the very beginning of the trial and the current targets have not appeared on 

the screen yet, excluding in this way any possible influence on the neural activity. As a result of the 

analysis, we found that the majority of cells (18%) was selectively encoding the previous agent who 

performed the trial, while a smaller but comparable number (15%) encoded the previous correct target 

position. Going along with the criterion that led to the subdivision into the three subgroups of cells 
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previously described in the delay period, we performed the post hoc analysis (Fisher’s least 

significant difference [LSD] test, p<0.05) in the holding CS period too, in order to find those cells 

that showed a clear modulation for the previous correct spatial position for at least one previous agent, 

or for both. We discovered that in this group of cells the great majority was classified as monkey-

only cells (76%), while the two others subgroup were significantly lower in comparison (12% each 

of human-only cells and both-agents cells).  

 

Fig. 3.5 Raster plot of a monkey only cells that encode the previous target position only when the monkey performed 
the previous trial and not the human. Neural activity is aligned to the touch of the CS. Grey shaded areas represents 
the analyzed period. Grey vertical bars represent the end of the holding CS period and the appearance of the 
peripheral targets.     

 

Population activity 

We investigated the strength of the spatial tuning for these classes of cells looking at their population 

activity during these two periods, the delay and the holding CS.  

The population histogram reported in Figure 3.6a represents the activity of the categories of cells that 

showed a spatial selectivity for a specific agent during the delay period (0.4 – 0.8 s): the monkey-

only cells (N=51) and the human-only cells (N=14). For each cell the analysis was performed by 

selecting the trials on the basis of the preferred and the anti-preferred locations, in monkey trials for 

the monkey-only cells and in human trials for the human-only cells. The rank which determined the 
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preferred location was assigned to each cell individually comparing the mean firing rate during the 

delay period (0.4 – 0.8 s after the appearance of the PT) in right and left trials and selecting the highest 

of the two. The two categories of cells developed a spatial selectivity that began after the appearance 

of the peripheral targets, persisted during the delay and then disappeared at the end of the trial.  As a 

further control, we plotted the population histograms of the firing rates of monkey-only cells and 

human-only cells in human and monkey trials respectively, assigning the same preferred and anti-

preferred locations derived from their original trials (monkey trials for monkey-only and human-trials 

for human-only). This control allowed us to assess whether the spatial tuning of these two categories 

of cells was fully specific for the significant agent. Indeed, in principle the monkey-only cells could 

share the same spatial tuning in monkey trials and human trials with a  smaller and non significant 

effect. Similarly, the human-only cells might how at least the tendency to share the same spatial 

selectivity in monkey trials, although not being significant. If that was the case, we should expect to 

see, in the delay period of the population histogram, a higher activity for the preferred location defined 

in the monkey-only cells also for the same location in the human trials. Similarly we would expect  a 

higher activity for the preferred location defined in the human-only cells also for the same location 

in the monkey trials. On the opposite, we found that, within the two groups, there was no tendency to 

share the same spatial tuning between the trials performed by the two different agents (Fig. 3.6b).  

Figure 3.7a shows the population histograms for the both-agents cells (N=15). The same method was 

applied and this group of cells is plotted in both monkey trials and human trials, with the rank assigned 

individually to each cell based on the firing rate in the corresponding trials. In the control, we plotted 

again the two groups but switching the ranks, to assess whether the both-agents cells showed the same 

spatial selectivity in monkey and human trials. Contrary to the results of the monkey-only and human-

only groups, both-agents cells did not show an agent specific spatial tuning (Fig. 3.7b). Out of 15 

cells, 14 showed the same spatial tuning between the trials performed by the two different agents, 

proved by the fact that the preferred location is still showing a higher firing rate than the anti-preferred 

when the ranks are switched.  

We reported the population histogram of the monkey-only group (Fig. 3.8), the only group of cells 

with a signifant effect (N=33), in the holding CS period. As described for the delay period, the 

preferred and the anti-preferred ranks were assigned to each cell individually by computing its mean 

firing rate during the holding CS period (0 – 0.5 s after the touch of the CS) and assigning for each 

cell a trial to the preferred or the antipreferred category based on which previous position was 

associtaed to the highest activity. 
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Fig. 3.6 a) Population histograms of mean firing rate for the groups of monkey-only and human-only cells in the delay 
period. Neural activity is aligned to the delay onset. Grey shaded areas indicates the period of analysis (0.4 – 0.8 s in 
the delay period). Error bars are ± SEM. b) Population histograms of mean firing rate for the groups of monkey-only 
and human-only cells in human trials and monkey trials respectively, assigning the same preferred and anti-preferred 
location derived from their original trials. Grey shaded areas indicates the period of analysis (0.4 – 0.8 s in the delay 
period).  
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Fig. 3.7 Population histograms of mean firing rate for the group of both-agents cells in the delay period. Neural activity 
is aligned to delay onset. Grey shaded areas indicates the period of analysis (0.4 – 0.8 s in the delay period). Error 
bars are ± SEM. b) Population histograms of mean firing rate for the group of the both-agents cells, switching the 
ranks. Grey shaded areas indicates the period of analysis (0.4 – 0.8 s in the delay period). 
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Fig. 3.8 Population histogram of mean firing rate for the groups of monkey-only in the holding CS period. Neural 
activity is aligned to the touch of the CS. Grey shaded areas indicates the period of analysis (0 – 0.5 s in the holding 

CS period). Error bars are ± SEM. 

 

Neuron dropping analysis 

To further investigate the representation of the spatial position of the correct targets for the three 

categories of cells we perfomed a classification procedure using a neuron dropping analysis (Foffani 

& Moxon, 2004). The aim of this analysis is to represent how well it is possible to decode, from the 

activity of a given subpopulation of cells, a specific spatial position, depending on the size of the 

sample. We started selecting randomly n neurons from the neural populations of the three groups of 

cells (monkey-only, human-only and both agents). For a given subpopulation a test trial was randomly 

selected from each neuron. The remaining trials were sorted by condition (right or left) and neuron 

and then the mean firing rate was computed in the delay period. The difference between the firing 

rate of the test trial and the mean firing rate of the remaining trials in each condition obtained from 

the same neuron of the test trial was computed. The test trial was classified as belonging to the 

condition in which the difference between the firing rates was the lowest. If the actual and the 

classified condition of the test trial matched, the classification was correct. This procedure was 

repeated 1000 times in order to assess how often this computation led to a correct estimation of the 

target position. The procedure was done separately in monkey and human trials for the three group 

of cells. 

The results of the neuron dropping analysis is shown in Fig 3.9. The estimation of the target position 

in monkey trials was higher for monkey-only cells compared to human only cells. On the contrary, 

human-only cells show a better estimation of the target position in human trials compared to monkey-
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only cells. The neuron dropping curves for both agents cells provide a correct classification of the 

target position in both kind of trials. These results shows that the two agent selective groups of cells, 

monkey and human only, provided an estimation higher than chance in the delay period in monkey 

and human trials respectively, an estimation that increased as the number of neurons in the population 

increased. Moreover, the curves show that there is no tendency to share the same spatial tuning 

between monkey-only and human-only cells, while the both agents cells provide a similar estimation 

in both monkey and human trials. 

 

 

Fig. 3.9 Neuron dropping curves for monkey-only, human-only and both agents cells in monkey (left) and human 
(right) trials (0.4 – 0.8 s in the delay period). Dashed lines indicates chance level.  
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SECTION 4 

__________________________________ 

DISCUSSION 
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4.1 DELAY PERIOD: PLANNING SELF OR REPRESENTING 

OTHERS FUTURE CHOICES 

In the previous chapter, we presented the procedures and the main results of our experiment aimed at 

investigating the neural substrates of social interaction in the dorsal premotor cortex (Cirillo et al. 

2018). The same experimental paradigm was adopted in two previous studies also discussed in this 

work, which investigate two distinct brain areas in the frontal lobe of the macaque brain: the lateral 

prefrontal cortex (Falcone et al. 2016) and the medial frontal cortex (Falcone et al. 2017). In all the 

three experiments, a human-monkey interaction paradigm was adopted in the context of a NMTG 

task, in which the monkeys were required to monitor the human’s actions in order to choose the 

correct target in the successive trial. In this section, we will provide a comparison of the main results 

of the three studies, in order to gain a clearer view about how these different areas of the frontal cortex 

are engaged during a social interaction task. The comparison is strengthened by the chance we have 

to confront the properties showed by neurons that were recorded through the same experimental 

paradigm and measured with the same method of analysis in different areas of the macaque brain.  

All the versions of the NMTG task used in the three previously described experiments included a pre 

movement period, i.e. the delay period. This period was defined as the time in the trial occurring 

between the appearance of the peripheral targets and the go signal. The go signal instructed the 

monkeys to start the movement toward one of the peripheral target and select it. The choice of the 

delay period as a principal period for the analysis is thus driven by two main reasons. First, it is 

possible in this period to study neural activity without the possible modulation due to any movement. 

The monkeys are required to keep their hand on the CS throughout the duration of the delay period, 

and any movement led to an abort and at the start of a new trial. The same happens during the human 

trials: the hand of the human agent is on the CS until the go signal, and the monkeys are not observing 

any movement. Second, during the delay period the relevant information about the correct target is 

available to the monkeys to plan their future movement toward the correct target in monkey trials or 

to predict or anticipate the choice that the human agent will do in human trials.  

For these reasons, in all the three experiment the main analysis on the firing rate of the neurons 

focused on the delay period. The two-way analysis of variance tested the effects of the factors agent 

(monkey or human) and position (right or left) on neuronal activity in this period. Figure 4.1 reports 

the percentage on the total of recorded cells for each area that showed a selectivity for these factors. 
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Fig. 4.1 Results of the Anova two-way during the delay period in each of the recorded area. 

 

Figure 4.1 shows that in each area the majority of cells is modulated by the agent who performed the 

task during the delay period. The areas more involved in this distinction between self and other are 

the areas of the medial prefrontal cortex (pmPFC, pre-SMA, SMA), that showed a significant effect 

for the agent factor in more than the half of the cells recorded. The dorsal premotor cortex showed a 

similar percentage of cells that are able to distinguish between the two agents as well. Interestingly, 

in PMd the majority of the agents cells showed a preference for the human agents intended as an 

higher activity during the observation of the human trials (67% of agent selective cells), while the 

opposite trend was observed in the areas of the medial prefrontal cortex, where the majority of cells 

showed a higher firing rate for monkey trials (55% in pmPFC, 60% in pre-SMA, 59% in SMA). The 

function of these specific neurons is difficult to assess. The example cells of Fig. 3.3 represents two 

type of cells that during the delay period showed a difference in their firing rate depending on the 

actor that was performing the trial. Nevertheless, we can see that this modulation is present also 

beyond the delay period, in the periods before and after it. It is possible that the agent-cells take part 

in the coordination of actions between two interacting agents, helping to take turns in a task such as 

the interactive NMTG. From this perspective, the activity of the human-agent neurons could underly 

the inhibition of the action that is required to let intervene the other agent in the task.        

The main purpose of these experiments is to investigate whether it could exist a separate neural 

representation of self and others’ actions. In the delay period the action is not performed yet, thus it 
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can be prepared in the monkey trials and predicted or anticipated in human trials, relying on the 

combination of knowledge of the task rules and of the human agent behavior, who performs always 

the correct choice. For this purpose, these experiments investigated whether a representation of the 

correct behavioral goal could be specific to one of the agents who performed the trial, either the 

monkey or the human, instead of being just a shared representation for both. This led to the 

identification of three categories of cells: the monkey-only cells encoded the position of the correct 

behavioral goal exclusively when the monkey was performing the trial; the human-only cells encoded 

the position of the correct behavioral goal exclusively when the human was performing the trial; and 

finally the both-agents cells encoded the position of the correct behavioral in both monkey and human 

trials. Here I provide a comparison of the proportion of these three category of neurons in the different 

areas investigated by these experiments (Fig. 4.2). The percentages are obtained in each area from 

the total amount of cells that show a spatial selectivity for at least one agent in the delay period.   
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only and both-agents) in the delay period for each of the recorded 
areas. 
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Monkey-only 

The first category of cells is the monkey-only cells. These specific neurons in the delay period show 

a spatial selectivity for one of the position of the behavioral goal only when the monkey is performing 

the trial, but not when the human agent is performing it (Fig. 2.6a, Fig. 3.4). For example, in the 

figure 3.4, in the ONMTG task recorded in the PMd, the cell was showing a higher firing rate when 

the correct behavioral goal was on the right than on the left position, but only in monkey trials. In 

human trials, no difference could be found between the two spatial positions. The pie chart of Fig. 

4.2 shows that more than half of the spatial selective cells in the lPFC and in the PMd are classified 

as monkey-only cells. In these two areas, it is possible that neurons that show the same features are 

actually coding different cognitive and behavioral functions. For example, it is possible  that in the 

lPFC these cells are representing more abstractly the behavioral goal, processing the visual 

information about the correct target to reflect the behavioral goal in terms of spatial position, but 

specifically only for the monkey. In the PMd, given the connection of this area with other areas related 

to movement functions, the activity of monkey-only cells can reflect the preparation of a movement 

toward a specific location.  

Human-only 

The human-only cells act in the opposite way compared to the monkey-only cells, showing a spatial 

selectivity in the delay period only when the human agent is performing the action.  In Fig. 3.4 the 

raster plot in the center shows an example of a human-only cells recorded in the PMd, that shows a 

higher firing rate for the left than for the right behavioral goal; this difference is present only in the 

trials performed by the human agent, and not in monkey trials. Fig 4.2 shows that the greatest 

percentages of this type of neurons can be found in the medial frontal cortex, especially in its anterior 

parts, the pmPFC and the pre-SMA areas, where they are found in a similar proportion to the monkey-

only cells (38% and 41% of human-only cells respectively). A lower percentage can be found in the 

lPFC and in the PMd, where the percentage of monkey-only cells is largely predominant. These 

results confirm the prominent role played by the MFC in the processes of self others differentiation. 

The results of Yoshida et al. (2012) indicates that this differentiation can be found in the activity of 

single neurons in the MFC at least in the domain of motor action. The authors discovered that during 

the observation of motor acts a specific population of neurons was selectively activated (partner type 

neurons, 46% of the agent related cells). These neurons were not active when the action was executed 

instead of observed. In the experiment of Falcone et al. (2017), these results are extended beyond the 

motor domain, because the activity of human-only cells is selective for the partner’s action before the 

action actually occurs. Putting these results together, it is clear that the medial frontal cortex plays a 
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major role at different stages of the processes of self-others differentiation, not only during the 

observation of the movement of another agent, but also in representing the imminent choice or 

behavior goal of another agent. 

In summary, the activity of these cells can be described as predictive of others’ choices. These neurons 

indeed ‘predict’ the upcoming action of the human agent, anticipating his choice based on the clear 

knowledge of the monkeys of the fact that the human always performs the correct choice. However, 

the lack of errors from the human agent makes difficult to interpret thoroughly this predictive activity. 

In simple words, it is not clear whether the activity of these neurons is reflecting what the human 

agent ‘will do’ or what the human agent ‘should do’. To investigate further these possibilities, it 

would help to study error-related activity. One would expect that, in a stable predictive context in 

which the monkey is always expecting the choice of the incorrect behavioral goal from the human 

agent, these neurons would show the same spatial selectivity for the position of the incorrect target. 

Anyway, in this case of course there would be no chance to confront it with correct trials. Intermixing 

correct and error trial from the human agent would lead to the loss of the stability in the predictive 

context from the monkeys, that would not be able anymore to have a clear expectation of what the 

human agent will do, losing the potential ability to ‘predict’ his behavior.   

Both-agents 

The monkey-only and the human-only cells are the groups of neurons that can represent the neural 

substrates of the self-other differentiation. Indeed the last group, the both-agents cells, showed a 

modulation for a specific position of the behavioral target in monkey trials as well in human trials. 

Fig. 3.4 shows an example of this type of neurons in the delay period, with a preference for the left 

position regardless of the agent who is performing the trial. We can define this kind of activity as 

‘mirror like’, because the properties of these neurons resemble the  mirror neurons that were found 

for the first time in the ventral premotor cortex (di Pellegrino et al. 1992), showing the same activation 

during action execution and action observation. Although they are similar, we define it as ‘mirror 

like’ and not simply ‘mirror’ because this kind of modulation in these tasks is not observed during 

the movement, as in the original experiment, but before, in a delay period that preceded the actual 

movement. In Fig. 4.2 is possible to see that in each one of the recorded area the amount of both-

agents cells is lower compared to the other two groups, with the exception of the PMd, which has 

similar percentages of human-only and both-agents cells. Nevertheless, this result in the PMd it is of 

great interest. Different studies in the past contributed to establish the common view that mirror like 

activity is a general feature of the dorsal premotor cortex (Hatsopoulos & Suminski 2011, Mendoza 

& Merchant 2014), leading to the idea that the PMd is part of an action-observation network 
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(Andrieux & Proteau, 2016) in which the same neural mechanisms can be activated when an action 

is performed or observed. This overlap between the encoding of self and other’s actions has been 

observed in PMd by Cisek & Kalaska (2004): they found that an overwhelming proportion of neurons 

(84%) that were directionally tuned before movement when the monkey was performing a motor task, 

did so also when the monkeys observed a cursor on the screen. Although the evidence of these 

findings is strong, and it is well established that this area shows clear mirror properties, our results 

anyway suggest that also a different interpretation of the role played by the PMd in the processes of 

self-others differentiation is possible. The experimental paradigm of Cisek & Kalaska and the NMTG 

used in these experiments differed in the type of observed external agent (an inanimate cursor vs a 

real physical agent) and in the requirement for monitoring (passive observation vs active monitoring). 

These differences with the previous task of Cisek & Kalaska may have elicited a departure from ‘real’ 

social interaction, promoting more the activation of an underlying simulation mechanism rather than 

the activation of some neural processes related to self-others differentiation. Our task design promotes 

a real face-to-face interaction, in which the two agents actively interact monitoring each other’s 

choices. In this more natural context, it seems that in the PMd only a minority of cells exhibits mirror 

like properties, while it is present a neural substrate that is able to distinguish between self and others.  

Finally, a further consideration has to be done when considering the role played by the both-agents 

cells. We considered before that the activity of the monkey-only and of the human-only cells represent 

the neural signal that allows the distinction between self and others, because their preference for one 

of the spatial positions of the correct behavioral target is unique for a specific agent. Instead, the both-

agents cells show a spatial preference during both monkey and human trials. However, it is possible 

that the preferred spatial position it is not the same between the two agents. For example, it is possible 

that during the monkey trials a particular neuron shows a preference for the correct behavioral goal 

in the left position, while it can show during human trial a preference for the correct behavioral goal 

in the right position. This cell is classified as both-agents, because in its firing rate there is a difference 

between the spatial position in both monkey and human trial, though it is not the same. A different 

instance is when the preference for a specific spatial position is shared between monkey and human 

trials. In the latter case, the activity of such a ‘congruent’ both-agents cell is not carrying any 

information useful for the distinction between self and others, while in the other case, the activity of 

the ‘incongruent’ both-agents cell is providing a signal of distinction. In the dorsal premotor cortex, 

we classified the vast majority of both-agents cells as congruent; with the exception of one neuron, 

the others showed a mirror like activity in a narrow sense, with no distinction between agents. In the 

experiment of Falcone et al. (2017) in the medial frontal cortex, a spatial modulation index was 

calculated to assess whether the both-agents cells could be classified as congruent or incongruent. A 
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position rank was calculated in monkey trial and human trials separately on the firing rate in the four 

different possible position of the targets, to assess the preferred and the anti-preferred position. They 

found that, similarly to the results in the PMd, a prevalence of congruent activity was present in the 

both-agents cells recorded in the pre-SMA and SMA areas. Instead, in the pmPFC, more than the half 

(63%) of the recorded both-agents cells showed an incongruent activity between monkey and human 

trials. This result suggests that neurons in prefrontal areas such as the pmPFC show a higher level of 

flexibility compared to neurons in areas that are located more posteriorly, such as the pre-SMA, SMA 

and PMd. Their ability to switch their spatial preference depending on the actor that is performing 

the trial could make them suitable to participate in more complex neural computations, compared to 

the other groups of cells that instead show a more strict coding scheme.        

  



49 

4.2 REPRESENTING PREVIOUS CHOICES 

One of the most important task requirements in the interactive version of the NMTG adopted by these 

experiments was the requirement to remember the correct behavioral target chosen in the previously 

performed trial in order to discard it in the successive and choose the new one. To perform correctly 

in a given trial therefore the monkeys needed to remember not only their own choices, but also to 

monitor and remember the human agent’s choices. To this end, in all the three experiments the 

analysis was extended in another period, the holding CS period, to study the neural activity related to 

the monitoring of the previous trial. The 2-way analysis of variance performed in the different 

experiments tested the effect of the factors previous agent (monkey or human) and previous position 

(right or left) on the firing rate. Figure 4.3 reports the percentage on the total of the recorded cells in 

each area that showed a selectivity for these factors. 

 

 

Fig. 4.3 Results of the Anova 2way during the holding CS period in each of the recorded area. 

 

 

The figure shows a smaller number of selective neurons compared to those obtained by the 2-way 

Anova in the current trial (Fig. 4.1), with a general decrease of the amount of cells that responded to 

the agent that performed the previous trial compared to the delay period results.  

As for the analysis in the delay period, three groups of cells were identified, as shown in Fig. 4.4.    
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The monkey-only cells and human-cells represent the previously chosen position only when the 

previous trials was performed by the monkeys or the human agent respectively; the both-agents cells 

represent the previously chosen position irrespective of the previous agent. While these three groups 

of cells in the delay period can provide a representation of the future behavior of a specific agent, 

their activity at the beginning of the trial can represent in a similar manner the past choice of a specific 

agent. Being able to distinguish who performed an action and to remember the outcome of this action 

is a fundamental skill in social interaction, especially when coordinating with other individuals. 

Previous studies investigated the role of the lPFC in monitoring previous trials. Genovesio et al. 

(2006) found that prefrontal neurons that encoded the previous behavioral goal position, in tasks in 

which, similarly to the NMTG, monkeys had to choose the goal in the current trial based on the choice 

made in the previous trial. Interestingly, they found no overlapping between the population of neurons 

that encoded the behavioral goal in the current trial and those that encoded the behavioral goal of the 

previous trial, suggesting that these functions are processed by two separate neural networks. 

Moreover, it has been reported that the lPFC encodes not only information from the previous trial 

relevant for guiding behavior, but also information regardless of their task relevance (Tsujimoto et 

al. 2012, Genovesio et al. 2014), such as previous spatial position or visual features of the objects. 

These findings indicates that lateral prefrontal cortex is deeply involved in the representation of 

multiple aspects related to the previous trials at different levels. In line with these results, the 

proportion of monkey, human and both-agents cells identified in the holding CS period was similar 

to that in the delay period (32 vs 40), but while in the delay the majority of neurons encoded the 

future position selectively for the monkey, at the beginning of the trial we observed an increase of the 

percentage of cells that encoded the previous goal position for the human agent only. In the dorsal 

premotor cortex instead, we observed a prevalence of monkey-only cells, with the almost total 

absence of cells coding for the human agent or for both-agents. This suggests that this area is not 

specifically involved in coding the other’s action beyond the limits of the current trial, in contrast to 

the high percentage of previous human-only cells found in the pre-SMA and SMA areas. Although 

these areas are also part of the motor complex as the PMd, it seems that the encoding of other’s action 

remains a fundamental prerogative of the medial cortex, where the proportions of human-only cells 

are comparable with those found in the delay period.          
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4.3 FURTHER INVESTIGATIONS 

To achieve a more complete understanding of the neural mechanisms underlying the differentiation 

between self and others, further studies will have to focus on three main aspects. First, comparing 

these results with the past literature on social cognition, we observed that studies that fail to report a 

clear neural substrate able to distinguish between self and others, also adopted experimental 

paradigms in which the observed action was carried out by an inanimate agent such a cursor on the 

screen. It is fundamental to have the chance to compare within the same experimental paradigm the 

effect of interacting with both an animate and an inanimate interactive agent. In this regard, the 

NMTG paradigm lends itself well for this purpose. Besides the interaction with the human agent, the 

same task paradigm can be applied with a cursor moving on the screen. The cursor can act in the same 

way the human agent does, intervening in the task and moving from the center to the correct 

behavioral target. Monkeys would still have to monitor the action of the cursor in order to succeed in 

the trial after, as they do with the human agent. Second, it will be necessary to study error-related 

activity. Training the monkeys in a stable predictive context in which the human agent always choose 

the incorrect target would allow to control whether a predictive activity develops also under this 

condition in the delay period, helping to dispel the doubts about the activity of the human-only cells. 

Finally, it will be necessary to test the interaction with multiple agents. In the experiments described, 

the human-agent with whom each monkey interacted during the task was always the same, usually 

the experimenter who trained them and with whom they had a high level of familiarity. Introducing 

multiple agents will clarify whether the ‘other’ related activity is a general response to the interaction 

with a real physical agent or is specific to a particular agent. 
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4.3 CONCLUSIONS 

In this work, we investigated through three complementary neurophysiological experiments, the 

neural correlates of self-others distinction. To understand clearly the underlying mechanisms of social 

interaction, neurophysiological experiments with macaque model are a powerful tool. Firstly, they 

allow to study the activity of specific brain areas by investigating the pattern of activation of single 

neurons, the very basic unit of the nervous system, with a high degree of spatial and temporal 

resolution. Moreover, macaque monkeys represent an excellent experimental model because of their 

proximity to humans and their ability to fullfill complex cognitive and social behaviors. Our 

experiments investigated the single-unit activity of different areas of the frontal cortex while the 

monkeys were performing a social interaction task during which they were required to monitor others’ 

behavior. Through the use of the same experimental paradigm we compared the activity of the PMd 

neurons with the one collected in two previous studies in the lPFC and MFC, extending to the 

premotor cortex a role in social interaction. The connectivity of the PMd with the prefrontal areas 

investigated in the previous studies suggests that this area can be included in a more general and 

already described ‘social brain’, which includes brain areas involved in social aspects of cognition. 

The neurons of these areas contribute differently to create a a distinct representation of self and others. 

This specificity we higlighted here is fundamental to fullfill complex social behaviors as 

understanding other’s action, intentions or goal.     
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