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Abstract. The mirror mechanism is a basic mechan-
ism that transforms sensory representations of others’
behaviours into one’s own motor or visceromotor rep-
resentations concerning that behaviour. In this review,
we examine the different functions of the mirror mech-
anism according to its location in the brain, with partic-
ular emphasis on recent data concerning the prefrontal
cortex and the emotional centres.
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1 Introduction

For many years, the action execution-observation net-
work has been considered mostly formed by reciprocally
connected premotor and parietal areas. In particular,
in the monkey, the parietal area PFG and the premotor
area F5 were reupted the crucial areas of this network.
Functionally, the basic operation of the neurons belong-
ing to these areas was thought to involve a transforma-
tion of visual representations of actions into motor rep-
resentations of the same actions. This transformation
was named the Mirror Mechanism. The role attributed
to this transformation was that to provide a detailed
understanding of others’ actions.

In the last few years, evidence was provided that in-
dicates that the action observation network is not lim-
ited to the aforementioned areas, but is much more ex-
tended and involves additional parietal areas, such as
the anterior intraparietal area (AIP), second somato-
sensory area, primary motor cortex, mesial premotor
area F6 and ventral prefrontal areas 46 and 12.

The aim of this review is to describe these new nodes
of the circuit, with particular emphasis to their func-
tional role in action execution and observation. We will

first review the anatomy and physiology of the action ex-
ecution and observation system in the monkey, and then
we will compare the anatomical and functional proper-
ties of these nodes with those of the human action exe-
cution and observation circuit. Finally, we will discuss
some emotional centres that have recently been thought
to comprise of neurons described endowed with the mir-
ror mechanism.

2 Anatomical Organization of the
Action Execution-Observation
Network in the Monkey

2.1 The Anatomy of the Premotor Nodes of the
Action Execution-Observation Network

Fig. 1 shows the architectonic parcellation of the mon-
key frontal cortex. Among the areas constituting the
agranular frontal cortex, the crucial node of the action
execution-observation network is area F5. Luppino and
co-workers showed that this area is architectonically not
homogeneous, but consists of three sub-areas (Belmalih
et al., 2009): F5 anterior (F5a), F5 posterior (F5p) and
F5 convexity (F5c). Their location is shown in Fig. 1.
F5p and Fb5a are located on the posterior bank of the
inferior arcuate sulcus whilst F5c lies on the cortical con-
vexity. Of these sub-areas, F5c and F5p have an agran-
ular structure, while F5a appears to be a transition area
towards the prefrontal cortex (Belmalih et al., 2009).
Connectional studies support this architectonic sub-
division. In fact, F5c and Fb5p are strongly connected
with the inferior parietal lobule (IPL), and in particular
with areas AIP, PF, PFG and the SII-complex, as well
as with the primary motor cortex. Area F5 — especially
F5p — projects to the spinal cord. Although Fba, Fb5c
and Fbp all have connections with IPL, Fba is the only
F5 sub-area connected with the ventrolateral prefrontal
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Figure 1: Lateral and mesial views of the macaque brain showing
parcellation of the frontal and posterior parietal cortex. The pre-
frontal cortex is subdivided according to Carmichael and Price
(1994), except for its caudo-ventral part (Gerbella, Belmalih,
Borra, Rozzi & Luppino, 2007). Agranular frontal areas are clas-
sified according to Matelli, Luppino and Rizzolatti (1991) and
Belmalih et al. (2009). The parietal areas are named according to
Pandya and Seltzer (1982). For the denomination of other areas
see the text. The areas located within the arcuate and the prin-
cipal sulci are shown in an unfolded view of the sulci in the left
part of the figure, and the areas located within the intraparietal
sulcus in the right part of the figure. Dashed lines indicate the
architectonic borders. C: central sulcus; Cg: cingulate sulcus; TA:
inferior arcuate; L: lateral fissure; Lu: lunate sulcus; P: principal
sulcus; PO: parieto-occipital sulcus; SA: superior arcuate; ST:
superior temporal sulcus; DLPF: dorsolateral prefrontal cortex;
AlI: inferior arcuate sulcus; AS: superior arcuate sulcus; C: cent-
ral sulcus; Ca: calcarine fissure; Cg: cingulated sulcus; DLPF:
dorsolateral prefrontal cortex; IO: inferior occipital sulcus; IP:
intraparietal sulcus; L: lateral fissure; Lu: lunate sulcus; P: prin-
cipal sulcus; PO: parieto-occipital sulcus; ST superior temporal
sulcus; VLPF: ventrolateral prefrontal cortex (Modified from Ma-
telli, Luppino & Rizzolatti, 1991).

cortex (areas 46v and 12r) and the frontal operculum
(Matelli, Camarda, Glickstein & Rizzolatti, 1986; Ger-
bella, Belmalih, Borra, Rozzi & Luppino, 2011). Fur-
thermore, whilst essentially Fba is neither connected
with the primary motor cortex nor the spinal cord, it is
richly linked with the other premotor areas. In particu-
lar, it has important connections with mesial premotor
area F6 (Luppino, Matelli, Camarda & Rizzolatti, 1993;
Gerbella et al., 2011).

Area F6 (preSMA) belongs to the agranular frontal
cortex. However, if compared to the adjacent area
F3 (SMA), it shows some features granularity proper
to the prefrontal areas (Matelli, Luppino & Rizzolatti,
1991). Furthermore, it lacks direct connections with the
primary motor cortex and the spinal cord (Luppino et
al., 1993; Dum & Strick, 2002). F6 is also linked with
the cingulate cortex (including area 24c) and with the
prefrontal cortex, in particular with the intermediate
part of both the ventral and dorsal portions of area 46.
In the parietal lobe, it is connected with areas PG and
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PFG, in addition to forming weaker connections with
AIP and V6A (Luppino et al., 1993; Gamberini et al.,
2009).

2.2 The Anatomy of the Parietal Nodes of the
Action Observation-Execution Network

The parietal area considered crucial for action observa-
tion and execution is area PFG (Gallese, Fadiga, Fogassi
& Rizzolatti, 2002; Fogassi et al., 2005; Rozzi, Ferrari,
Bonini, G & Fogassi, 2008). PFG is strongly connected
with neighbouring inferior parietal areas (PF, PG, AIP),
with the parietal operculum (PGop and SII), with the
insula and with ventral premotor areas, especially area
F5 and prefrontal area 46 (Rozzi et al., 2006; Bruni et
al., 2018).

Another area belonging to the action execution and
observation network is AIP. This area is strongly con-
nected with other inferior parietal areas (PF, PFG, PG,
LIP, VIP), and with the parietal operculum (PGop and
SII). Further strong connections of AIP have been de-
scribed with a large sector of the inferior temporal cor-
tex, the insula, the ventral premotor area F5, and the
ventral prefrontal cortex (Area 12r and 46v).

2.3 The Anatomy of the Prefrontal Nodes of
the Action Execution-Observation Network

It is well known that a specific sector of the ventrolat-
eral prefrontal cortex is connected with the premotor
and parietal areas containing mirror neurons. This sec-
tor includes part of areas 12r and 46v (see Fig. 1). In
the monkey, area 46v occupies almost the entire rostro-
caudal extent of the ventral bank of the principal sulcus.
The rostral two-thirds of the convexity cortex, adjacent
to area 46v, is occupied by area 12r. Recently, Lup-
pino and co-workers, on the basis of connectional stud-
ies, showed that areas 12r and 46v could be subdivided
into three caudo-rostrally located vertical strips (Fig.
2). The caudal most strip is mainly connected with
cortical areas and subcortical centres involved in the
control of eye movements (Gerbella, Belmalih, Borra,
Rozzi & Luppino, 2010, 2013; Borra, Gerbella, Rozzi &
Luppino, 2015). More specifically, it is connected with
the parietal area LIP, frontal areas FEF and SEF, and
the intermediate and superficial layers of the superior
colliculus. The rostral most strip essentially shows in-
trinsic prefrontal connections, including the frontal pole
and the orbital prefrontal areas (Borra, Gerbella, Rozzi
& Luppino, 2011; Gerbella et al., 2013; Saleem, Miller
& Price, 2014). Finally, the intermediate strip is con-
nected with parietal and premotor areas, as well as with
subcortical structures involved in forelimb action execu-
tion and observation (Borra et al., 2011, 2014; Gerbella
et al., 2013, 2016). This latter strip has been recently
proposed as an additional prefrontal node of the action
execution-observation network (Bruni et al., 2018).
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Figure 2: Lateral view of the monkey prefrontal cortex. Dashed
lines indicate the architectonic borders. The coloured shadings
delimit three groups of areas. Green: areas mostly connected
to oculomotor cortical and subcortical centers (Gerbella, Belma-
lih, Borra, Rozzi & Luppino, 2010, 2013; Borra, Gerbella, Rozzi
& Luppino, 2015; Borra, Ferroni et al., 2017); blue: areas mostly
connected to skeletomotor cortical and subcortical centers (Borra,
Gerbella, Rozzi & Luppino, 2011, 2014; Gerbella, Borra, Tonelli,
Rozzi & Luppino, 2013, 2016; Borra, Ferroni et al., 2017); red:
areas mostly showing intrinsic prefrontal connections (Borra, Ger-
bella, Rozzi & Luppino, 2011; Gerbella, Borra, Tonelli, Rozzi &
Luppino, 2013; Borra, Ferroni et al., 2017).

Albeit, the intermediate strip of areas 12r and 46v is
connected to areas forming the classically described ac-
tion execution-observation network, each of them show-
ing some specificity in their connections. Area 12r is
connected with areas AIP and F5, particularly with Fba.
In addition, it is also linked with the SII-complex and
with the anterior part of the ventral bank of STS (Borra
et al., 2011), possibly corresponding to area LB2, an
area active during observation of hand grasping actions
(Nelissen et al., 2011). Additional connections were also
observed in the middle part of the insula. The adjacent
area 46v shows a pattern of connections similar to that
of area 12r, displaying connections with areas Fba and
AIP, as well as with SII and the insula. In addition,
it is strongly connected with area PFG, and to a lesser
extent with area F6, cingulate motor area 24 and with
the temporal lobe (Gerbella et al., 2013). Note that the
connections of area 12r and 46v with the temporal lobe
increase ventrally, suggesting a stronger role of ventral
prefrontal areas in processing of object visual features.
Conversely, the connections with the parietal and pre-
motor areas increase dorsally, suggesting a major role
for area 46v in controlling motor behaviour.
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In conclusion, the prefrontal information reaches pre-
motor action execution-observation areas through two
main gateways: Fba, ventrally, and F6, dorsally.

3 Coding Motor Goals: The Vocabulary
of Motor Acts

Single neuron studies revealed that most of F5 neurons
code specific motor acts, rather than individual move-
ments (Rizzolatti et al., 1988). F5 neurons were sub-
divided into various classes based on the effective motor
act as the classification criterion. Neurons discharging
for a specific motor act typically do not discharge during
the execution of similar movements aimed at a different
goal. For example, a neuron that discharges during fin-
ger movements for grasping an object does not discharge
during similar movements aimed at scratching. On the
other hand, F5 neurons typically discharge when the
same goal is achieved by using different effectors (e.g.
the right hand, the left hand or the mouth), and thus
requiring completely different movements (Fig. 3A).

On this basis it has been proposed that F5 contains
a “vocabulary” of motor acts (Rizzolatti et al., 1988).
A further demonstration that F5 neurons encode mo-
tor acts has been provided by a study (Umilta et al.,
2008) in which the same motor goal (taking possession
of food) was achieved by means of opposite movements.
Monkeys grasped objects using “normal pliers”, which
require hand closure in order to take possession of the
object, and “reverse pliers”, that require hand opening
to achieve the same goal (Fig. 3B). In both cases, the
neural discharge encoded food grasping, regardless of
whether it was achieved by closing the hand or by open-
ing it. Similar to area F5, PFG neurons also typically
code the goal of the motor acts rather than movements
(Gallese et al., 2002; Fogassi et al., 2005; Rozzi et al.,
2008).

Subsequent studies addressed the issue of how the in-
tention of an action, i.e., the overarching goal of a series
of motor acts, is encoded in both PFG and F5 neur-
ons. With this aim, grasping neurons were recorded in
two conditions: in one, the monkey grasped a piece of
food and brought it to the mouth for eating, whilst in
the other, it grasped an object or a piece of food to
place it into a container (Fogassi et al., 2005; Bonini et
al., 2010). Some neurons discharged stronger when the
monkey grasped food to bring it to its mouth, while a
weaker or absent response was observed when it grasped
food to put it into a container (Fig. 3C). Other cells
had an opposite behaviour (Fig. 3C). Interestingly, the
difference in response in the two conditions was already
present during grasping that was executed in exactly the
same way. The differential activation of these neurons
according to the overarching goal, represents the neural
substrate of the acting individual intention.
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Figure 3: Goal and intention encoding in areas F5 and PFG. A: Upper part, left: lateral view of the monkey brain showing the
location of area F'5, right and lower part: discharge of an F5 neuron active during grasping with the mouth, the right hand and the left
hand. Conventions as in Fig. 6A. B: Example of an F5 neuron discharging during grasping with normal and reverse pliers. Upper part:
Pliers and hand movements necessary for grasping with the two types of pliers. Lower part: Rasters and histograms of the neurons’
discharge during grasping with pliers. The alignments are with the end of the grasping closure phase (asterisks). The traces below
each histogram indicate the hand position, recorded with a potentiometer, expressed as function of the distance between the plier’s
handles. When the trace goes down, the hand closes, when it goes up, it opens. The values on the vertical axes indicate the voltage
change measured with the potentiometer. Other conventions as in Fig. 6A. C: Example of a motor neuron in PFG modulated by
action intention. Upper part left: lateral view of the monkey brain showing area PFG. Upper part right: paradigm used for the motor
task. The monkey, starting from a fixed position, reaches and grasps a piece of food or an object, then it brings the food to the mouth
and eats it (I, grasp-to-eat), or places it into a container (II/III, grasp-to-place). Lower part left: Activity of three IPL neurons during
grasping in the two actions. Rasters and histograms are aligned with the moment when the monkey touched the object to be grasped.
Red bars: monkey releases the hand from the starting position. Green bars: monkey touches the container. Modified from Rizzolatti
et al. (1988) (A), Umilta et al. (2008) (B) and Fogassi et al. (2005) (C).
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4 Mirror Neurons and Action

Understanding

Areas F5 and PFG contain a peculiar class of visuo-
motor neurons, the mirror neurons. These neurons dis-
charge, both when the monkey performs a goal-directed
motor act and when it observes the same, or a sim-
ilar, motor act performed by another individual (Fig.
4A; di Pellegrino, Fadiga, Fogassi, Gallese & Rizzolatti,
1992; Gallese, Fadiga, Fogassi & Rizzolatti, 1996; Rizzo-
latti, Fadiga, Gallese & Fogassi, 1996). Mirror neurons
do not respond to object presentation. The observed
hand motor acts more effective in eliciting mirror neur-
ons discharge are grasping, manipulating and holding.
The visual response of many mirror neurons is invari-
ant with respect to visual aspects of the observed ac-
tion. However, other mirror neurons show specificity
for the direction of the hand movement (left or right),
the space sector in which the observed motor act is
presented (close or far), or the hand used by the ob-
served agent (left or right) (Caggiano, Fogassi, Rizzo-
latti & Thier, 2009; Gallese et al., 1996). In terms of
the location of the motor act presentation, it was found
that half of mirror neurons sensitive to this parameter
discharged stronger when the motor act was performed
within the monkey’s peripersonal space, while the other
half responded better when the same motor act was per-
formed in the extra-personal space. Interestingly, when
the monkey’s peripersonal space (defined as the space
within which grasping is possible) was reduced by in-
troducing a transparent barrier, and thus the space was
no longer reachable, a set of extra-personal neurons star-
ted to discharge within the previously peripersonal space
(Caggiano et al., 2009).

It has been proposed that the observation of a motor
act done by others determines an automatic retrieval
of a potential motor act from the “vocabulary” of the
observer, thus enabling mirror neurons to encode the
visual description of a goal directed act in motor terms,
allowing the observer to understand what another in-
dividual is doing. The hypothesis that mirror neurons
have an important role in the understanding of others’
motor acts has been supported by various studies. In
one study, it was shown that grasping mirror neurons
discharge not only when the monkey observes a grasp-
ing motor act (effective visual stimulus), but also when
it sees the agent’s hand moving towards the target hid-
den by an opaque screen (Umilta et al., 2001). The
discharge was absent when the monkey knew that there
was no object behind the screen. This finding suggests
that mirror neurons use prior information to retrieve the
motor representation of the observed motor act.

In another study, sensory information concerning the
motor act was presented to the monkey in an acoustic
and/or a visual format (Kohler et al., 2002). It was
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found that a subset of mirror neurons, called “audio-
visual mirror neurons”, discharged not only during ex-
ecution and observation of a motor act (e.g. breaking
a peanut), but also by listening to the typical sound
produced by that act. This indicates that a motor act
is understood regardless of how the information reaches
the mirror neurons.

Besides mirror neurons encoding hand motor acts,
mouth mirror neurons have been also described. These
neurons are mostly found in the lateral part of area F5.
The majority of them respond to the observation and
execution of ingestive motor acts such as biting, suck-
ing and licking (Ferrari, Gallese, Rizzolatti & Fogassi,
2003; Ferrari, Gerbella, Coudé & Rozzi, 2017). They do
not respond to object presentation or to mouth mimed
motor acts.

In the previous sections we showed that PFG grasp-
ing neurons discharge is modulated by the overarching
action intention (Fogassi et al., 2005). For this purpose
their activity was recorded while the monkey executed a
motor task in which the same motor act (grasping) was
embedded into two different actions (grasping to eat and
grasping to place). The neurons were also tested with
the monkey observing the same task, performed by an
experimenter. Similar to the motor task outcome, in
the visual task most mirror neurons also discharged dif-
ferently during grasping, depending on overarching goal
of the actions (Fig. 4B). Since in this case grasping
was performed by the observed agent, it was suggested
that the neuronal selectivity for the action goal during
grasping observation activated the chain of motor neur-
ons corresponding to a specific intention. Similar results
were also obtained in area F5, where the same paradigm
was applied (Bonini et al., 2010).

5 Mirror Neurons in Additional Nodes
of the Action-Observation Network

5.1 Primary Motor Cortex

It has been recently addressed the issue of whether the
output of premotor and motor cortex contains neurons
endowed with mirror properties. Kraskov and collabor-
ators (Kraskov, Dancause, Quallo, Shepherd & Lemon,
2009) have recently investigated the activity of cor-
ticospinal neurons (PTNs) located in both area F5 and
F1, in order to address the issue regarding whether the
output of premotor and motor cortex contains neurons
endowed with mirror properties.

They found that about half of F5 cortico-spinal neur-
ons responded to action observation. Interestingly,
about 25% of these PTNs showed a suppression of their
discharge when the monkey observed the experimenter
grasping an object. The authors suggested that the sup-
pression of the PTNs during grasping observation may
play a role in inhibiting the movement of the observer
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Figure 4: Mirror neurons. A: Example of an F5 mirror neuron. Left: Grasping observation. Right: Grasping execution. B: Examples
of parietal mirror neurons modulated by action motor intention. Activity of three IPL neurons during grasping observation of two
actions: grasp-to-eat, and grasp-to place. Rasters and histograms are aligned with the moment when the experimenter touched the
object to be grasped. Red bars: experimenter grasps the object. Unit 87 is selective for observation of grasping to eat, while unit 39 is
selective for observation of grasping to place. Unit 80 is not selective. Conventions as in Fig. 3. Modified from di Pellegrino, Fadiga,

Fogassi, Gallese and Rizzolatti (1992) (A) and Fogassi et al. (2005) (B).

triggered by the observed action.

The same paradigm was applied to F1 PTNs (Kraskov
et al., 2009). As in F5, about half of these neurons
were modulated during action observation. The major-
ity increased their discharge during action observation
(“facilitation-type” mirror neurons), while some reduced
or stopped their firing (“suppression-type” mirror neur-
ons). A comparison of the properties of F1 and F5 PTNs
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mirror neurons showed that the visual response in F1
was much weaker than in F5. Taken together these data
indicate that the understanding of motor goals is not
only the function of F5 mirror neurons, but rather of
the activation of a complex motor pattern that involves
corticospinal tract neurons, including those originating
in F1.
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5.2 Area F6 (Pre-SMA)

Several physiological investigations indicated that area
F6 has a role in forwarding prefrontal signals to pos-
terior premotor areas, allowing the transformation of
potential actions into actual movements, by determining
movement onset based on contextual and motivational
information (Gerbella, Rozzi & Rizzolatti, 2017; Borra,
Gerbella, Rozzi & Luppino, 2017). This idea is in line
with the presence of strong F6 connections with pre-
frontal, cingulate and premotor areas (Luppino et al.,
1993; Morecraft et al., 2012). Recent studies show that
F6 also plays a role in social behaviour, forming part
of a brain network dedicated to the processing of social
interactions (Sliwa & Freiwald, 2017), as well as hosting
neurons encoding others’ actions (Yoshida, Saito, Iriki &
Isoda, 2011, 2012; Livi et al., submitted). In particular,
Isoda and co-workers (Yoshida et al., 2011) trained two
monkeys to monitor each other’s actions for adaptive
behavioural planning. In each trial, one monkey was as-
signed the role of the actor and the other the role of the
observer, inverting the role every two trials. They found
that F6 and the adjacent cingulate motor cortex, be-
sides containing neurons that discharge during monkey
actions, also host neurons that fire during action execu-
tion and observation (“mirror” neurons), as well as neur-
ons that fire during the observation of other’s actions
exclusively (“partner” neurons). In a subsequent exper-
iment, Yoshida et al. (2012) used the same paradigm to
analyse the neural activity during actor’s error trials.
They identified a set of neurons that showed a signific-
ant activity increase associated with errors of the mon-
key actor. Nearly half of these neurons showed activity
changes consistent with general reward-omission signals,
whereas the remaining neurons specifically responded to
another’s erroneous actions. These findings are in line
with the recent demonstration of “other-predictive neur-
ons” in the cingulate motor cortex (Haroush & Williams,
2015).

Similarly, a recent study (Livi et al., submitted)
showed that area F6 hosts neurons selectively encoding
objects when they are the target of monkey’s grasping
action (self-type), another agent’s action (other-type),
or both (mirror neurons or self-and-other type). This
type of code strongly depends on the position of the
object in the peripersonal space of both agent and ob-
server. These findings suggests a novel, non-inferential
“object-mirroring” mechanism, through which observ-
ers could accurately predict another’s impending action
by recruiting the same motor representation they would
activate if they were to act upon the same object in the
same context.
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5.3 Area AIP

As described above, IPL mirror neurons were originally
discovered in PFG (Fogassi et al., 2005; Gallese et al.,
2002; Rozzi et al., 2008), but were more recently also
found in ATP and in SIT (Maeda, Ishida, Nakajima, Inase
& Murata, 2015; Pani, Theys, Romero & Janssen, 2014;
Hihara, Taoka, Tanaka & Iriki, 2015; Lanzilotto et al.,
submitted).

Although AIP is classically considered to be involved
in the visuomotor transformations for grasping, recent
data showed that it also contains mirror neurons.

In recent years, three independent studies described
the presence of neurons in AIP that are sensitive to ac-
tion observation (Maeda et al., 2015; Pani et al., 2014;
Lanzilotto et al., submitted). In particular, they showed
that a set of AIP neurons that are active during grasping
execution, is also activated by the observation of a video
of the same grasping action seen from a first-person per-
spective (Maeda et al., 2015; Pani et al., 2014). Inter-
estingly, neural activation was also observed when the
hand movement is visible, while object target of the ac-
tion is not. Lanzilotto et al. (submitted) showed that
ATP grasping neurons also activate during observation of
other hand manipulative actions observed from a third-
person perspective. Altogether, these data indicate that
ATP mirror neurons play a crucial role in the visual con-
trol of own action and in action understanding.

5.4 Area SII

Classical neurophysiological studies performed in
macaque monkeys have shown that the secondary so-
matosensory cortex (SII) is essentially engaged in the
processing of somatosensory information. In contrast,
subsequent human brain-imaging investigations have re-
vealed the effects of visual and auditory stimuli on SII
activity, suggesting the presence of multisensory integra-
tion in this region (Keysers et al., 2004; Gazzola & Key-
sers, 2009). Accordingly, recent deoxyglucose and elec-
trophysiological experiments in monkeys showed that
this region is active during manual action execution and
observation, particularly when the viewpoint is a first-
person perspective (Raos & Savaki, 2016; Ishida, Fornia,
Grandi, Umilta & Gallese, 2013; Hihara et al., 2015).
In particular, Hihara and co-workers demonstrated that
30% of SII neurons respond to visual stimuli. About
1/3 of visual neurons respond to the observation of hu-
man action. These data and the anatomical connec-
tions of SII with many nodes of action observation and
execution network (Gerbella, Rozzi & Rizzolatti, 2017;
Borra, Gerbella, Rozzi & Luppino, 2017; Bruni et al.,
2018) suggest that this region is involved in coding an
observer-centred, haptic description of actions.
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5.5 Ventrolateral Prefrontal Cortex

Social interactions deeply rely on the understanding of
others’ actions and the predictions of their outcomes.
Thus, if the prefrontal cortex has a role in this type of
interaction, one could predict the presence of neurons
sensitive to others’ actions. In recent years, it has been
shown that this may be the case for arm actions. Nelis-
sen, Luppino, Vanduffel, Rizzolatti and Orban (2005), in
an fMRI monkey experiment, identified a VLPF activa-
tion during the observation of grasping actions contras-
ted with the observation of static controls or scrambled
stimuli. The activated areas included areas 46, 45A, and
45B.

Concerning single-neuron studies, Tsunada and
Sawaguchi (2012) recorded monkey VLPF neurons se-
lectively activated during the observation of videos
showing conspecifics grooming or mounting another
monkey and not when the monkeys observed videos in
which several conspecifics were present but not inter-
acting. In a recent study, monkeys were trained to ob-
serve videos showing arm and hand movements and ob-
ject motion during a VLPF neuronal activity recording
(Simone, Bimbi, Roda, Fogassi & Rozzi, 2017). Arm
and hand movements included goal-directed actions per-
formed by monkeys or humans (e.g., reaching-grasping
of food/objects) and non-goal-directed movements per-
formed by humans (e.g., extending an arm or panto-
miming the grasping action). The main result was that
in areas 12, 46 and 45A, there are neurons responding
to the observation of arm movements. The observation
of reaching-grasping actions was the most effective stim-
ulus (Fig. 5A). To assess whether the neural discharge
to action observation was dependent on visual inform-
ation, a control task was carried out in which different
parts of the actions, including the final goal, were ob-
scured. The response of most of the tested neurons was
unaffected by the obscuration (Fig. 5B). Thus, the in-
terpretation of this effect was that these neurons code
the goal of the action. This type coding is similar to
that demonstrated for premotor mirror neurons. Inter-
estingly, a portion of prefrontal action observation neur-
ons, are mirror neurons, since they also discharged when
the monkey performs a grasping action (Simone, Rozzi,
Bimbi & Fogassi, 2015).

In addition, this study demonstrated that VLPF
neurons can code other features of the observed action,
such as the agent (human or monkey) or the perspect-
ive from which the action was observed (first- or third-
person perspective). In fact, the most effective observed
actions were those performed by a monkey, especially
from the first-person perspective. A preference for this
perspective was found also in mirror neurons of the vent-
ral premotor area F5, which were recorded during mon-
keys’ observation of videos depicting grasping actions
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performed by another monkey from three different per-

spectives (Caggiano et al., 2011).

6 Further Nodes of
Execution-Observation
Indirect Evidence

the Action

Network:

In a recent study, neural tracers were injected in F5, in
PFG/AIP or in both these regions hosting mirror neur-
ons (Bruni et al., 2018). This study allowed the identi-
fication of all nodes of the network, including those in
which mirror neurons has not been yet described (Fig.
6). For example, projections to both F5 and PFG/AIP
sectors containing mirror neurons originate from limbic
structures. In particular, connections were found with a
portion of the insula where long-train microstimulation
evokes forelimb movements (Jezzini, Caruana, Stoianov,
Gallese & Rizzolatti, 2012). These projections may
provide the action execution and observation network
with information related to the internal states under-
lying executed and observed actions and their affective
significance (vitality forms; Di Cesare, Di Gio, Marchi
& Rizzolatti, 2015).

In addition, we identified subcortical connections with
specific polysensory and sensory-motor thalamic nuc-
lei (Central lateral, Mediodorsal, and Pulvinar) and
with the mid-dorsal claustrum. Furthermore, different
areas of the action execution-observation network (F5,
PFG/AIP and 12r/46v) project to the same portion of
the basal ganglia (Gerbella et al., 2016). The role in
the mirror mechanism of these cortical and subcortical
nodes has still to be elucidated.

7 The Mirror Mechanism in Humans

7.1 Goal-Directed Arm, Hand and Mouth
Actions

The existence of the mirror mechanism in humans
has been demonstrated by a large number of neuro-
physiological (EEG, MEG and TMS) and neuroima-
ging (PET and fMRI) studies (Rizzolatti & Craighero,
2004; Caspers, Zilles, Laird & Eickhoff, 2010; Grosbras,
Beaton & Eickhoff, 2012; Molenberghs, Cunnington &
Mattingley, 2012). These studies have shown that the
mirror network mainly includes two regions: the dorsal
part of the inferior parietal lobule, comprising the cor-
tex located inside the intraparietal sulcus and the vent-
ral premotor cortex, plus the caudal part of the inferior
frontal gyrus (area 44). Additional areas, such as the
dorsal premotor cortex and the superior parietal lobule,
were also found to be active during action observation
(Di Dio et al., 2013; Filimon, Nelson, Hagler & Sereno,
2007).

Similar to monkeys, there is clear evidence from fMRI
studies that human mirror sectors encode the goal of
motor acts. Gazzola and colleagues (Gazzola, Rizzo-

WWWw.Xjenza.org


10.7423/XJENZA.2018.2.03
www.xjenza.org

Action Observation and Execution Network: An Extended View 102

1 T

; YT -
: H ¥ i"'“" "'l';u'f T S
W ! g ‘r{' L ""i,..’.,"..‘ H. ,"f

--
: kg 10 g
i : § e

Monkey Grasplng ( person)
1 | | | Ifl 'I n JII } Il' lI
n IL I , II 'II |II"’:I ' I'I Il‘fi i |.“l| 1 If il’
ly '1"!.... Tt r"" Vil

'01"\_/\/«\’/ /\

....... J...

':i._

spkls

Monkey Grasping (I person) Obscured 1
1 llll 1

1 1 n 1 Ill f |I Il""llll f ' 1 ll"ll. I!I
"y L | » zl'll'nl wtl:l "li 5’::|| " i |'"'| |'|l'I |

= “‘II e n l'II II |\lw'| Ll III

....... Taad N

i
Monkey Grasping (1 person) Obscured 2
mi III [} I

ST

Yhon l'f'fl

W

L, e ' 2s

Figure 5: Prefrontal neurons responding to action observation. A: Neuron responding exclusively during the observation of a monkey
grasping a piece of food from a third person perspective. B: Example of a neuron discharging during the observation of a monkey
grasping an object from a first person perspective (Video Epoch 2), that, with respect to when the video is fully visible (top), does
not change its discharge when either the first (middle) or second (bottom) video epoch is obscured. The activity is aligned on the
beginning of the video presentation. Abscissae: time (s); Ordinates: firing rate (spikes/s). The shaded areas on rasters and histograms
in B indicate the timing of obscuration. The horizontal lines under the z-axis indicate the duration of the first (continuous line) and
second (dashed line) Video Epochs considered for statistics. Modified from Simone, Bimbi, Roda, Fogassi and Rozzi (2017).

latti, Wicker & Keysers, 2007) presented volunteers with
video-clips depicting either a human or a robot arm
grasping objects. The results showed that the parieto-
frontal mirror circuit was activated by both these types
of stimuli. This observation was extended by Peeters
and colleagues (Peeters et al., 2009). They investigated
the cortical activations in response to the observation of
motor acts performed by a human hand, a robot hand
and a variety of tools in both humans and monkeys. Re-
gardless of the type of effector used, the mirror circuit
was activated in humans, as well as in monkeys. In hu-
mans, the observation of tool motor acts also activated
a rostral sector of the left anterior supramarginal gyrus.
Such activation was absent in monkeys, even when they
observed actions made with the tools they have learned
to use.

A series of experiments addressed the issue of the
somatotopic organization of the areas endowed with
the mirror mechanism (Buccino, Binkofski & Fink,
2001; Wheaton, Thompson, Syngeniotis, Abbott &
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Puce, 2004; Wilson, Saygin, Sereno & Iacoboni, 2004;
Sakreida, Schubotz, Wolfensteller & von Cramon, 2005;
Shmuelof & Zohary, 2005; Ulloa & Pineda, 2007). These
studies showed that the observed motor acts are encoded
in the precentral gyrus according to a rough somato-
topic organization similar to that of the classical motor
physiology. A somatotopic organization was found to
be also present in the inferior parietal lobule along to
and within the intraparietal sulcus. The mouth is loc-
ated rostrally, the hand in an intermediate position and
the leg caudally (Buccino et al., 2001). A recent study
by Jastorff, Begliomini, Fabbri-Destro, Rizzolatti and
Orban (2010) tried to better define the general prin-
ciples underlying the somatotopic organization in the
parietal and frontal cortex. Four motor acts (grasp-
ing, dragging, dropping and pushing) performed with
the mouth, hand and foot were presented to volunteers.
The results confirmed the data from previous authors
concerning the premotor cortex. As for the parietal lobe,
they showed that different sectors of IPL were activated
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Figure 6: Lateral and mesial views of the macaque brain showing
the connections between the two main nodes (red) and the addi-
tional ones (blue) forming the extended object-grasping network.
Abbreviations as in Fig. 1.

by the observation of motor acts having the same be-
havioural valence, independent of the observed effector.
More specifically, there was a subdivision between the
localization of self-directed (grasping and dragging) and
outward-directed motor acts (dropping and pushing).
Therefore, it appears that, while in the premotor cor-
tex motor acts executed with the same effector tends to
cluster together, in the parietal cortex the encoding is
biased by the action valence.

A few studies also showed that in humans the mirror
network is involved in intention understanding (Iacoboni
et al., 2005; Ortigue, Sinigaglia, Rizzolatti & Grafton,
2010). In an fMRI experiment Iacoboni and co-workers
(Tacoboni et al., 2005) tested volunteers in three con-
ditions: a) “context”; b) “action”; ¢) “intention”. In
the context condition individuals were presented with a
scene showing either a “ready breakfast” or a “finished
breakfast”; in the action condition, they saw pictures of
a hand grasping a mug, without context; in the intention
condition, the individuals saw the same hand grasping
the mug within one of the two contexts. The context
represented the clue that allowed the participants to un-
derstand the agent’s intention. The comparison between
conditions showed that intention understanding determ-
ined the strongest increase in the activity of the mirror
system, in particular of its frontal node.
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7.2 Vitality Forms

Actions might take different forms, for example a hand
shaking can be delicate or vigorous. Attention to the
”forms” of the observed gestures provides information
about the agent’s affective states, moods and attitudes.
Stern coined the term “vitality affect” or “vitality form”,
in order to highlight that they are routed in our more
basic social interactions, thus deeply shaping our exper-
ience of ourselves or others (Stern, 1985, 2010).

Vitality form attracted very little attention from
neurophysiologists. Recent human functional imaging
studies (Di Cesare et al., 2015) have provided evidence
that the middle dorsal insula is modulated by the affect-
ive aspects of the movements, during both execution and
observation of actions. Based on this finding, it has been
suggested that during the execution of an action, the
dorso-central insula modulates how it is performed ac-
cording to the affective state of the agent, whereas dur-
ing action observation it allows the observer to recognize
the affective state of the agent. An interesting question
points to discovery of the anatomical substrate allowing
the insula to modulate the parieto-frontal circuit for ac-
tion execution and observation. Recent diffusion tensor
imaging evidence demonstrated that the dorso-central
insula is connected with all the parietal, premotor and
prefrontal nodes of the action execution and observation
network. The results of this study provided the ana-
tomical pathways through which the insula influences
the expression of the affective state of the agent and/or
allows recognizing those of the others (Di Cesare et al.,
2018).

8 Emotions in Humans and Monkeys

8.1 Disgust

In contrast to the dorso-central part of the insula, its an-
terior part is involved with oro-alimentary behaviours in
both humans and monkeys. In particular, an extensive
mapping of the monkey insula using electrical stimula-
tion showed that its anterior sector determines positive
or negative ingestive behaviours (Jezzini et al., 2012).
In particular, the stimulation of the dorsal part pro-
duces a series of mouth and tongue movements typical
of food ingestive behaviours; in contrast the stimula-
tion of the ventral sector determines typical disgust be-
haviours, such as grimaces, spiting out the food, etc.
Similar results were found in experiments carried out in
drug-resistant epileptic human patients (Krolak-Salmon
et al., 2003).

The anterior insula became activated, not only fol-
lowing electrical stimulation, but also after the admin-
istration of natural disgusting stimuli, such as unpleas-
ant odors (Wicker et al., 2003). Most interestingly, this
fMRI study showed that the anterior insula mediates
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both the experience of disgust determined by natural
stimuli, and also the observation of someone else ex-
pressing disgust (Wicker et al., 2003). More specifically,
in some runs of this study participants were exposed to
disgusting or pleasant odorants, whereas in other runs
they observed short movie clips of other individuals dis-
playing a facial expression of disgust or pleasure. The
main finding was that the observation of others’ disgust
activated the same neuronal substrate within the an-
terior insula that was activated by first-person exposure
to the disgusting odorants. Further evidence supporting
the role of the anterior insula in disgust observation and
experience comes from lesion studies showing a select-
ive impairment in recognizing disgust from others’ faces
following insula damage (Calder, Lawrence & Young,
2001). In addition, the deficit for others’ disgust was
mirrored by an equivalent deficit in the patient’s first-
person experience of the same emotion. Of particular
interest is an observation by Calder and co-workers of
a patient with a lesion involving the insula and adja-
cent putamen. Compared to controls, the patient was
less disgusted, or even indifferent to a disgust provok-
ing scenario (Calder, Keane, Manes, Antoun & Young,
2000). The studies described above suggest that the
anterior insula is endowed with the mirror mechanism,
and when activated determines a complex visceromotor
response. The anatomical basis underpinning this be-
haviour consists of several subcortical centres (Fig. TA)
modulating autonomic reactions for controlling feeding
behaviour and visceromotor responses. These centres
include the lateral hypothalamus, the ventral tegmental
area, the ventral striatum, and the ventrolateral sec-
tor of the periaqueductal gray (An, Bandler, Ongiir &
Price, 1998; Ongiir, An & Price, 1998; Jezzini et al.,
2015; Venkatraman, Edlow & Immordino-Yang, 2017).

8.2 Laughter

The cingulate cortex is another territory that has re-
cently been thought to comprise of neurons endowed
with the mirror mechanism. A study carried out by
Caruana et al. (2018) on a large number of drug-
resistant epileptic patients, showed that there is a spe-
cific part of the anterior cingulate cortex whose stimu-
lation determines smiling and laughter, with or without
mirth. This region is located in the pregenual sector
of the ACC (pACC). Furthermore, since in most pa-
tients mirth and merriment accompanies the production
of laughter triggered by pACC stimulation, Caruana
and co-workers concluded that this region is involved
not only in generating the motor aspects of laughter,
but also its emotional content. Evidence showing that
pACC is a fundamental node for both the production
of mirthful laughter, and for encoding observation of
this behaviour, is provided by the finding that the same
pACC site from which laughter is evoked by electrical
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Figure 7: Localization and subcortical projections of anterior
insula and pregenual anterior cingulate cortex. A: Lateral view of
the monkey brain showing the anterior insula field in which elec-
trical stimulation induced disgust-related behaviour (red area),
and its subcortical projections. B: Mesial view of the monkey
brain showing the localization of the pregenual sector of the an-
terior cingulate cortex (red area), and its subcortical projections.
Abbreviations as in Fig. 1. Modified from Gerbella, Caruana and
Rizzolatti (2017).

stimulation, is also activated (gamma activity) by the
presentation of movies showing laughing individuals. In
contrast, movies depicting the same individuals express-
ing sadness, or showing a neutral face, do not elicit any
response (Caruana et al., 2017). This evidence suggests
that the pACC is endowed with the mirror mechanism,
transforming sensory representation of other’s laughter
into the motor representation of the same behaviour.
In line with this result, a meta-analysis of more than
one hundred fMRI studies on emotional face processing
showed that, when compared to neutral faces, happy
faces selectively activate the ACC (Fusar-Poli et al.,
2009).
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Although there is not clear evidence in humans of
the circuit leaving the pACC and reaching the subo-
cortical centres controlling laughing, some inferences
can be drawn from monkey anatomical studies. In the
monkey the pACC projects to the caudal raphe nuc-
leus, a brainstem structure whose damage may result in
an uncontrolled motor pattern of laughing in humans,
the so called “Fou rire prodromique” (Hornung, 2003).
Additionally, the pACC involves the face/mouth field
of the motor putamen, the vocalization centres of the
caudolateral part of the periaqueductal gray, and the
facial nerve nuclei (Miiller-Preuss & Jurgens, 1976; Por-
rino & Goldman-Rakic, 1982; Devinsky, Morrell & Vogt,
1995; An et al., 1998). These latter projections bilater-
ally reach both the dorsal and intermediate subnuclei of
the bulb, thus controlling upper face muscles, which are
those characterizing the “true” emotional laughter (Fig.
7B). If these projections are preserved in evolution, one
can depict the nervous network enabling human pACC
to produce the complex pattern of visceromotor and mo-
tor activations which characterize laughing.

9 Conclusion

Traditionally, the motor system was not thought to be
involved in cognitive functions, however, the discovery
of the mirror mechanism radically changed this view.
There is now rich evidence to support that numerous
cognitive functions, such as space perception around the
body as well as action and emotion recognition, not only
require the activity of the motor system, but are also
deeply embedded in it. In particular, we showed that
both action and emotion understanding rely on potential
motor acts that originally evolved for motor behaviour,
and subsequently became the substrate for understand-
ing others.

In this review, we discussed evidence indicating that
the arm/hand action execution-observation network is
not only constituted by classical parieto-frontal areas
(F5 and PFG/AIP), but also by additional cortical sec-
tors such as the F6/preSMA and prefrontal areas (12r
and 46v). In addition, we described that the mirror
mechanism is also present in centres whose primary
function is to control emotional behaviour. In particu-
lar, we discussed one region controlling a negative emo-
tion, the rostral insula, and one region that controls a
positive one, the anterior cingulate cortex.

The data reviewed here could be useful for guid-
ing future studies aimed at discovering other areas en-
dowed with the mirror mechanism, in terms of emotional
centres as well as areas involved in motor behaviour
without emotional content.
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