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ACADEMIE EUROPEENNE INTERDISCIPLINAIRE DES SCIENCES

INTERDISCIPLINARY EUROPEAN ACADEMY OF SCIENCES
5 rue Descartes 75005 PARIS

Séance du Lundi 11 septembre 2017 /Maison de I'AX 17h

La séance est ouverte a 17h sous la Présidence de Victor MASTRANGELO et en la présence
de nos Collegues Gilbert BELAUBRE, Jean-Louis BOBIN, Gilles COHEN-TANNOUDJI, Francoise
DUTHEIL Michel GONDRAN, Iréne HERPE-LITWIN, Gérard LEVY, Claude MAURY, Jean-
Jacques NIO, Marie-Francoise PASSINI, Edith PERRIER, Jacques PRINTZ, Jean SCHMETS , Jean-
Pierre TREUIL .

Etaient présents en tant que visiteurs Jean BERBINAU administrateur du lycée Saint Louis et du
College Stanislas et Michel BERREBY médecin ORL

Etaient excusés :Francois BEGON, Jean-Pierre BESSIS, Bruno BLONDEL, Michel
CABANAC, Alain CARDON, Alain CORDIER , Juan-Carlos CHACHQUES, Daniel COURGEAU,
Sylvie DERENNE, Ernesto DI MAURO, Jean-Felix DURASTANTI, , Claude ELBAZ, Vincent
FLEURY, Robert FRANCK, Jean -Pierre FRANCOISE, Dominique LAMBERT, Valérie LEFEVRE-
SEGUIN, Antoine LONG, Pierre MARCHAIS, Anastassios METAXAS, Alberto OLIVIERO, Pierre
PESQUIES, Michel SPIRO, Alain STAHL, Mohand TAZEROUT , Jean-Paul TEYSSANDIER , Jean
VERDETTI.

I. . Présentation de notre conférencier Stanislas DEHAENE par notre Président
Victor MASTRANGELO:

Le Professeur STANISLAS DEHAENE, Fellow Nirit and Michael Shaoul 2016/2017, est titulaire de
la Chaire de Psychologie cognitive expérimentale au Collége de France a Paris. Il dirige a I’INSERM-CEA
I’Unité de Neuroimagerie cognitive au Neurospin a Saclay — centre de recherche francais de pointe en
neuroimagerie. Sa recherche examine les bases neurales des fonctions cognitives humaines telle que la
lecture, le calcul et le langage, en portant un intérét particulier aux différences entre les processus conscients
et inconscients. Ses principaux résultats de recherche comprennent la découverte de liens automatiques
entre les nombres et I’espace et le réle du sillon intra-pariétal dans la perception du nombre, le réle de
« I’aire de formation visuelle du mot », une zone temporo-occipitale gauche qui acquiert la composante
visuelle de la lecture et I’identification des réponses physiologiques uniques pour les processus conscients ,
ce qui soutient la théorie d’un « espace de travail neuronal global » pour la conscience.

Le Pr DEHAENE a accumulé de nombreuses prestigieuses récompenses au cours de sa carriere ;
parmi les lus récentes se situent I’ « APA Distinguished Scientific Contribution Award (2015), « Thomas
Reuters Highly Cited Researcher (2014), le Prix LIRE du meilleur livre scientifique de 2014 pour « Le Code
de la Conscience » (version francgaise de « Consciousness and the Brain » (2014), le Prix Grete Lundbeck
pour le cerveau ( avec G. RIZZOLATTI et T. ROBBINS) ( 1 million d’€) (2014), le Prix «Esprit et
Cerveau » de I’Université de Turin (2014), le grand Prix de I’INSERM (2013) et le Prix de la Fondation
Roger de Spoelberch (2013).

Le Pr DEHAENE est Corresponding Fellow de I’ Académie Britannique ; il est membre de
I’American Philosophical Society ; il est Professeur honoraire a I’Université Normale de I’Est de la Chine
(Shangai) et « Associé étranger de I’Académie Nationale des Sciences des USA pour n’en citer qu’un petit
nombre. En avril 2016 il a recu le prestigieux fond ERC (European Research Council) .
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Le Pr DEHAENE est I'auteur de 4 livres, « documentaires de télévision, et 300 publications
scientifiques dans des journaux tels que Science, Nature, Nature Neuroscience et les PNAS. 40 de ses
articles ont été cités plus de 500 fois. Ses livres ont emporté un grand succeés et ont été traduits dans de
multiples langues.

Il. Conférence du Pr Stanislas DEHAENE

Résumé de la conférence:

" Progres récents dans la compréhension de la conscience et de ses dysfonctionnements **

Des considerables progres ont été réalises pour comprendre comment I'activité cérébrale conduit a une
expérience consciente. En suivant l'approche décrite dans mon récent ouvrage " La Conscience et le
Cerveau™ , je montrerai comment une combinaison d'illusions visuelles , d'informations subjectives et de
progres d'apprentissage des machines nous permettent de décoder le cheminement temporel des images
subliminales a partir des signaux cérébraux et d'identifier le moment ou la perception consciente émerge
pour la premiere fois. En créant des contrastes minimaux dans lesquels le stimulus trés voisin est parfois non
détecté, et parfois vu consciemment , nous pouvons identifier des signatures cérébrales de la conscience. Les
résultats montrent que l'accés conscient se rapproche d'une explosion globale d'activité tardivement
synchronisée ( une “ignition " corticale ), distribuée via diverses aires corticales et avec une forte
communication entre des aires au travers de sites corticaux distants. Je vais démontrer de nouvelles
applications de ces signatures de la conscience. pour (1) pister les retards liés aux taches duales et aux
clignotements de lattention; (2) analyser l'activité de I'état de repos dans les cerveaux éveillés et
anesthésiés:(3) déterminer si les patients qui sortent du coma ont récupéré ou vont récupérer leur conscience

Un compte-rendu détaillé sera prochainement disponible sur le site de I'AEIS , http://www.science-inter.com
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Annonces

Quelques ouvrages papiers relatifs au colloque de 2014 ** Systemes stellaires et
planétaires- Conditions d*apparition de la Vie" -

— Prix de l'ouvrage :25€ .
— Pour toute commande s'adresser a :
Irene HERPE-LITWIN Secrétaire générale AEIS

39 rue Michel Ange 75016 PARIS
06 07 736975
irene.herpe@science-inter.com
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Documents

Pour compléter l'intervention du Pr Stanislas DEHAENE nous vous proposons:

p.07 un article de Stanislas DEHAENE et al intitulé " Toward a Computational Theory of Conscious
Processing" publié dans Current Opinion in Neurobiology 2014, 25:76-84 disponible sur le site
http://www.sciencedirect.com .

Pour préparer l'intervention du Pr Pier Francesco FERRARI nous vous proposons :

P. 16 le résumé en francais de la conférence du Pr Pier Francesco FERRARI " Construction d'un cerveau
empathique”

p. 17 issu du site http://www.jneurosci.org/content/36/11/3145 un article de Pier Francesco FERRARI et al
intitulé " Mirror Neurons of Ventral Premotor Cortex Are Modulated by Social Cues Provided by Others' Gaze"
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Available online at www.sciencedirect.com
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Toward a computational theory of conscious processing

Stanislas Dehaene’***, Lucie Charles®°*, Jean-Rémi King

Sébastien Marti®>*

The study of the mechanisms of conscious processing has
become a productive area of cognitive neuroscience. Here we
review some of the recent behavioral and neuroscience data,
with the specific goal of constraining present and future
theories of the computations underlying conscious processing.
Experimental findings imply that most of the brain’s
computations can be performed in a non-conscious mode, but
that conscious perception is characterized by an amplification,
global propagation and integration of brain signals. A
comparison of these data with major theoretical proposals
suggests that firstly, conscious access must be carefully
distinguished from selective attention; secondly, conscious
perception may be likened to a non-linear decision that ‘ignites’
a network of distributed areas; thirdly, information which is
selected for conscious perception gains access to additional
computations, including temporary maintenance, global
sharing, and flexible routing; and finally, measures of the
complexity, long-distance correlation and integration of brain
signals provide reliable indices of conscious processing,
clinically relevant to patients recovering from coma.
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Introduction

Consciousness is the only real thing in the world and the
greatest mystery of all
Vladimir Nabokov, Bend Sinister (1947)

What brain mechanisms underlie our capacity to become
aware of a specific piece of information, while many

2,34 and

others remain non-conscious? Considerable empirical
and theoretical progress has been made lately in answer-
ing this deceivingly simple question. This research
gained leverage when it was recognized that visual illu-
sions [1-3] and a great variety of other normal and
pathophysiological conditions such sleep, anesthesia,
blindsight or hemineglect provided empirical windows
into this phenomenon, by providing minimal contrasts
between conscious and non-conscious brain states [4].
Here we review the recent advances made possible by
this contrastive approach. We specifically focus on how
these findings inform present-day theories of conscious
processing. At present, there is no accepted compu-
tational theory of this function. Our hope is that the
present review may point to the key ingredients that will
lead to one.

Defining the terms

It is useful to start by separating the diversity of concepts
that the everyday term of ‘consciousness’ can refer to.
T'he content of consciousness refers to the specific infor-
mation that I am aware of at a given moment. For
instance, I am currently aware of reading these words,
but not of the music playing in the background (until I
attend to it). Conscious access is the process by which a
piece of information becomes a conscious content. Co7n-
scious processing refers to the various operations that can be
applied to a conscious content (as when multiplying two
numbers mentally). Conscious report is the process by
which a conscious content can be described, verbally or
by various gestures. Such reportability remains the main
criterion for whether a piece of information is or is not
conscious: by hypothesis, I can report something if and
only if I am aware of it.

A great variety of representations can be consciously
accessed, including perceptual states, abstract knowl-
edge, memories, plans, and other internal states (e.g.
feelings, confidence, and errors). Self-consciousness is a
particular instance of conscious access where the con-
scious ‘spotlight’ is oriented toward internal states.

The state of consciousness, associated with fluctuations in
wakefulness or vigilance, finally, refers to the brain’s very
ability to entertain a stream of conscious contents. During
normal wakefulness, any information may be consciously
accessed, but this ability is continuously modulated
according to the level of vigilance, and ultimately
vanishes during coma, vegetative state, anesthesia or
deep sleep. Although this review concentrates primarily
on the mechanisms of conscious access and conscious

Current Opinion in Neurobiology 2014, 25:76-84
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processing, in a final section, we consider how what has
been learned about conscious access in normal subjects
generalizes to the detection of the state of consciousness
in brain-lesioned patients.

The boundaries of non-conscious processing
To clarify the nature of conscious processing, a first step
consists in delineating what it is #oz. Using masking [5],
crowding [6], inattention [7] or binocular rivalry [8],
images can be presented under conditions such that they
remain strictly invisible. Behavioral priming and brain
imaging can then reveal how deep these stimuli are
processed. Studies of non-conscious processing play an
instrumental role in refuting specific theories of con-
sciousness. The logic is simple: if a cognitive computation
or neural marker, proposed by some theory to be uniquely
associated with conscious processing, can be observed
under demonstrably non-conscious conditions, then that
theory is severely undermined.

Twenty years of research indicates that subliminal pro-
cessing can be quite deep. Many cortical areas can be
activated by an unseen stimulus, including areas of the
visual ventral [9] and dorsal pathways [10]. The brain non-
consciously recognizes the abstract identity of pictures,
words and faces [9,11,12°], the quantity attached to a
number symbol [10,13], the fact that two words are
related or synonymous [6,14,15], the emotional meaning
of a word [16°,17], or the reward value of a coin or an
arbitrary symbol [18,19,20°°].

In recent years, the frontiers of non-conscious processing
have been pushed further. For instance, in chess experts,
a brief non-conscious flash of a chessboard suffices to
determine whether the king is in check [21]. Within the
language domain, the grammatical fit of a masked word
with the preceding sentence can be determined non-
consciously [22°]. Transitive inferences can also be
deployed non-consciously: after non-conscious exposure
to arbitrary word pairs such as ‘winter-red’ and ‘red-
computer’, word association effects generalize to non-
adjacent pairs (‘winter-computer’), a transitive link
mediated by the hippocampus [23]. As another example
of high-level computation, the approximate average of
four masked numbers can be extracted non-consciously
[13]. There is even a suggestion that multi-step oper-
ations such ‘9 — 5 + 2’ may be mediated non-consciously
[24], although this conclusion will require better control
over the stimuli and the degree of non-consciousness.

All in all, these findings refute the idea that non-conscious
processing stops at an early perceptual level: meaning and
value can clearly be assigned non-consciously. There is
also considerable evidence that attention can be deployed
and enhance processing even if its target remains non-
conscious [25-27]. At the brain level, attending to a
stimulus and becoming conscious of it have distinct
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signatures that occur on distinct trials and at different
times [28-30]. For instance, by orthogonally manipulating
visibility and attention (using masked images presented
at the threshold for conscious perception such that half
were visible and half were invisible, and preceding them
by valid or invalid attentional cues), Wyart and colleagues
[29] found a double dissociation: attention, but not visi-
bility, modulated early occipital activity, while visibility,
but not attention, modulated later temporal and parieto-
frontal activity. Under some circumstances, greater spatial
attention may even lead to a reduced visibility [31°°].
These findings refute theories that conflate attention and
consciousness. William James’ classical definition of
attention (‘the taking possession by the mind, in clear
and vivid form, of one out of what seem several simul-
taneously possible objects or trains of thought’) mixes up
conscious access proper (‘taking possession of the mind’)
with selection (‘one out of several’) which can be fully
non-conscious. Selective attention may facilitate con-
scious access, even when the attentional cue comes long
after the stimulus is gone [32°], but it operates largely
non-consciously.

Recent findings also invalidate the idea that the central
executive, which controls our strategies and inhibits
unwanted behaviors, always operates consciously. A
series of experiments with the go/no-go paradigm indicate
that an unseen visual cue can trigger inhibitory control
circuits in the pre-supplementary motor area and anterior
insula [33,34,35°,36]. Error detection [37°,38°°] and task
switching [39°,40], which are typical executive functions,
can be triggered non-consciously. Even the maintenance
of a stimulus in working memory may remain above the
chance level for subliminal stimuli [41°] — although this
recent finding will need to be reconciled with the more
frequent observation that subliminal priming drops to
chance level after a second or less [42—44].

Overall, these findings support the view that virtually any
cerebral processor may operate in a non-conscious mode.
They challenge theories that associate conscious proces-
sing with a specific cognitive processor. For instance, the
hypothesis that conscious perception coincides with the
ability to deploy higher-order thoughts or metacognition
(the brain’s ability to represent its own knowledge states)
[45] does not bode well with evidence that self-monitor-
ing, error detection and confidence assignment partially
operate non-consciously [38°°,46°47].

Findings from subliminal research also eliminate some
physiological theories of conscious processing. It is now
clear that early changes in gamma band power (>30 Hz),
once postulated as a marker of consciousness, can be
evoked by a non-conscious stimulus [48°°,49°°] and do
not faithfully track variations in subjective reports [50].
Similarly, the views that recurrent interactions [51,52] and
information integration [53,54] are necessary and

www.sciencedirect.com
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sufficient markers of conscious processing, although not
directly refuted, are made implausible by empirical find-
ings of non-conscious interactions between frontal and
occipital regions [55], non-conscious integration of
unseen visual contours [56°], unseen objects in an unseen
complex visual scene [57], or unseen words in the seman-
tic or syntactic context of other words [14,22°]. These
operations are slow (~220-260 ms for contour integration,
~400 ms for semantic integration), clearly involve integ-
ration of multiple sources, and are unlikely to occur in a
purely feedforward manner without recurrent inter-
actions, and yet they occur non-consciously. Similarly,
serial accumulation of evidence can occur without aware-
ness [58,59].

Conscious access as an accumulation of
evidence leading to an all-or-none ignition
What, if anything, remains unique to conscious proces-
sing? Although many cognitive operations can be partially
launched non-consciously, these operations rarely if ever
run to completion in the absence of consciousness. A
subliminal stimulus may induce above-chance perform-
ance, behavioral priming, and a small amount of brain
activity in narrowly defined brain networks, but these
measures often increase dramatically as soon as the sub-
ject reports seeing the stimulus, especially in high-level
areas [46°,60,61°]. Accumulation of evidence has been
demonstrated with non-conscious stimuli [59], but only
conscious stimuli cross the threshold beyond which an
overt strategy can be flexibly deployed [58].

Such findings vindicate the pre-theoretical idea that
consciousness possesses a #reshold that separates sublim-
inal and supraliminal stimuli (/men is the Latin word for
threshold). Several theorists propose that conscious per-
ception occurs when the stimulus allows the accumu-
lation of sufficient sensory evidence to reach a threshold,
at which point the brain ‘decides’ whether it has seen
anything, and what it is [62,63]. The mechanisms of
conscious access would then be comparable to those of
other decisions, involving an accumulation toward a
threshold — with the difference that conscious percep-
tion would correspond to a global high-level ‘decision to
engage’ many of the brain’s internal resources, not just a
single effector [63]. The mathematical frameworks of
signal detection theory and Bayesian decision making
have been used to model subjective reports of seeing
in normal subjects and blindsight patients [64,65]. Neural
network models have also been proposed for how high-
order cortices might accumulate metacognitive evidence
about the state of other cortices, rather than about the
external world, leading to a confident feeling of seeing
[66].

Recurrent thalamo-cortical networks provide a simple
and generic implementation of elementary stimulus
categorization processes [67-09]. Recurrent NMDA

connections impose slow accumulation dynamics and
multi-stable ‘all-or-none’ behavior, whereby the incom-
ing evidence either quickly dies out (corresponding to
subliminal processing) or is accumulated and amplified
non-linearly into a full-blown state of high-level activity.
"This global ‘ignition’ has been proposed as a marker of
conscious perception [70]. Indeed, empirically, when
stimulus strength is varied, the early stages of non-con-
scious processing typically show a linear variation in
activation, whereas conscious access is often character-
ized by a late non-linear amplification of activation which
invades a distributed set of parietal, prefrontal and cin-
gulate areas [58,60,61, for extensive review, see 70—
72,73°,74]. In behavior, perceptual processing is continu-
ous for subliminal stimuli, but becomes categorical when
the stimulus is seen [75,76]. In EEG, MEG, and intra-
cranial recordings, conscious stimuli, compared to
matched non-conscious ones, induce a late (~300 ms)
and sudden increase in slow event-related potentials
(inducing a P3 wave on the scalp), gamma power and
long-range beta and gamma synchrony [48°°,49°°77].
Specific components such as the error-related negativity
evoked after an erroneous motor response also follow this
‘all-or-none’ non-linear pattern [46°,78].

A direct relation between evidence accumulation and
conscious visibility was demonstrated in a recent MEG
experiment with gratings presented at threshold [79].
The subjective reports of seeing or not-seeing could be
predicted on a single trial basis as a sum of gamma power
present before the presentation of the stimulus (—300 to
—100 ms) and long after it (+250 to +450 ms). Thus,
whether a stimulus is detected seemed to be determined
by an accumulation of pre-stimulus bias (‘prior’) and
stimulus-evoked activation (‘evidence’) [see also 80].

Late ignition seems to provide a robust signature of
conscious access. The contrast between an early linear
variation in brain activity and a very late non-linear
ignition has even been observed in 5, 12 and 15-
month-old infants [81], leading to the tentative sugges-
tion that infants too enjoy a conscious perception of visual
stimuli, albeit at a much slower pace.

It remains debated, however, whether ignition is a unified
process or whether it can be decomposed into a series of
stages that correspond to pre-conscious, conscious and
post-conscious processes [82°]. The P3 wave may partly
reflect processes that unfold after conscious access, such
as executive attention, working memory updating, or the
preparation of a behavioral report. When these processes
are eliminated by making the stimulus irrelevant to the
current task, its conscious perception may correlate solely
with a transient posterior negativity of moderate size,
peaking around ~300 ms [56°,83], although other studies
continue to observe a large and long-lasting effect
[84,85].

Current Opinion in Neurobiology 2014, 25:76-84
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Conscious processing as global information
sharing

Global Neuronal Workspace (GNW) theory [2,86,87]
proposes that conscious access stems from a cognitive
architecture with an evolved function: the flexible sharing
of information throughout the cortex [4]. While non-
conscious stimuli are processed in parallel by specialized
cortical processors, conscious perception would be
needed in order to flexibly route a selected stimulus
through a series of non-routine information processing
stages. Global information sharing and routing would rely
on a set of interconnected high-level cortical regions
forming a ‘global workspace’ and involving primarily
the dorsolateral prefrontal cortex, but also additional hubs
in inferior parietal cortex, mid-temporal cortex, and pre-
cuneus, and now described as forming a ‘rich club’ net-

work [88,89].

Behavioral research supports this idea in various ways. A
subliminal prime often facilitates performance in a single
task, but this non-conscious performance drops to chance
level when the task requires a series of novel operations
that involve ‘piping’ the output of one process to the
input of another [90,91]. Likewise, a series of subliminal

Figure 1
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primes can have cumulative non-conscious effects on a
behavioral decision, but only conscious primes allow for
the development of subsequent serial strategies
[58,92,93].

The brain’s routing system is capacity-limited, and this
feature may explain the frequent failure of conscious
perception in a dual-task setting. Conscious processing
of a first target 'T'1 causes a bottleneck on the routing of a
subsequent target T2, either by dramatically postponing
its processing (a phenomenon known as the ‘psychologi-
cal refractory period’, PRP) or by preventing its conscious
perception altogether (‘attentional blink’, AB). Recent
evidence confirms that PRP and AB are tightly related
phenomena that may occur within the same experiment
[94]. Like AB, PRP causes a loss of conscious perception:
the second target T2 is not only delayed, but also tempor-
arily unperceived, such that its subjective onset is dis-
placed to the moment when T'1 processing finishes [95°].
The minimal condition for creating these effects is that
T'1 is consciously perceived [96,97]. These effects have
been related to a global parietal and prefrontal network
[94,98], and have been partially captured in simulations of
spiking neurons [69,99] (Figure 1).
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Flexible information routing and conscious processing in large-scale models of the cortex. (left) Original depiction of the Dehaene-Changeux model of
a Global Neuronal Workspace [GNW; Ref. 87]. The GNW model proposes that what we subjectively experience as a conscious state is the global
availability of the corresponding information. Conscious access would occur when a piece of information enters a distributed network of cortical areas
tightly interconnected by long-distance axons, the GNW, which allows its flexible broadcasting to any of the brain’s many specialized processors.
(right) Spiking-neuron simulation of a flexible routing system [Ref. 99]. While a first stimulus is processed and routed to an arbitrary response (left
column, top to bottom), a second stimulus (right column) is also processed perceptually but is then blocked at the routing stage. This model captures
in great detail two neuropsychological phenomena, the psychological refractory period and the attentional blink.
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In order to be globally shared, conscious information
should be represented by a stable and reproducible
brain-scale assembly for a minimal duration. This stability
criterion was explicitly tested in an fMRI study where
brain activity patterns were more reproducible across
trials for perceived than for unperceived stimuli [100].
Electro-encephalography and magneto-encephalography
confirm that conscious processing causes sustained brain
activity, often extending for several hundreds of milli-
seconds [29,84,85,101,102]. In intracranial recordings,
conscious stimuli, but not non-conscious ones, trigger a
sustained activation and the formation of a metastable
state of long-distance phase synchrony in the beta band
[48°°]. Nevertheless, a debate remains, as some data
suggest that local synchrony and reverberation may suf-
fice for conscious perception [49°°/103], while other
experiments indicate that long-distance synchrony be-
tween prefrontal and occipital cortex may exist even
under non-conscious conditions [55].

Consciousness as integrated information
According to Information Integration Theory (IIT)
[53,54], global synchrony and re-entry may be needed,
not just to globally share or broadcast a conscious
stimulus, but, more essentially, to create an integrated
representation of its various features. A precise math-
ematical formula (@ is proposed to quantify the amount of
integration of a system composed of multiple parts). High
levels of @ would be indicative of a conscious device
(whether biological or artificial). Any system would pos-
sess a small amount of @ and therefore some degree of
consciousness (panpsychism). This formal framework is
however limited in its ability to make specific behavioral
and biological predictions. Indeed, @ is impossible to
compute in practice (only approximations exist [104]).
Furthermore, this theory does not offer any neurophy-
siological mechanisms for why conscious perception fol-
lows a non-linear profile or why highly integrative
semantic processes can be triggered non-consciously, as
reviewed above.

A more modest proposal is that @ and related quantities
provide one of many possible signatures of the state of
consciousness [104,105], simply because they reflect the
brain’s capacity to broadcast information in the global
neuronal workspace, and therefore to entertain a cease-
less stream of episodes of conscious access and conscious
processing [70]. Experimentally, mathematical measures
of the complexity and global integration of brain signals
do provide solid markers of the state of consciousness,
particularly when contrasting wakefulness with sleep or
anesthesia. Intracranial recordings in humans undergoing
propofol anesthesia indicate a dramatic and sudden frag-
mentation of neural activity, which remains locally orga-
nized but globally disintegrated [106°°, see also 107],
possibly because prefrontal cortices are invaded by an
alpha-like rhythm [108]. Some of these effects of

anesthetics are captured by a simple neuronal network
model [109,110].

Most importantly, integration and long-distance cortical
communications provide signatures of residual conscious-
ness that are clinically applicable to patients recovering
from coma. From behavior alone, the presence of con-
sciousness may be quite difficult to detect, and functional
MRI has revealed that a few patients in apparent vege-
tative state may, in fact, be fully conscious and ‘locked-in’
[111]. An exciting study indicates that the complexity of
EEG waves evoked by a single TMS pulse to the cortex
provides a strictly quantitative measure of the state of
consciousness, with a bimodal distribution separating the
awake state from sleep, anesthesia, coma or vegetative
state [112°°]. Similarly, an EEG measure of the amount of
information shared by distant cortical sites provides a
highly sensitive discrimination of patients in vegetative
versus minimally conscious states, regardless of etiology
and time elapsed since injury [113°°]. Both observations
suggest that global cortical communication provides an
excellent index of conscious processing, and are in agree-
ment with both GNW and II'T theories.

Conclusion

Consciousness research has truly come of age. Empiri-
cally, several candidate markers of conscious processing
are now available. Theoretically, we reviewed three
specific theoretical proposals that tentatively relate con-
scious processing, respectively, to global ignition, long-
distance broadcasting, and information integration.
These ideas are not necessarily incompatible. On the
contrary, considerable convergence exists to suggest that
firstly, conscious access triggers an all-or-none change in
the state of distributed cortical networks; secondly, con-
scious processing corresponds to a massive cortico-cortical
exchange of information, allowing flexible routing and
therefore the slow serial performance of novel and arbi-
trary tasks; and finally, the state of consciousness, that is
the brain’s very ability to host a ceaseless stream of such
all-or-none conscious episodes, rests upon the integrity of
long-distance cortico-cortical exchanges, which can be
continuously modulated by lesions or anesthetics and is
reflected by electrophysiological indices of brain-wide
information sharing.

Future research should investigate whether the proposed
markers of conscious processing are generic and valid in
all conditions, or whether some are more diagnostic than
others. Above all, more detailed computational theories,
framed as large-scale simulations of spiking neurons, will
be needed to understand the conditions of their emer-
gence in experimental recordings.
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Construction d'un cerveau empathique

L'empathie est la capacité de comprendre et de partager les états internes des autres. C'est un phénoméne
multidimensionnel complexe qui implique de nombreux processus fonctionnels incluant la reconnaissance
de I'émotion, la contagion émotionnelle aussi bien que des aptitudes cognitives plus complexes dans
lesquelles la réponse aux émotions des autres n'implique pas un partage des mémes états internes, facilitant
ainsi des réponses altruistes et prosociales. Les investigations pratiquées aux niveaux neurophysiologiques
ont démontré qu'un meécanisme crucial de I'empathie est développé par un mécanisme d'action-perception
dans lequel le systeme moteur active des représentations partagées entre l'observateur et Il'agent qui
manifeste une réponse émotionnelle/affective. Ainsi, étre témoin de I'émotion des autres n'est jamais passif,
mais c'est un processus actif de prise en miroir ou de simulation de la méme expérience affective. Certaines
formes d'empathie ont été décrites chez d'autres primates et animaux, indiquant que I'empathie est un ancien
héritage évolutif probablement apparu pour soutenir des échanges intersubjectifs dans des especes tres
socialisées et faciliter ainsi la cohésion de groupe.

Ces derniéres anneées, I'empathie a été explorée a partir d'une perspective développementale aussi bien chez
les primates humains et non humains. Les études sur les effets des expériences sociales précoces entre le
nourrisson et celui qui en prend soin ont souligné I'importance des périodes de sensibilité précoces dans la
construction de l'expérience affective des autres. Les perturbations dans les expériences sociales précoces
pourraient conduire a des divergences de correspondance entre les représentations internes de I'expérience
des autres et I'expérience affective réellement observée. Je vais explorer certains de ces sujets en vue
d'établir quelques explications théoriques concernant le role critique du couplage d'action-perception neural
dans I'émergence d'un cerveau empathique et dans la construction du partage d'expériences et de
représentations .
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Abstract

Mirror neurons (MNs) in the inferior parietal lobule and ventral premotor cortex (PMv) can code the intentions of other individuals using contextual cues. Gaze direction is
an important social cue that can be used for understanding the meaning of actions made by other individuals. Here we addressed the issue of whether PMv MNs are
influenced by the gaze direction of another individual. We recorded single-unit activity in macaque PMv while the monkey was observing an experimenter performing a
grasping action and orienting his gaze either toward (congruent gaze condition) or away (incongruent gaze condition) from a target object. The results showed that one-
half of the recorded MNs were modulated by the gaze direction of the human agent. These gaze-modulated neurons were evenly distributed between those preferring a
gaze direction congruent with the direction where the grasping action was performed and the others that preferred an incongruent gaze. Whereas the presence of
congruent responses is in line with the usual coupling of hand and gaze in both executed and observed actions, the incongruent responses can be explained by the long
exposure of the monkeys to this condition. Our results reveal that the representation of observed actions in PMv is influenced by contextual information not only extracted

from physical cues, but also from cues endowed with biological or social value.

SIGNIFICANCE STATEMENT In this study, we present the first evidence showing that social cues modulate MNs in the monkey ventral premotor cortex. These data
suggest that there is an integrated representation of other's hand actions and gaze direction at the single neuron level in the ventral premotor cortex, and support the

hypothesis of a functional role of MNs in decoding actions and understanding motor intentions.

gaze grasping mirror neuron premotor cortex social cues

Introduction

When observing another individual grasping an object, at least two main features related to the observed agent need to be coded in the observer's brain: the movement
itself of reaching and grasping, and the gaze direction of the observed agent. These two features are known to be tightly linked together, as for instance, gaze normally
anticipates arm movement (Flanagan and Johansson, 2003). The observer must decode these two relevant sources of information to understand others' actions and

possibly predict the outcome of the ongoing behavior.

The discovery of mirror neurons (MNs) has contributed to clarify how the motor system can decode other's grasping action. MNs fire both when the monkey executes an
action and when it observes a similar action performed by another individual (Gallese et al., 1996; Fogassi et al., 2005). The same motor programs necessary to perform
an action are recruited during the observation of the action. According to the “direct matching hypothesis” (Gallese et al., 1996; Rizzolatti et al., 1996, 2001; lacoboni et

al., 1999) this neuronal behavior would allow an individual to exploit the internal motor representations for understanding others' actions.

The neurophysiological work of the last few years has revealed important characteristics of MNs. For example, MNs are modulated by the space in which the grasping
action is occurring and by the perspective from which the grasping action is observed (Caggiano et al., 2009, 2011, 2012). Interestingly, the presence of MNs in parietal
and premotor cortex discharging differently during the observation of grasping actions aimed at different goals (i.e., grasping to eat or grasping to place into a container)
prompted the idea that they also may play a major role in decoding others' intention (Fogassi et al., 2005; Bonini et al., 2011). These data also suggest that MNs receive

and integrate information coming from several areas.
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How the motor system integrates information regarding others' action with their gaze direction remains unclear. The capacity to decode others' gaze direction is
fundamental in social relations as it may provide important information regarding others' intentions. It is also considered as a building block for the emergence of complex
cognitive skills. Strong evidence indicates that the superior temporal sulcus (STS) is one of the key nodes for the representation of gaze direction. The role of STS was
first studied by Perrett et al. (1985) who recorded single-unit activity in the monkey anterior superior temporal sulcus (STS) and identified cells that are tuned to the same
direction conveyed by body posture, head orientation, or gaze direction. Also in humans, gaze perception (Puce et al., 1998; Pelphrey et al., 2003) and coding gaze

direction (Calder et al., 2007; Carlin et al., 2011) are associated with STS activation.

It has been shown that the signals from STS regions are sent to different cortical areas involved in visual orienting behavior such as the lateral intraparietal region (LIP)
and prefrontal cortex (Seltzer and Pandya, 1989a,b, 1994, 2009; Gerbella et al., 2010). Interestingly, a neurophysiological study performed in the monkey LIP has
discovered that some neurons are sensitive to others' gaze. They mirrored observed attention by firing both when the subject looked in the preferred direction of the
neurons, and when the monkey observed another monkey looking in the preferred direction of the neurons (Shepherd et al., 2009). This result is also consistent with the

idea that, in decoding information regarding other's gaze direction, the same motor programs used to shift attention are recruited.

Despite the accumulated knowledge about the neural underpinnings responsible for decoding others' actions and gaze, how these two different inputs are integrated in the
brain remains unknown. To address this question, we investigated the activity of hand MNs in the ventral premotor (PMv) cortex of the monkey during the observation of
grasping actions in which the observed agent shifted his/her head/gaze in a direction congruent or incongruent with that of reaching and grasping (hereafter referred as
“grasp direction”). Here we show that one-half of the recorded F5 MNs are modulated by the gaze direction, providing an integrated representation of other's hand action

and gaze that might be useful to decode and predict others' actions and intentions.

Materials and Methods

ANIMALS AND SURGICAL PROCEDURES.

Two captive-born and individually housed adult female rhesus macaques (Macaca mulatta) served as subjects (M1 and M2). The animal handling, as well as surgical and
experimental procedures, complied with the European guidelines (86/609/EEC 2003/65/EC Directives and 2010/63/EU) and ltalian laws in force on the care and use of
laboratory animals, and were approved by the Veterinarian Animal Care and Use Committee of the University of Parma (Prot. 78/12 17/07/2012) and authorized by the
Italian Health Ministry (D.M. 294/2012-C, 11/12/2012). The monkeys were housed and handled in strict accordance with the recommendations of the Weatherall Report
about good animal practice. The wellbeing and health conditions of the monkeys were constantly monitored by the institutional veterinary doctor of the University of

Parma.

A titanium head post (Crist Instrument) was surgically implanted on the skull using titanium screws. A CILUX recording chamber (18 x 18 mm, Alpha-Omega) was
stereotaxically implanted and secured with dental cement. For both procedures, each animal was deeply anesthetized with ketamine hydrochloride (5 mg/kg, i.m.) and
medetomidine hydrochloride (0.1 mg/kg, i.m.) and its heart rate, temperature, and respiration were carefully monitored and kept within physiological range. Pain
medication was routinely given after surgery: (dexamethasone, 2 mg/kg, every 12 h, from 1 d before to 3 d after surgery; ketoprofen, 5 mg/kg, every 12 h for 3 d following
surgery).

BEHAVIORAL PROCEDURES: ACTION OBSERVATION TASK.

The monkey was seated facing a table (60 x 60 cm) onto which two small objects (2 metallic cubes that served as target objects) were placed out of reach; one on the
right and one on the left side of the experimenter (or corresponding to the ipsilateral and contralateral side, with respect to the left side recorded hemisphere). The
experimenter (hereafter called “agent”) sat at the other end of the table, in front of the monkey, with his right hand resting on a central platform located on the table
between the two targets. The monkey was trained to orient its gaze successively across two different fixation windows. The location of the first window (15° x 15°) was on
the agent's face (face window), whereas the second (22° x 22°) was on either the left or right target object (target window). The experimental setup, the timeline of events,
and the task are illustrated in Figure 1. A task trial started if the monkey was leaning its hand on a handle attached to the table (Fig. 1A). After 1000 ms, a first LED
instructed the monkey to fixate the first window for 1000 ms (face window; Fig. 1B). After 500 ms, the agent either shifted his head/gaze, or not, toward or away from the
target object, according to the tested condition (see Experimental conditions; Fig. 1C). After 500 ms, the first LED was turned off, a second LED was turned on instructing
the monkey to shift its gaze to the target location (the target window) and to maintain fixation in that second window for 1000 ms (Fig. 1D). While the monkey was fixating
the target object, the agent was cued to either grasp the target object or not to move (Fig. 1E). A juice reward was delivered after a randomized period of 200-300 ms if
the monkey correctly fixated the windows for the established period of time (Fig. 1F). The monkey was required to hold the handle throughout the entire trial to get the
reward. The release of the handle automatically aborted the trial. The distance between the two fixation windows is ~30° of the visual angle. The task was designed such

as the monkey could see the target object while fixating the agent's face and conversely, could see the agent's face while fixating the target object.
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Figure 1.

Task illustration (A—F), timeline and fixation windows. A, The monkey and the agent are passively leaning their right hand on the table. B, The monkey is cued to fixate on a space window
corresponding to the agent's face (face window). C, The agent is cued to shift his gaze toward the target. D, The monkey is cued to fixate on the space window corresponding to the target object
(target window). E, The agent is cued to grasp the object at the location where the monkey is fixating. F, The monkey receives a liquid reward if he fixates for at least one second on each of the
windows. The red squares indicate in which fixation window (face window or target window) the monkey was required to fixate. Note: the figure illustrates a contralateral grasping with congruent
gaze.

EXPERIMENTAL CONDITIONS.

The experimental conditions are illustrated in Figure 2. We tested four experimental conditions in which the monkey observed the agent's behavior. This behavior was
performed either in the contralateral or ipsilateral direction while manipulating five gaze conditions. The conditions were as follows: Figure 2A, congruent gaze: the agent
directed his gaze toward the target object; Figure 2B, incongruent gaze: the agent directed his gaze away from the target object; Figure 2C, no gaze shift: the agent kept
looking toward the monkey (without staring at its eyes) and did not orient his gaze toward any direction; Figure 2D, no gaze shift + spotlight: the agent, as in the previous
condition, kept looking toward the monkey and did not orient his gaze in any direction, but here a spotlight highlighted the target object; Figure 2E, no grasping: the agent
directed his gaze toward the target object but did not perform any grasping and kept his hand on the starting platform. The gaze shift or the spotlight started 1500 ms after

the onset of the trial.
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Figure 2.

Experimental conditions. A, Congruent gaze: the gaze direction is congruent with grasping direction, either in the ipsilateral or contralateral direction. B, Incongruent gaze: the gaze direction is
directed away from with respect to the grasping direction, either in the ipsilateral or contralateral direction. C, No gaze shift: the gaze direction remains central without any gaze shift and the
grasping occur either toward the ipsilateral or contralateral direction. D, No gaze shift + spotlight: in addition to central gaze, a spotlight lit the grasping location and the grasping occurs either on
the ipsilateral or contralateral direction. E, No grasping: the gaze direction is either ipsilateral or contralateral but no reaching/grasping occurs.

DATA RECORDING.

Neuronal activity was recorded with a linear multisite electrode (16-channel, 250 pm spacing; U-probe, Plexon) and digitalized at 40 kHz using the Omniplex 16-channel
recording system (Plexon). Eye movements were monitored throughout the experiment using a customized eye tracker (University of Tuebingen) equipped with a CCD
camera (Ganz, ZC-F11CH4). The left pupil was lit with infrared LEDs, allowing the eye position (sampled at 50 Hz) to be tracked by the CCD camera. The X and Y
coordinates of the eye position were fed to the Omniplex recording system. The fixation task (including window size, fixation duration, reward delivery, etc) was computer-
controlled through a customized Labview program. Contact-detection panels (Crist Instrument) were used to record the exact moment in which the agent's hand touched

the target. This event was used to align the neuronal activity recorded for every trial in all conditions.

The recording sessions were performed on well trained monkeys having reached a 80% correct trials criterion for the fixation in the task described above. Monkeys 1 and
2 were trained four times a week for 8 and 7 months, respectively. We collected usable MN data in 14 sessions recorded over a period of 5 months form Monkey 1 and in
11 sessions recorded over 4 months from Monkey 2. During insertion of the electrode shaft in the brain, we ensured that the topmost electrode was positioned under the
dura, but remained outside of the cortex, so that it could be used as a reference channel. Of the 15 available recording channels, two were dedicated to eye movements

(X and Y coordinates). The remaining 13 channels were used for single-unit recording. The multielectrode was lowered in the brain through the intact dura and the general
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properties of the neurons were tested. When putative mirror properties for grasping were found, we waited ~1 h to allow the neural activity to stabilize and then started to

record single units using the behavioral protocol described above.
PRELIMINARY TESTING OF NEURONAL ACTIVITY.

Before proceeding with the neural testing using our behavioral protocol, single-unit and multiunit activity were systematically tested for visuomotor properties to identify
recording sites endowed with MN activity (Rozzi et al., 2008; Maranesi et al., 2012). Briefly, we required the monkey to grasp food items in various conditions (i.e., with
eyes closed, or without flexing the wrist, elbow, or shoulder) enabling us to disentangle neuronal activity related to visual stimulation, reaching or grasping objects. Also, to
exclude the possible presence of mouth-related responses, we tested any neural activity changes related to the delivery of small pieces of food directly into the mouth
while the monkey's eyes were closed. Finally, visual properties were studied by presenting the monkey with 3D objects (e.g., food items and solids) of different shape,

size, and orientation, moved in various space locations, directions, and distances from the monkey, as well as different manual actions performed by the experimenter.
DATA ANALYSIS.

Neuronal spikes waveforms were classified offline into units using commercial spike-sorting software (OfflineSorter, Plexon). For each of the 13 electrodes, a mean of 2.7
U were isolated. The neural response selectivity was determined for each neuron comparing the spike frequency for each trial across two epochs (baseline and grasping,
described below) and seven conditions including congruent gaze ipsilateral, congruent gaze contralateral, incongruent gaze ipsilateral, incongruent gaze contralateral, no
gaze shift, no gaze shift with spotlight and no grasping. The statistical analysis consisted in a 2 x 7 repeated-measures ANOVA (factors: epochs and conditions) followed
by a Newman—Keuls post hoc test, all with a 0.05 a level. The two epochs had a 600 ms duration and were precisely calculated with reference to the digital events. The
baseline epoch corresponded to a time period in which the monkey remained still and was leaning his hand on the handle. This epoch lasted from 1000 to 400 ms before
the beginning of the fixation of the agent's face (face window) signaled by the lighting of a LED. The Grasping epoch started 300 ms before the agent's hand contact with
the object and finished 300 ms after that same event. In the no grasping condition we did not have the event of the agent's hand contact with the object to define the
“grasping” epoch, we therefore used for data alignment the mean time at which the grasping normally occurred, after the target window fixation cue, in the other

conditions.

Additional controls were performed to better characterize the MNs specificity of gaze-modulation response to grasping observation on the MNs. To do so, we analyzed

MNs modulation pattern in relation to two separate gaze events: (1) the observed agent's gaze shift and (2) the monkey's own gaze shift.

First, we tested possible firing differences related to agent's gaze shifts and aligned the neuronal discharge with the face fixation event and defined two epochs of 300 ms
duration each: baseline and agent's gaze shift. The baseline epoch consisted in a time period in which the monkey fixated the agent's face before the agent's gaze shift
(from 300 to 600 ms after face fixation cue) and this corresponded to ~1200—-1500 ms on the timeline of Figure 1. The agent's gaze shift epoch corresponded to a period
in which the monkey fixated the agent's face just after the agent shifted his gaze toward the target (from 800 to 1100 ms after face fixation) and this corresponded to

~1600-1900 ms on the timeline of Figure 1.

Second, we tested whether the monkey's own gaze direction had an influence on MNs' activity and aligned the neuronal discharge with the monkey's own gaze shifts. We
tested the neurons during the saccades made by the monkey to shift its gaze from the face window (Fig. 1B,C) to the target window (Figure 1D,E). We carefully aligned
the neuronal activity with the beginning of the saccade using as a criterion the moment in which the eye of the monkey reached a velocity of 60°/s in the x-axis, either
toward the ipsilateral or contralateral side according to the experimental condition tested. This criterion yielded a robust and consistent alignment with the beginning of the
saccade. We defined two 400 ms epochs: a baseline epoch: =700 to -300 before monkey saccade and a monkey's gaze shift epoch: =200 ms before saccade to 200 ms

after it. We choose epochs of 400 ms duration to account for a possibly wide range of discharge onset with respect to the saccade (i.e., from anticipatory to time-locked).

For both sets of data (aligned on agent's gaze and on monkey's gaze) the neuronal discharge of each neuron was compared in the two epochs described above. For each
neuron, we applied paired t test with a 0.05 a level with a Bonferroni correction.

POPULATION ANALYSIS.

The population analysis was performed by constructing a spike-density function for each neuron by averaging the spike frequency for each 20 ms bins across trials. The
baseline activity (mean spike activity during the baseline epoch) was subtracted from that of each bin. The data were then normalized by dividing the spike frequency
within each bin by the maximum absolute value found across all bins. The result is a discharge rate ranging between 1 and -1 for each neuron. The spike density function

was smoothed using a Gaussian kernel of 30 ms using the following formula:

where o corresponds to the width (30 ms) of the smoothing function and t the nth successive bin in the data vector.

The population curve was computed as the algebraic sum of the spike frequency for each bin of each neuron. The statistical differences between populations of neurons
were calculated based on the firing rate during the grasping epoch. One-way repeated-measure ANOVAs were calculated, followed by Newman—Keuls post hoc

procedures.

Results

The activity of 1195 neurons was recorded from PMv of two monkeys. One-hundred seventy-four of them discharged both when the animals performed active grasping
movements and when they observed the same action performed by the agent. We hereafter refer to these neurons as “mirror neurons.” Note that none of these neurons

showed a significant discharge in the no-grasping condition.

Gaze direction effect
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The main scope of the present work is to assess the effect of the congruence of gaze direction with grasping direction on the visual discharge of MNs. Figure 3
summarizes the gaze properties of the recorded MNs. We found that 47% (81 neurons) of the MNs had a significant preferential modulation for one type of gaze direction,
i.e., either congruent or incongruent with respect to the grasping direction, showing that the congruence between gaze direction and grasping direction is an important
parameter that modulates MNs. Among gaze-modulated MNs, approximately one-half (n = 41, 24% of MNs) preferred the congruent gaze condition, the other one-half (n

=40, 23% of MNs) preferred the incongruent gaze.
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Figure 3.

Proportion of MNs having a gaze direction preference. Forty-seven percent (n = 81) of the MNs had a significant preferential modulation for one type of gaze direction, i.e., either congruent or
incongruent with respect to the grasping direction. The preference ratio is evenly distributed between congruent gaze (total congruent gaze, 24%; n = 41) and incongruent gaze (total incongruent
gaze, 23%; n = 40) gaze. The relationship between gaze preference and grasping direction preference shows that the majority of the neurons having a gaze preference also have a grasping
direction preference (grasp and gaze direction, n = 64, vs only gaze, n = 17).

Interactions between gaze and reaching/grasping direction

Because our task was designed to study the congruence between grasping direction and gaze direction, it necessarily involved two grasping target locations: ipsilateral
and contralateral with respect to the recording (left) hemisphere. We tested MNs during grasping toward the ipsilateral and contralateral side (see Materials and Methods,
Behavioral procedures) and found that, regardless of the gaze direction involved, 57% of them had a significant grasp direction preference. Interestingly, combining
together gaze and grasp direction data, we found that most of the gaze-modulated neurons were in fact also modulated by grasp direction. Indeed, 79% (n = 64) of the
total 81 gaze-modulated neurons have also a preference for grasping direction (Fig. 3). Twenty-one percent (n = 17) of the gaze-modulated neurons did not have a
preference for grasping direction. Figure 4 shows the spatial distribution of MNs that are gaze direction modulated, grasp direction modulated, and gaze and grasp
direction modulated, according to cortical depth and position on a anteroposterior axis. The figure shows that there is no clear segregation pattern among these three
main neuronal types. Two examples of gaze and grasp modulated neurons are illustrated in Figure 5. The unit in Figure 5A shows a congruent gaze preference in

ipsilateral grasping direction (green), whereas in Figure 5B a neuron preferring incongruent gaze with grasping in the contralateral direction (yellow) is represented.
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Figure 4.

Spatial distribution of MNs according to anteroposterior position (x-axis) and cortical depth (y-axis). Each dot represents a neuron and the color denotes its preference type: gaze direction
modulated (black), grasping direction modulated (white), and neurons with both gaze and grasping direction preferences (gray). A schematic view of the linear multisite electrode is shown on the
y-axis. Note the overall intermingled properties. Anteroposterior 0 mm corresponds to the midline of the recording chamber. Data are from the two monkeys. A, Anterior; P, posterior.
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Figure 5.

Examples of gaze-modulated neurons. A, Unit having a preference for grasping in the ipsilateral grasp direction with congruent gaze (green). B, Unit having a preference for grasping in the
contralateral grasp direction with incongruent gaze (yellow). The gray shaded areas represents the baseline epoch (from —1000 to 4000 ms before the face fixation cue) and the grasping epoch
(—300 to 300 ms around grasping). On the left hand side, trials were aligned on face fixation (i.e., the cue for fixating; vertical black line at t = 0). On the right hand side, trials were aligned on
grasping (i.e., the agent's contact with the object; vertical black line at t = 0).

We were interested to know to which extent the gaze preference was linked to the grasping direction preference. We plotted neuronal population data according to their
preferences for gaze (congruent or incongruent) and grasp direction (ipsilateral or contralateral) using the 59 excitatory neurons we found that were having both a gaze
direction preference and a grasp direction preference. The four categories resulting from the preference combinations for gaze and grasp direction are the following: (1)
preferred gaze direction with preferred grasp direction (PGz+PGr), (2) non-preferred gaze direction with preferred grasp direction (NGz+PGr), (3) preferred gaze direction
with non-preferred grasp direction (PGz+NGr), and (4) non-preferred gaze direction with non-preferred grasp direction (NGz+NGr). The results are shown in the
population analysis illustrated in Figure 6A, in which the neuronal response yielded in the four conditions are compared. A one-way repeated-measure ANOVA revealed
significant differences between them (F(3‘55) =49.03; p < 0.001). Post hoc comparisons showed that neurons tested in PGz+PGr condition are firing significantly more than
in the other conditions (PGz+PGr vs NGz+PGr, p < 0.0001; PGz+PGr vs PGz+NGr, p < 0.0001; PGz+PGr vs NGz+NGr, p < 0.0001). Interestingly, NGz+PGr is
significantly higher than any gaze (preferred or not) with non-preferred grasp direction (NGz+PGr vs PGz+NGr, p < 0.01; NGz+PGr vs NGz+NGr, p < 0.01; Fig. 6B). In
other words, the neuronal mirror response in the preferred gaze is amplified only in the preferred grasp direction, whereas in the non-preferred grasp direction, gaze

preference neuronal response is absent or its modulatory effect on the neuronal discharge is revoked.
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Figure 6.

Analysis of gaze-modulated MN population in relation to grasp direction. A, Neuronal response during the various phases of a trial for preferred gaze direction with preferred grasp direction
(PGz+PGr; dark blue), non-preferred gaze direction with preferred grasp direction (NGz+PGr; red), preferred gaze direction with non-preferred grasp direction (PGz+NGr; light blue), and non-
preferred gaze direction with non-preferred grasp direction (NGz+NGr; pink). Normalized activity of a population of 59 excitatory neurons. The vertical thick black line represents the moment at
which the contact between hand and object occurred during grasping. The two vertical dashed lines indicate the beginning and the end of the grasping epoch (600 ms). The thickness of the
curves represents +1 SE. B, Mean normalized neuronal discharge during the grasping epoch. Two-way ANOVA (*p < = 0.01, **p <=0.01, **p < 0.001).

Attentional effects

In our experiment, gaze direction points toward a target regardless of whether or not it will be grasped. This very likely caused the monkey to shift its attention toward that
target. Such behavior has been reported in macaque monkeys (Emery et al., 1997; Ferrari et al., 2000) and could be a potential factor that contributes to the increased
modulatory neuronal activity in neurons showing a gaze preference. To take into account this possible confounding factor, we introduced a no gaze shift + spotlight
condition in which we replaced the congruent gaze shift by a spotlight highlighting the target object (Fig. 2). Note that the time course for the spotlight activation was the
same as for the gaze shift in the congruent gaze condition. We found that for the vast majority of neurons (95%) the discharge for the preferred gaze was significantly
stronger than for the no gaze shift + spotlight condition. In addition, the no gaze shift + spotlight condition itself was not enough to modulate a neuronal preference and
there were no significant differences between the no gaze shift + spotlight and the no gaze shift (without spotlight) conditions. Indeed the population analysis of congruent
gaze neurons in which the mean neuronal response for congruent gaze, no gaze shift and no gaze shift + spotlight were compared (Fig. 7A,B) showed a significant
differences across conditions (one-way repeated-measure ANOVA (F(2,84) =414.19, p < 0.0001). Post hoc Neuman—Keuls tests showed that the mean congruent gaze
response (0.46 + 0.02) is significantly higher than no gaze shift + spotlight (0.46 + 0.02 vs 0.27 + 0.03; p < 0.001) and no gaze shift (0.46 + 0.02 vs 0.30 + 0.03; p < 0.001),
but there is no difference between no gaze shift + spotlight and no gaze shift (0.27 + 0.03 vs 0.30 + 0.03; n.s.; Fig. 7B). Together, these results exclude that a confounding

attentional effect imparted by the deictic nature of gaze direction could explain the gaze-type modulation obtained in this experiment.
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Figure 7.

Analysis of the congruent gaze MN population response to congruent gaze condition (gaze; blue), No gaze shift condition (no gaze; red), and no gaze shift + spotlight condition (no gaze +
spotlight; yellow). A, As a population, congruent neurons clearly have an increased modulation for gaze over conditions in which there was no gaze shifts. B, Mean normalized discharge during
the grasping epoch. Population of 40 excitatory neurons preferring congruent gaze. Conventions are the same as Figure 5.

As a supplementary control of a possible attentional effect underlying the gaze direction effect, we analyzed the oculomotor pattern of the monkeys during grasping
observation in the four conditions resulting from the combination of the two directions of gaze and grasping (congruent ipsilateral, congruent contralateral, incongruent
ipsilateral, and incongruent contralateral; 228 trials in each condition). These behavioral data indicate that the mean eye position of the monkey during the fixation of the
Target window during the grasping motor act is the same for incongruent and congruent gaze conditions There was no significant difference in gaze position in degrees of
visual angle between the congruent and incongruent gaze conditions for ipsilateral grasping in x-axis (congruent: 10.99 + 0.04 vs incongruent: 10.97 * 0.05; t = -0.0536, p
=0.96, n.s.), contralateral grasping in x-axis (congruent: 11.00 + 0.04 vs incongruent: 11.00 £ 0.05; t = 0.44, p = 0.66, n.s.), ipsilateral grasping in y-axis (congruent: 11.00
+ 0.07 vs incongruent: 11.07 £ 0.07; t = 0.23, p = 0.82, n.s.), and finally, contralateral grasping in y-axis (congruent: 11.00 £ 0.05 vs incongruent: 11.01 + 0.05; t = -0.75, p
= 0.45, n.s.; two-tailed t test; Fig. 8). We also compared the proportion of successful fixations in the target window (i.e., aiming at the object) for the two monkeys. We
found no significant differences in the successful fixation percentage [Monkey 1: congruent trials (n = 442; 93.43% + 0.60) vs incongruent trials (n = 464; 89.82% + 0.84), z
=1.73, p = 0.08; Monkey 2: congruent trials (n = 400; 62.59% * 3.77) vs incongruent trials (n = 399; 64.72% * 3.15), z = -0.1, p = 0.91, Wilcoxon signed rank test; Figure
9).
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Figure 8.

Monkey gaze position during grasping observation. Gaze position in the x- and y-axes recorded at the moment in which the experimenter's hand touches the object. There is no significant
difference in gaze position between congruent (green crosses) and incongruent (red crosses) conditions in neither ipsilateral nor contralateral grasp direction.
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Figure 9.

Mean percentage of successful fixation across all recording session for congruent and incongruent conditions for the two monkeys. There is no significant difference in fixation performance
between the two conditions.

We also verified whether the agent's gaze shift had an impact on the gaze behavior of the monkey. We found that the eye position was stable during the whole face
fixation (Fig. 10, eye traces). We did not find any significant differences in eye position between the pre- and the post-gaze shift epochs, neither in the ipsilateral gaze shift
(x-axis diff = 0.01 £ 0.02°; t = 0.75, df = 499, p = 0.46, n.s.; y-axis diff = 0.04 £ 0.02°; t = 1.77, df = 499, p = 0.08, n.s.), nor for the contralateral direction (x-axis diff = 0.00 +
0.03°; t=0.12, df = 480, p = 0.90, n.s.; y-axis diff = 0.00 £ 0.02°; t = 1.77, df = 480, p = 0.70, n.s.). These behavioral data show that the monkeys do not tend to follow the

gaze direction of the agent but maintain their fixation on the same area of the face fixation window.
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Figure 10.

Examples of MN discharge with corresponding monkey gaze position where the neuronal activity and the eye traces are aligned, (A) on grasping observation and (B) on monkey's own gaze shift
between the Face fixation window and the target fixation window. In both A and B, the top traces are showing the eye position in x- and y-axes. The height and length of the gray horizontal
rectangles represents the relative fixation windows size, and the duration of the fixation, respectively. Note the stability of the eye position within each fixation window. The vertical gray rectangles
represent the grasping epoch (A) and the monkey gaze-shift epoch (B). The neuronal discharge is time-locked to the grasping observation (A), but do not change with monkey's own saccade
made the same direction as the preferred gaze direction of the neuron (B).

http://www.jneurosci.org/content/36/11/3145 917


http://www.jneurosci.org/content/jneuro/36/11/3145/F9.large.jpg?width=800&height=600&carousel=1
http://www.jneurosci.org/content/jneuro/36/11/3145/F9.large.jpg?download=true
http://www.jneurosci.org/content/jneuro/36/11/3145/F9.large.jpg
http://www.jneurosci.org/highwire/powerpoint/592595
http://www.jneurosci.org/content/jneuro/36/11/3145/F10.large.jpg?width=800&height=600&carousel=1
http://www.jneurosci.org/content/jneuro/36/11/3145/F10.large.jpg?download=true
http://www.jneurosci.org/content/jneuro/36/11/3145/F10.large.jpg
http://www.jneurosci.org/highwire/powerpoint/592698

25/09/2017 Mirror Neurons of Ventral Premotor Cortex Are Modulated by Social Cues Provided by Others' Gaze | Journal of Neuroscience

As a further control of the specificity of gaze modulation to grasping observation, we verified whether any of the recorded MNs was influenced by the agent's gaze
direction per se, independently from grasping observation. We compared the mean neuronal discharge in two epochs of 300 ms pre- and post-agent gaze shift (see
Materials and Methods) and found that none of the MNs showed significant difference in the discharge between these two epochs. Similarly, we tested whether the MN
discharge was modulated by the monkey's own gaze shifts. In addition, we compared the neuronal discharge between two epochs, before and during the monkey's gaze
shift. We found that none of the MNs had a significant differential discharge between the baseline and the gaze shift epochs in either gaze directions. Figure 10 shows an
example of a typical MN with gaze trace and neuronal activity aligned on: (A) grasping and (B) monkey gaze shift. Note the presence of a discharge for grasping

observation (A) and the absence of discharge during gaze shift (B).

We also tested possible discharge differences related to agent's and monkey's gaze at the neuronal population level. We plotted neuronal population data according to
preferred (blue) and non-preferred gaze direction (yellow) of the same 59 excitatory neurons (Fig. 11A). We compared the normalized discharge and did not find any
significant differences between the preferred gaze and the non-preferred gaze conditions, neither when aligned with agent's gaze (Pref gaze 0.04 + 0.13 vs Non-pref gaze
0.03 £0.12, t = 0.69, df = 58, p = 0.59, n.s., nor when aligned with the monkey's own gaze (Pref gaze 0.10 + 0.02 vs Non-pref gaze 0.09 £ 0.02, t = 0.34, df =58, p = 0.73,
n.s.; Fig. 11B).

Download figure

Open in new tab

Download powerpoint

Figure 11.

Analysis of gaze-modulated MN population in relation to gaze shift. A, Neuronal response during agent's gaze shift for preferred gaze direction (blue square) and non-preferred gaze direction
(yellow square), and (B) during monkey's own gaze shift. The time scale refers to the timeline of Figure 1. The gray shaded areas represent the gaze-shift epochs. Normalized activity of a
population of 59 excitatory neurons (same population as Fig. 6). Note that both neurons with ipsilateral and contralateral gaze preference were included in this population. B, Mean response
during the epochs of gaze shift (for agent and monkey). Paired sample t tests showed that the differences are not significant.

Discussion

The main finding of the present study is that MNs activity in PMv is modulated by the gaze direction of an observed agent during grasping. It is known that MNs can
discriminate between similar motor acts, based on physical cues that allow the observer to predict different final outcomes (Fogassi et al., 2005; Bonini et al., 2011,
2012). In the present study we found that this MNs property is not limited to physical cues, but extends to social signals like gaze direction, suggesting that several cues

necessary to support an integrated representation of others' intentional behavior converge in the PMv cortex.
Congruence of gaze with grasping direction

Our data show that gaze-sensitive neurons are evenly distributed in the two categories, showing preference for congruent or incongruent gaze direction. Neurons
pertaining to the former category were expected, because from the early stages of postnatal development gaze behavior is naturally coordinated with arm direction during
the execution of a reaching/grasping task (von Hofsten and Rénnqvist, 1988; Johansson et al., 2001; Crawford et al., 2004). This coupling between hand and gaze
behavior is also the most frequently observed since infancy. The importance of this coordination is also confirmed by a series of behavioral studies on eye-hand
integration in humans, showing that hand reaching toward objects is affected when gaze is diverted from the target (Helms et al., 1991; Henriques et al., 1998, 2003;

Terao et al., 2014). Altogether, these data hint that eye—hand coordination is hardwired and part of the motor program dedicated to grasping.

The fact that one-half of the recorded neurons preferred incongruent gaze and the other one-half congruent gaze suggests that over the course of the training MNs
became attuned with the more frequent two sets of visual stimuli, which were equally presented. A first possible explanation of this finding involves the plasticity of the
mirror mechanism as also previously reported (Ferrari et al., 2005, 2013; Umilta et al., 2008; Rochat et al., 2010). We do not know whether, before the training, the

majority of them were more attuned to the more ethologically relevant condition, namely the congruent gaze, although this could be plausible because this is the most
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natural situation, to which monkeys are mostly exposed. In our experiment, the monkeys were also accustomed over months of training to see, in one-half of the trials, the
agent grasping an object that was not in the location toward which his gaze was aiming. Because of this, over time, MNs might have become equally tuned to both

conditions. This topic, however, needs further, possibly through chronic, electrophysiological studies.

Another possible explanation for the high percentage of MNs tuned to incongruent gaze could be related to the unusual nature of this condition, that could induce the
monkey to display a different pattern of oculomotor activity from congruent gaze conditions, thus having an impact on MNs discharge (Maranesi et al., 2014). To address
this criticism, we verified the oculomotor pattern of the monkey during the grasping epoch (300 ms before object contact to 300 ms after it), and found no difference in

oculomotor patterns between the congruent and incongruent gaze conditions.
Effect of grasping direction

Previous reports showed that the space and direction in which a reaching/grasping action is performed can modulate MNs activity (Gallese et al., 1996; Caggiano et al.,
2009). Our results indicate that a significant number of MNs have a preference for the direction of the grasping action, even in the absence of gaze preference (20% of the
recorded MN population). Interestingly, we found that gaze type preference, i.e., congruent and incongruent, is present mainly if it co-occurs also with a neuronal preferred

grasping direction. In other words, the gaze preference of a MN is only relevant if grasping is performed in the neuron's preferred direction.

Altogether, our results indicate that gaze and reach-grasp direction are coupled together in area F5, despite the latter being an area mainly coding hand motor acts. They

also suggest that these two stimuli could be critical to support the observer's capacity to correctly decode motor intentions during the observation of others' actions.
Possible role of attention

Behavioral studies in humans have demonstrated the automatic tendency to orient one's gaze in the same direction as that of the individual being observed (Driver et al.,
1999; Langton et al., 2000; Vuilleumier, 2002; Deaner and Platt, 2003; Frischen et al., 2007). It can automatically redirect attention to space location where an
observed gaze is aiming. Similarly to humans, macaques are capable of following gaze direction (Emery et al., 1997; Ferrari et al., 2000). One could argue that an
attention shift induced by the observed gaze might be the main factor accounting for the MN activity modulation reported here. To disentangle the deictic component of
gaze direction from its social aspect, we designed a spotlight condition to increase the bottom-up saliency of the target by using a light instead of the gaze cue. The spot
of light pointed to the target but was devoid of the biological significance of gaze. We found that gaze had a significantly stronger effect on the neuronal discharge than the
spotlight (Fig. 6). Moreover, this attentional cue had no effect on the neuronal discharge as suggested by the comparison between no gaze shift + spotlight and no gaze
shift (without spotlight). Together these data indicate that gaze in itself, as a biologically meaningful signal, accounts for the neuronal modulation, rather than the mere

increase in target saliency it might entail.
Effect of different grasping kinematics

It is known that while observing the action unfolding, the manner in which an object is grasped may influence the decoding of others' intention (Becchio et al., 2012). In
the current experiment, the different grasping conditions could imply different kinematics that could partly contribute to the MNs differential discharge. We believe that this
is unlikely, first because the neurons described in this study equally showed opposite preferences. If kinematics accounted for such preferences, we would expect only a
homogeneous group of neurons sensitive for specific kinematics parameters. Second, the maximal differential discharge is present when the hand is in contact with the
object, a phase of the action in which the possible differences in kinematics parameters are minimal or absent. Moreover, the differential discharge is still present during
the holding phase, ruling out the kinematic account. Third, other studies showing modulation of MN discharge in parietal and premotor cortex during observation of

grasping acts aimed at different action goals indicated that this modulation was not accounted for by different kinematics (Fogassi et al., 2005; Bonini et al., 2010).
Anatomo-functional implications

The current findings raise several questions related to the possible anatomical pathways supporting such neuronal responses. The information related to gaze direction
can reach the convexity of F5 through two possible pathways. In both pathways the main sources of visual information related to gaze shift is very likely STS, where the

presence of neurons responding specifically to both eyes and head turns has been reported (Jellema et al., 2000).

The first pathway may reach F5c via the inferior parietal cortex (Rizzolatti and Fadiga, 1998; Nelissen et al., 2011; Rizzolatti et al., 2014), the other via the lateral
prefrontal cortex (Borra et al., 2011; Gerbella et al., 2013). Regarding the first pathway, it is known that some areas of the inferior parietal cortex, such as the PFG and
anterior intraparietal area, receive visual input from STS regions (Rozzi et al., 2006; Borra et al., 2008; Nelissen et al., 2011) and are containing neurons activated by
the observation of hand actions (Fogassi et al., 2005; Rozzi et al., 2008; Pani et al., 2014). In addition, a neurophysiological study of the LIP, an area typically involved in
oculomotor behavior and anatomically connected with STS, showed that there are neurons with mirror properties for gaze direction (Shepherd et al., 2009). It is therefore
possible that visual information about others' gaze and hand actions is integrated in the parietal cortex. To our knowledge, no systematic studies have addressed this

issue.

In the second possible pathway, visual information from STS region would be sent to the ventrolateral prefrontal cortex (Seltzer and Pandya, 1989a,b, 1994, 2009; 46v
and area 12; Gerbella et al., 2013). Interestingly, visual and motor responses to grasp actions has been reported in ventrolateral prefrontal cortex (Tanila et al., 1992;
Hoshi et al., 1998; Nelissen et al., 2005). It is also known that in this region of the prefrontal cortex, some neurons respond specifically to faces, a property likely deriving
from the specific STS region processing this biological stimulus (O Scalaidhe et al., 1997). However, no studies have investigated the possible presence of neurons

sensitive to both the observation of others' gaze and hand actions in prefrontal cortex.

A key issue concerns the possible functional role of gaze-sensitive MNs. The modulation of F5 MNs by gaze suggests that these neurons likely use STS input as a vector
of social attention. The information about gaze and action directed to a specific space location, computed first separately in STS region (with few exceptions; Jellema et
al., 2000), would reach F5, very likely through the parietal cortex, and activate a joint motor representation of action and gaze direction. Such joint representation is critical

during the execution of motor programs aimed at reaching and grasping objects in space. The results of this integrated internal motor representation might also be

http://www.jneurosci.org/content/36/11/3145 11117



25/09/2017 Mirror Neurons of Ventral Premotor Cortex Are Modulated by Social Cues Provided by Others' Gaze | Journal of Neuroscience

important in driving eye movements during action observation (Flanagan and Johansson, 2003) and allow the observer to proactively shift his gaze toward the grasping

target to facilitate the decoding of the action during its unfolding.

It is important to note that in our paradigm, monkeys were prevented from following the gaze of the experimenter, thus dissociating the observer's gaze shift from the
predicted location of the hand action. Nevertheless, gaze cue exerted a modulation on a significant number of hand MNs, suggesting that this type of social information is
normally available to the premotor cortex, independently from being used in those situations in which the observer's gaze shift anticipates the behavior of the observed
agent. The fact that the percentage of MNs modulated by gaze is equally subdivided between congruent and incongruent gaze/grasping direction supports the hypothesis
that gaze, as a visual social cue, can be associated to opposite behavior. Whereas congruent responses might be the expression of behaviors normally occurring during
social interactions, incongruent responses, although being the results of a prolonged training, might not be functional because they are not usually displayed in macaques'
interactions. However, we could speculate that the independence of the control of gaze and hand could be the precursors of more complex motor-cognitive skills in other

primates, such as apes and humans, in which gaze shifts are often used to deceive conspecifics by diverting their attention from the goal of the own action.
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