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Résumé

L’utilisation d’outil est le produit de I’évolution humaine. En plus de sa composante sensorimotrice, dont
la complexité est désormais bien caractérisée, I’habileté a utiliser un outil impacte la cognition. En effet,
I’utilisation d’outil requiert d’intégrer un objet externe comme une partie corporelle, tout en incluant sa structure
fonctionnelle dans le programme moteur. D’autre part, il a été proposé que les aires cérébrales impliquées dans le
langage aient exploité les ressources neuronales dédiées a 1’outil. Ainsi, les chercheurs ont avancé 1I’hypothese de
similarités entre les processus sous-tendant 1’utilisation d’outil d’une part et le langage de 1’autre, en plus des
similarités entre action et langage auparavant suggérées par les modeles de la cognition incarnée. Ainsi, cette these

vise a caractériser les ressources neuronales partagées et les liens comportementaux réciproques entre 1’utilisation

d’outil et le langage.

Dans une premiére étude, nous avons utilisé la neuroimagerie fonctionnelle pour tester 1’existence de
ressources neuronales partagées entre 1’utilisation d’outil et deux fonctions langagiéres : la phonologie et la
sémantique. Pour la phonologie, les participant.e.s devaient réaliser une tiche d’identification phonologique, tandis
que pour la sémantique, une tdche d’amorcage sémantique avec décision lexicale était réalisée. Bien que
I’utilisation d’outil et la phonologie recrutent des régions corticales contigiies du lobule pariétal inférieur, aucune
preuve n’a été trouvée en faveur de ressources neuronales partagées entre ces deux fonctions. Des analyses
multivariées ont en revanche montré que I’activité neuronale induite par la sémantique est décodée au sein du
réseau neuronal de I’utilisation d’outil et plus particuliérement dans le gyrus frontal inférieur gauche et le cortex

occipitotemporal gauche.

Dans une seconde étude, nous avons testé I’existence de ressources partagées pour ’utilisation d’outil et
la fonction syntaxique. Les participant-e-s devaient réaliser une tidche de compréhension syntaxique impliquant
des phrases relatives de complexité différente. Les résultats ont montré que 1’utilisation d’outil et la syntaxe
complexe (i.e. relatives objet) induisaient une activité neuronale anatomiquement co-localisée au sein des
ganglions de la base. De plus, des analyses multivariées ont révélé une distribution spatiale similaire pour les
patterns neuronaux induits par 1’utilisation d’outil et le traitement des relatives objet. En conséquence, le partage
de ces ressources neurofonctionnelles se refléte au niveau comportemental par un transfert d’apprentissage entre
les deux domaines : I’entrainement a 1’utilisation d’outil améliore la performance linguistique pour la syntaxe
complexe et réciproquement, 1’entrainement a la syntaxe complexe améliore la performance motrice avec I’outil.
Aucun transfert d’apprentissage n’a été observé pour les habilités syntaxiques aprés un entrainement équivalent
mais sans outil, ou bien pour 1’utilisation d’outil aprés entrainement avec des structures syntaxiques plus simples

(i.e. relatives sujet).

Nos résultats démontrent 1’existence de ressources partagées entre utilisation d’outil et langage et
indiquent 1’existence d’une fonction syntaxique supramodale dédiée aux domaines moteur et langagier. Plus
généralement, nos travaux ouvrent des perspectives quant a la mise en place des protocoles d’apprentissage ou de
réhabilitation interdomaine tirant profit du transfert d’apprentissage. Nos résultats confortent enfin 1’hypothéese
d’une coévolution entre ’habileté a utiliser un outil et le langage, ayant favorisé le partage de ressources neuronales

communes pour ces deux habiletés.

Mots clés : Utilisation d’outil, Phonologie, Sémantique, Syntaxe, Neuroimagerie, Transfert d’apprentissage
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Abstract

Tool use is a hallmark of human evolution. Beyond its sensorimotor components, whose complexity has
been extensively investigated, tool use impacts cognition. Tool use requires integrating an external object as a
body part and embedding its functional structure in the motor program. Additionally, it has been proposed that
brain areas involved in language have exapted neural resources devoted to tool use. Accordingly, researchers have
advanced the existence of similarities between the processes underlying tool use and language, in line with the
similarities for action and language suggested by the embodied cognition models. Thus, this thesis aims to further

characterize the shared neural resources and reciprocal behavioral links between tool use and language.

In a first study, we used functional neuroimaging to test the existence of shared neural resources between
tool use and two linguistic processes: phonology and semantics. For phonology, the participants performed a
phonological identification task, whereas for semantics they underwent a semantic priming task with a lexical
decision. Although tool use and phonology recruited contiguous regions in the inferior parietal lobe, no evidence
for shared neural resources was found between those two functions. By contrast, multivariate analyses showed
that the neural activity elicited by semantics was decoded within the tool-use neural network, in the left inferior

frontal gyrus and the left occipitotemporal cortex.

In a second study, we tested the existence of shared neural substrates for tool use and syntactic processing.
The participants performed a syntactic comprehension task requiring to process syntactic structures of different
complexity. Results showed tool use and complex syntax (i.e. object relatives) elicited neural activity anatomically
co-localized within the basal ganglia. Multivariate analyses revealed similar spatial distributions of neural patterns
prompted by tool use and object relative processing. Moreover, the shared neurofunctional resources are reflected
behaviorally by cross-domain learning transfer: tool-use training significantly improves linguistic performance for
complex syntax, and reciprocally, complex syntax training improves motor performance with the tool. No learning
transfer was observed on language syntactic abilities if participants trained without the tool, nor on tool use if

participants trained with simpler syntactic structures (i.e. subject relatives).

Our findings show the existence of shared neural resources between tool use and language, pointing to
the existence of a supramodal syntactic function shared between the motor and the language domains. More
generally our work opens perspectives to develop learning or rehabilitation protocols taking advantage of the
crossdomain learning transfer. From an evolutionary point of view, our results reinforce the hypothesis of a co-

evolution between tool use and language, leading to shared neural resources for these two abilities.

Keywords: Tool use, Phonology, Semantics, Syntax, Neuroimaging, Learning Transfer
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General introduction

The field of neuroscience leaves the feeling that understanding of the brain is possible
only by isolating a specific cognitive process. Such a modular approach certainly helped to
decipher the specificities of different cognitive processes. Indeed, by designing tasks aiming to
study one specific process in isolation of others, researchers have developed several well
controlled experimental paradigms that subsequently facilitated the identification of their neural
bases by the mean of neuroimaging techniques. Nonetheless, this approach critically neglected
the interaction between potentially interdependent cognitive functions relying on
interconnected and multimodal neural networks (i.e. localizationist vs. connectivist
approaches). Therefore, only relying on a modular approach might prevent the understanding
of the human behavior and the central nervous system in a systemic and holistic way. Until
recently, older accounts have mainly depicted the brain functional organization as rather
simplistic with sensorimotor processes being relegated to low level processing and restricted to
primary cortical and subcortical areas. Conversely, higher level cognitive processes have been
associated to larger networks encompassing several cortical associative areas. By contrast, more
recent accounts have put forward the role of both primary sensorimotor and associative cortices
in a large range of functions, suggesting a thinner border between the low-level sensorimotor
and higher-level cognitive functions (Goodale & Milner, 1992; Middleton & Strick, 2000). As
a corollary, scholars have proposed a theory according to which cognition might be embodied,
and which focuses on the shared neural representations between the sensorimotor and cognitive
functions (Barsalou, 1999; Lakoff & Johnson, 1980; Varela et al., 1991). Embodied cognition,
also called grounded cognition, suggests that most of the cognitive functions are grounded into
the sensorimotor network. In a review, Barsalou defined the main tenets of embodied cognition
as follows: “Grounded cognition rejects traditional views that cognition is computation on
amodal symbols in a modular system, independent of the brain’s modal systems for perception,
action, and introspection” (Barsalou, 2008, p. 617). Embodied cognition proposes that
cognition is underlined by bodily states and situated actions. Numerous experiments put
forward empirical evidence supporting embodied cognition assertions. For instance, attentional
processes have been proposed to rely on the sensorimotor network. The premotor theory of
attention suggests that the mechanisms of covert shifting attention are tied to the processes
supporting the planning of explicit ocular movements (Rizzolatti et al., 1987). Similarly,
numerical cognition, relying on the ability to represent the number magnitude, is tightly linked

to the representations of space (see Walsh, 2003 for the model called A Theory Of Magnitude).
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More recently, the contribution of the motor system to language has been extensively studied:
processing syllables, words or sentences involves the sensorimotor network (for a review, see

Pulvermiiller & Fadiga, 2010).

The possibility that cognition is embodied within the neural systems subserving action
and perception opens questions about the role of evolution in this organization. For instance, it
has been suggested that phylogenetically recent cognitive functions took advantage of the
various neural circuits already present in the brain (Dehaene & Cohen, 2007). In other words,
under specific environmental pressures, new cognitive functions have emerged on already
existing circuits thanks to neural recycling processes. Among the different functions developed
in the animal reign, the abilities to move and perceive are likely among the most vital and
critical for human evolution (Kuhn et al., 2016), in order to fulfill primary needs such as eating
or drinking. To this aim, we can postulate the abilities to move and perceive likely appear early
in the animal reign, because these abilities are already observable at the level of a single cell or
even in unicellular eukaryote organisms (Fritz-Laylin, 2020). Under the pressure of
environmental demands, the abilities to move and perceive have likely been refined by the
emergence of new cognitivo-sensorimotor functions. In this evolutionary process, neural
circuits devoted to action and perception have progressively expanded (Iriki & Taoka, 2012) or
been exapted (Dehaene & Cohen, 2007) from their original purpose. This process could have
helped the emergence of cognitive functions within the sensorimotor circuits, such as attention,
numerical cognition and even language. For instance, theoretical accounts have defended a
contribution of the sensorimotor system in language emergence (Corballis, 2003; Rizzolatti &
Arbib, 1998). Beyond the emergence of language, one critical advent of human evolution is our
capacity to use and build tools in a way that outperforms any kind of animal species (Seed &
Byrne, 2010). The emergence of this ability relies on the sensorimotor system, but moving from
relatively simple manual behavior to more fine motor behavior including the control of tools is
an incredible product of evolution. The evolution of tool-use behaviors may have expanded the
hominid pre-existing neural territories that consequently could have been exapted to serve a
different purpose and support new emergent cognitive functions (Iriki & Taoka, 2012). As a
consequence, because of the exaptation process two functions can be closely related and
influence each other (Mendoza & Merchant, 2014). Thus, functions supported by the actual
human brain may result from their co-evolution history. Such co-evolution link has been
suggested for two highly refined function in humans that are tool use and language (Ambrose,

2001; Iriki & Taoka, 2012; Ponce de Ledn et al., 2021; Stout & Chaminade, 2012), opening the
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possibility that similar neural resources could underlie the two functions. However, this

prediction remains poorly tested and almost unexplored.

In this thesis we aim to fill this gap by studying the neural similarities and the behavioral
links between tool use and language. The next pages of this introduction aim to critically review
the literature by first presenting the neural bases of three distinct though related components of
language: phonology, semantics and syntax and how they are represented within the
sensorimotor systems. The second section puts forward the neural bases of tool use. Finally, a
third section opens a discussion about the similarities across tool-use and language processes,

as well as the possibility neural resources are shared between these two abilities.
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The neural bases of language, an ability grounded in the

sensorimotor network

As a result of our evolution history, human language contains communications types
that differ from other species and are defined by a high degree of refinement (Hauser et al.,
2002; Premack, 2007; Ujhelyi, 1996). Language is a cognitive ability that is supported by a set
of specifically linguistic functions including, among others, phonology, semantics and syntax.
Phonology allows to process the relevant sounds of language called phonemes. Phonemes are
defined as the smallest units of language that are put together in order to form meaningful
words. Semantics allows to access and process the meaning of words and sentences. The words
are put together following a set of rules critical for sentence meaning. Syntax is the function
that handles these rules for sentence organization. In this section we aim to review the neural

correlates of these three linguistic functions.

Interestingly, numerous evidence has suggested that phonology and semantics rely on
the sensorimotor network, and to a lesser extent this evidence has been provided for sentence
processing preferentially taxing either the semantic or syntactic resources (for reviews, see
Fischer & Zwaan, 2008; Pulvermiiller & Fadiga, 2010). These observations suggest that
language is an amodal function relying in part on neural circuits subserving the modal
sensorimotor functions. Noteworthy, the embodiment of the sentence processing has been
studied under two approaches, one more related to the semantic content of the sentence and
another focusing on syntactic processing. For the sake of clarity, these two different approaches

will be discussed separately.

Our hypothesis posited the existence of an overlap between tool use and language. The
data have shown that tool use and some of the linguistic components, such as phonology,
semantics and syntax preferentially activate the left hemisphere (Vigneau et al., 2011). Other
linguistic components such as prosody and pragmatics, no less important for efficiently
communicating, will not be discussed within this thesis. Prosody refers to language intonation
either for language listening or production. This is sometimes presented as the musicality of
language. Pragmatics refers to comprehension of language within a specific context. We think
these components go beyond the scope of this thesis. Their link with sensorimotor circuits is
not so obvious and they are mostly supported by the right hemisphere (Kotz et al., 2006 for
prosody; Shields, 1991 for pragmatics) while tool use involve a left hemisphere dominance

(Johnson-Frey, 2004). Overal