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on normalized MEP amplitudes. MEPs following active a-tDCS tended to marginally
increase relative to baseline levels. Error bars indicate SEM. * P < <0.05, *P = 0.078.
(B) Individual normalized MEP amplitude values following active a-tDCS. (C)
Individual normalized MEP amplitude values following active c-tDCS.

Figure 3.4 (p. 90). Result of the regression model. (A) Effect of the predictor Group.
(B) Scatter plot of the relationship between normalized MEPs index and the differential
accuracy index across groups.

Table 3.1 (p. 87). Percentage of object recall for each session of the a-tDCS and c-
tDCS groups (mean + SD).

Chapter 4:

Figure 4.1 (p. 109). Structure of experimental procedure. (A) Schematic representation
of the experimental sessions. (B) Example of a trial sequence (translation: Now you
will not press a thumbtack).

Figure 4.2 (p. 113). MEPs modulation as a function of type of sentence (action vs.
attentional) and polarity (affirmative vs. negative) for the verb locus (A) and for the
object locus (B).

Table 4.1 (p. 106). Example linguistic material.

Table 4.2 (p. 106). Values of linguistic variable: frequency and length values were
obtained from the EsPal database. To evaluate the familiarity of the verbs, a
behavioural study of 30 participants were conducted where they had to evaluate on a
7-point Likert scale the familiarity of each verb. Mean values were calculated, and t-
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tests were conducted for every variable, ensuring no differences between the two type

of verbs.
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Abbreviations:

ACE: Action-sentences Compatibility Effect

BOLD: Blood Oxygenation Level Dependent

CS: Conditioning stimulus

CSE: Corticospinal excitability

CSP: Cortical silent period

EC: Embodied cognition

EEG: Electroencephalography

FDI: First dorsal interosseous

fMRI: Functional Magnetic Resonance Imaging

ICF: intracortical facilitation

ISls: interstimulus intervals

M1: Primary Motor cortex

MEG: Magnetoencephalography

MEP: Motor Evoked Potential

pre-SMA: pre-Supplementary Motor Area

riFG: right Inferior Frontal Gyrus

RIN: Reusing Inhibition for Negation

rMT: resting Motor Threshold

SICI: short intracortical inhibition

TBS: Theta Burst Stimulation

tDCS: Transcranial Direct Current Stimulation
a-tDCS: anodal Transcranial Direct Current Stimulation
c-tDCS: cathodal Transcranial Direct Current Stimulation

TMS: Transcranial Magnetic Stimulation
rTMS: repetitive Transcranial Magnetic Stimulation

sp-TMS: single-pulse Transcranial Magnetic Stimulation
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pp-TMS: paired-pulse Transcranial Magnetic Stimulation

TS: Test stimulus
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Extended summary

In the last few decades, the notion that cognition is embodied, namely that it is grounded on the
sensory and motor experiences has become an important approach in cognitive science. In the field
of language, the embodied cognition (EC) approach posits that meaning understanding requires
sensory and motor simulations of objects, events and situations described by words and sentences.
With the term “simulation”, we refer to a reactivation of perceptual, motor and introspective states
that are acquired during experience with the world, the body and the mind. At the level of neural
mechanisms, this means that language comprehension involves, to some extent, the activation of the
same brain regions associated with the real world experiences that words and sentences refer to
(Fischer & Zwaan, 2008; Gallese & Lakoff, 2005; Garcia & Ibafiez, 2016; Jirak et al., 2010; Taylor
& Zwaan, 2008).

The embodied cognition approach to language has received considerable empirical support (see
below), particularly from studies showing that understanding action-related language is associated
with increased activation of brain motor regions. However, this neural embodiment is considerably
reduced when a negation marker is inserted into action sentences, leading to a disembodiment effect.
In other words, the negation acts like a gate that reduces the accessibility of the negated concept,
expressed at neural level by a decrease of motor activity. Most of the literature on embodiment and
disembodiment (in negation) effects reports correlational results, that is, it offers evidence of an
association between language comprehension and neural activity of the motor cortex. By contrast,
using non-invasive brain stimulation methodologies, the experiments included in the present thesis
provide evidence that such activity of the motor cortex is causally involved in the comprehension of
action language.

Let us briefly summarize the state of the art of research on embodiment and disembodiment of
language processes. To date, a large number of behavioral studies using a dual-task paradigm,
reported that the processing of sentences referring to a directional action significantly influences the
execution of a directionally compatible motor response (action-compatibility effect paradigm, ACE),
suggesting that the motor areas activated in the action execution are also implicated in the
comprehension of action-language (Borreggine & Kaschak, 2006; Boulenger et al., 2006; Buccino et
al., 2005; Dalla Volta et al., 2009; de Vega et al., 2013; Glenberg & Kaschak, 2002; Kaschak &
Borreggine, 2008; Sato et al., 2008; Taylor & Zwaan, 2008; Zwaan & Taylor, 2006). Further evidence
was provided by several functional Magnetic Resonance Imaging (fMRI) experiments that revealed
a somatotopic activation of the motor areas involved in the execution of the same movement

expressed by action-related word (Olaf Hauk et al., 2004; Kemmerer et al., 2008; van Dam et al.,
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2010) and sentences (Aziz-Zadeh et al., 2006; de Vega et al., 2014; Desai et al., 2010; Tettamanti et
al., 2005), and that such activation is context dependent rather than automatic (Raposo et al., 2009).
Another set of studies using electroencephalography (EEG), provide additional information,
indicating that the motor cortices are recruited in action-language processing at an early temporal
window after the word presentation (~ 200 ms) (Dalla Volta et al., 2014; Olaf Hauk & Pulvermdiller,
2004; Pulvermdiller et al., 2001), and that, this involvement is expressed by a suppression of mu and
beta rhythms similar to the one observed during action observation or execution (Moreno et al., 2013,
2015; van Elk et al., 2010). Finally, neurophysiological studies suggest that, single-pulse transcranial
magnetic stimulation (sp-TMS) applied to the primary motor cortex (M1) selectively influences the
behavioural response for action words (Pulvermiller, Hauk, et al., 2005; Tomasino et al., 2008) and
the comprehension of action-related language modulates motor cortical excitability (Buccino et al.,
2005; Candidi et al., 2010; Innocenti et al., 2014; Papeo et al., 2009).

Overall, these evidences mainly point out that understanding language embedded in an action
context engages the sensory and motor systems; however, they failed to assess the “necessity
question”. This question refers to the debate about whether motor activation is causally necessary in
the processing of action-related meaning or is just an epiphenomenon, which occurs as a post-lexical
simulation process with no relation to meaning (Leshinskaya & Caramazza, 2016; Mahon, 2015;
Mahon & Caramazza, 2008; Papeo et al., 2013). One way to resolve the question is by means of
causal techniques like repetitive Transcranial Magnetic Stimulation (rTMS) or transcranial direct
current stimulation (tDCS), with the appropriate experimental designs. For instance, temporarily
perturbing M1 activity by offline low-frequency rTMS delayed the processing of action words in a
morphological task (Gerfo et al., 2008) and in a semantic task (Repetto et al., 2013), which indicates
a functional relation between M1 activation and action language understanding. In the same line,
online rTMS on M1 impaired the comprehension of action-related language in a priming semantic
task (Kuipers et al., 2013) and in a concreteness judgment task (Vukovic et al., 2017). Compatibly,
inhibitory tDCS on M1 reduced the learning of a novel action word (Liuzzi et al., 2010). However,
some “paradoxical” effects have been reported; that is, the comprehension of action language
improved, rather than getting worse, after the perturbation of the premotor cortex via rTMS (Willems
et al., 2011) or tDCS (Gijssels et al., 2018; Niccolai et al., 2017).

The above results considerably support the idea that the motor system plays a causal role in the
processing of action-related meaning. However, it should be noted that the experiments conducted so
far not always give consistent results in the direction of the stimulation effects (facilitatory vs.
inhibitory). In addition, they neglected some important issues. First, they focused mainly on
evaluating the effect of inhibitory protocols (“virtual lesions™), paying less attention to the impact of
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the enhancement of motor activation on action language processing, which could be done using
facilitatory stimulation protocols. Second, they usually collected online behavioral measures (i.e.,
reaction times to semantic judgments), while they did not test the involvement of the motor system
in long-term cognitive processes such as memory. Third, when they measure behavioral effects of
non-invasive stimulation, they do not monitor at the same time the physiological changes induced by
the stimulation.

These crucial issues are addressed in detail in the current dissertation. Specifically, one
objective is to provide further evidence for the functional role of M1 in the action-related language
processing, by assessing for the first time its impact on memory performance for action language. To
this aim, the first experiment induced the enhancement of motor activity, through a facilitatory tDCS
protocol, to test whether it improves the performance in a language memory task consisting of
memorizing action-related and attentional sentences. The participants performed two separated
sessions; in one they received offline active tDCS (anodal/facilitatory or cathodal/inhibitory) on M1
and in the other they received sham tDCS, before undertaking the memory task. Additionally, since
the stimulation, especially cathodal tDCS, is highly variable between subjects (Batsikadze et al.,
2013; Jamil et al., 2017; Wiethoff et al., 2014), it was useful to assess the physiological effects of the
tDCS on motor excitability, by measuring the motor-evoked potentials induced by sp-TMS. The
results showed that applying off-line anodal tDCS, compared to the sham stimulation, led to a better
memory for manual-action sentences but no for attentional sentences. No significant effect was
observed for cathodal stimulation. Remarkably, the improvements in memory performance were
predicted by the physiological changes induced by tDCS. In fact, the increase on motor excitability
positively correlates with a better performance in the memory task, selectively for the action-
language.

Assuming that, as mentioned before, the comprehension of action-related language requires the
sensory motor simulation of the referred actions, sentential negation poses an interesting challenge
for this embodiment view. How action sentences with a negation marker are represented or simulated?
As neuroimaging studies have shown, negation applied to an action context, reduced the activation
in motor and premotor cortices, compared to affirmative action sentences (Tettamanti et al., 2008;
Tomasino et al., 2010). Consistently with these results, studies using dual task paradigms (Aravena
et al., 2012; Bartoli et al., 2013), typing word paradigms (Garcia-Marco et al., 2019) and passive
reading (Foroni & Semin, 2013) revealed that negative action sentences reduced the activation of
peripheral muscles, relative to their affirmative counterparts. In addition, processing negative action
sentences selectively modulates motor cortex excitability compared to affirmative action sentences,
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while no similar effect of polarity was detected for abstract sentences (Liuzza et al., 2011; Papeo et
al., 2016).

Altogether, the evidence suggests that the negation inserted in an action context reduces or
blocks the access to the motor simulation of the negated concept, inducing a “disembodiment” effect.
However, the neural mechanisms that produce this negation effect are still poorly understood. A
recent proposal in this regard is the Reusing Inhibition for Negation (RIN) hypothesis, which, as its
name suggests, asserts that the processing of negation reuses the mechanism of inhibitory control
(Beltran et al., 2018; de Vega et al., 2016; Liu et al., 2020). Some EEG studies, with dual-task
paradigms, indirectly support the RIN hypothesis, showing that the processing of negative action
sentences, compared to the affirmative ones, reduced the power of fronto-central theta rhythms (de
Vega et al., 2016) and enhanced the amplitude of the ERP N1 component (Beltran et al., 2018), in an
immediately following inhibition-demanding task (NoGo or Stop trials). These facts are important
because both theta rhythms and the N1component are indices of inhibitory activity. On the other
hand, pre-setting an inhibitory state (NoGo trials) selectively affects the processing of negative action
sentences (Liu et al., 2020). Notably, these EEG effects have an estimate source in the right inferior
frontal gyrus (rIFG), which plays a crucial role in the response inhibition system (see Aron et al.,
2014; Chambers et al., 2009 for reviewes). Further evidence supporting the RIN hypothesis showed
that negative action language slowed the typing of manual action verbs (Garcia-Marco et al., 2019),
reflecting an inhibitory effect on motor programs, and increased the cortical silent period (Papeo et
al., 2016), an index of the GABAergic inhibitory interneurons activity.

Although there are robust empirical results indicating a relationship between the inhibitory
system and the “disembodied” effect of negation, they only allow to establish correlational
conclusions. Indeed, to ensure the functional influence of the response inhibition mechanism in
negation processing, a causal methodology is necessary. In order to fulfil this gap, in the second
experiment of this dissertation we used an innovative stimulation technique that combined the
registration of motor evoked potentials (MEPs) via sp-TMS on M1 and off-line rTMS on the
inhibitory system. This protocol allows to test the causal influence of a target area transiently
perturbed on M1 excitability. Specifically, to assess whether the inhibitory mechanism is functionally
involved during the process of negation, we perturbed the rIFG activity, a key region of the inhibitory
network, and then we measure the left M1 excitability during the presentation of action and attentional
sentences, both constructed in affirmative or negative polarity format. In a control group, instead of
active stimulation, sham rTMS was delivered over the vertex. Moreover, to evaluate whether the
negation effect was exclusively associated with the verb presentation or it extended to later stages of
sentences processing, we recorded the MEPs at two loci: the verb and the object. The results showed
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that in the sham group (baseline), the amplitude of MEP, recorded at the verb, was significantly lower
for negative action-related sentences than for their affirmative counterparts and, more importantly,
the rTMS over rIFG suppressed this inhibitory effect, leading to a comparable motor excitability for
both conditions. No similar negation effect was observed on MEP either for the verb of attentional
sentences nor for the object locus of any sentence. This pattern of results indicates the critical role of
rIFG as regulator of M1 activation during the processing of negated action sentences.
In sum, this dissertation deals with the causal role of neural processes in embodied meaning:
1. The first experiment demonstrated, for the first time that the motor system activity is
functionally involved in the memory for action language.
2. The second study provides novel evidence of a functional role of the neural mechanism of

response inhibition in the “disembodied” effect of negative action language.
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PART 1:

THEORY
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Chapter 1: The embodied cognition approach to language.

Language is one of the most defining characteristics of the human species, consisting of a highly
complex symbolic capability with some important functions. It works as an inner voice to mentally
speak to oneself as a tool for thinking, planning, remembering or just mind wandering. But, most
obviously, language is a communication tool, with multiple pragmatic functions, such as the exchange
of information with other humans about episodic events, concepts or mental states. Scholars of
cognitive and social (neuro)science have devoted a great deal of effort to understand the mechanisms
underlying this exciting and complex system of language. Cognitive psychology distinguishes
between lower cognitive processes, which occur in an automated manner with lower level of
consciousness, and higher cognitive processes that appear to exercise mental activities voluntarily
with controlled awareness. Language, like thinking, memory or problem solving, is a higher cognitive
process, while perception and action are typically lower cognitive processes.

The EC view, a relatively new approach, posits that there is no net separation between low and
high cognitive processes; on the contrary, the individual sensorimotor experiences are closely linked
to the higher cognitive functions. In fact, although in the last three decades different versions of EC
theories have been developed, they all share the central notion that cognition is “grounded” in
perception and action (Barsalou, 1999, 2008; Glenberg, 1997; Glenberg et al., 2013). The EC
approaches contrast with other classical approaches to meaning, which assume that cognition,
perception and action are temporally and functionally separated processes. Moreover, traditional
theories of meaning are symbolist; namely, they claim that cognitive processes involve computations
on abstract and amodal conceptual symbols, which are mental representations of different categories
in the world and fundamental for most cognitive functions (Fodor, 1975, 1983; Fodor & Pylyshyn,
2015; Mahon & Caramazza, 2008; Pylyshyn, 1984). These mental representations are defined as
amodal since they are independent from the sensorial modality of the input and, consequently, they
are “encapsulated” in a modular semantic system, which is functionally separated from the systems
of perception and action. For example, according to these theories, our concept of “cake” is an abstract
and symbolic representation detached from any sensorimotor information related to the experience
with any particular “cake”. When applied to linguistic comprehension, symbolistic theories claim that
listening or reading words and sentences activates amodal representations in the mind, which
constitute their meaning. Using the same example above, reading or listening to the word “cake”,
would activate an abstract representation in the mind — the concept <cake> -, connected to other
equally abstract representation such as <dessert>, <food>, <sweet>, none of which have relations
with the visual, tactile, olfactory, gustatory or motor experience with the cakes. This perspective arise
the issue that Harnad (1990) first defined as “the symbol grounding problem ”, namely, arbitrary and
abstract language symbols (such as words) cannot be understood only through their connection to
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Chapter 1: The embodied cognition approach to language.

others abstract and arbitrary symbols, otherwise language meaning remains in a sort of vicious circle
(Harnad, 1990; Searle, 1980). That is, to understand the meaning of the linguistic forms (words and
sentences) they need to be grounded in our bodies’ perceptual and action systems (Barsalou, 1999;
Glenberg, 1997). At the neural level, EC approach to language claims that the same structures
activated during sensory, motor and emotional experiences are also involved in understanding
linguistic material related to those experiences (Fischer & Zwaan, 2008; Gallese & Lakoff, 2005;
Garcia & Ibafez, 2016; Glenberg et al., 2008; Jirak et al., 2010). For instance, referring to the example
above, embodiment theories claim that reading or listening to the word “cake” recruits the same neural
regions as those activated when individuals perceive (visual, auditory and somatosensory), behave or
feel in front of a cake. In other words, processing words and sentences activate a “simulation” of the
sensorimotor experiences the words and sentences refer to (e.g., how the cake look like, how does it
taste, and so on).

Even though EC has achieved significant empirical demonstrations, it is still object of debate
about whether the sensorimotor simulation plays a crucial role in language processing (for reviews
see Fischer & Zwaan 2008; Gallese 2008; Glenberg et al. 2013), or the activation of sensorimotor
areas is just epiphenomenal, resulting from “cascade” spreading activation between the conceptual
system to the sensory and motor systems, which occurs after lexico-semantic (symbolic) processes
(Chatterjee, 2010; Mahon, 2015; Mahon & Caramazza, 2008).

Demonstrating the functionality or causality of embodied processes in linguistic meaning is a
crucial issue, and this thesis aims to provide direct evidence that the human motor cortex plays a
functional role in the comprehension and memory of action related language. The first section of this
chapter presents an exhaustive revision of the bibliography supporting the EC idea that understanding
the meaning of an action words or sentences activates the motor circuits required to produce the action
being described. The second section discusses those studies aiming at demonstrating, by means of the
non-invasive brain stimulation techniques, that the activation of motor brain areas during the

processing of action language is necessary to access at the linguistic meaning.

1.1 Action language understanding and the motor system: the mechanism of action

simulation

What happens in your brain when you read or listen to an action-related sentence like “you grab
the jackhammer to hang a picture”? The embodiment theory postulates that the neural structures
active during the execution of the action “to grab a jackhammer”, also play a role in understanding

the semantic content of the same action verbally described (Gallese, 2007; Pulvermiiller, 2005;
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Rizzolatti & Craighero, 2007; Zwaan & Taylor, 2006). The rationale of this assumption relies on the
phenomenon of action simulation discovered in the domain of action observation, namely, observing
another person’s actions involves recruitment of the same brain region activated when oneself
performs the actions (Buccino et al., 2004; Fadiga et al., 1995; Grafton et al., 1996; Rizzolatti et al.,
1996). Further investigations led to apply the concept of action simulation to the topic of action
comprehension. The theorists assumed that to understand another’s actions, we need to perform a
mental simulation of the observed actions, by means of the so-called mirror neurons (Blakemore &
Frith, 2005; Gallese et al., 1996; Jackson & Decety, 2004; Jeannerod, 2001; Rizzolatti & Arbib, 1998;
Rizzolatti & Craighero, 2004; Wilson & Knoblich, 2005; Wolpert et al., 2003), since the observer
recovers the intention that generated the observed action via his or her own internal action simulation.
Finally, the concept of mental simulations has been extended to the language comprehension domain
(Gallese & Lakoff, 2005; Rizzolatti & Arbib, 1998), leading the EC theorists of language
understanding to assume that people understand action-related language through the mental
simulation of the action the word or the sentences referred to (Barsalou, 2008; de Vega, 2015; Fischer
& Zwaan, 2008; Glenberg & Kaschak, 2002).

Taking all this into account, action simulation theory on linguistic meaning has been developed,
specifically investigating whether the processing of action language involves motor system
activations. A conspicuous number of empirical results come from experimental methods using
behavioural, neuroimaging e neurophysiological measures. The next subsections will describe the
main studies associated with the different types of measured used; that is, behavioral evidence
consisting of the interaction between action language and motor processes; neuroimaging evidence
that action language activates the motoric regions of the brain, and electrophysiological studies,
showing EEG and magnetoencephalography (MEG) signatures of motor processes associated with

action language.

1.1.1 The link between action and lanquage

Most of behavioral study have tested the EC theory on linguistic meaning by using dual-task
paradigms. In a typical dual-task experiment, participants are asked to read or listen to sentences
referring to actions while they have to perform a motor task designed to match or mismatch some
feature of the action described in the sentences. The rationale is that, if action and language
understanding shared the same motor processes, then, the comprehension of action sentences that
match, for instance the direction, of the motor action will interact with the execution of the motor
response. Glenberg and Kaschak (2002) first reported a facilitatory ACE, asking participants to make
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a sensibility judgment of sentences describes an action toward the body (e.g., “Meghan gave you a
pen”), an action away from the body (“’You gave Meghan a pen”), or nonsense sentences (“You write
a clock”). To judge the sensibility, some participants were asked to respond “yes” moving the hand
toward their body and respond “no” moving it away from their body to press the corresponding
button, while for other participants the assignment of yes and no responses was the other way around.
Participants were faster to evaluate the sentences sensibility when the direction of the action described
in the sentences matched the direction of the movement required for responding “yes”. The ACE
facilitation was confirmed by subsequent studies (Borreggine & Kaschak, 2006; Kaschak &
Borreggine, 2008; Taylor & Zwaan, 2008; Zwaan & Taylor, 2006). Zwaan and Taylor (2006), for
instance, conducted a series of experiments to provide more evidence of motor activation during
online sentences comprehension, and to better understand the temporal dynamics at which the motor
activation occurs. In their second experiment, participants were orally presented action sentences
involving clockwise (e.g., “Jane started the car”) or counter-clockwise (e.g., “Julia set the clock
back’) manual rotation, and were asked to make a speeded sensibility judgement by turning a knob.
For half subjects turning the knob to the right (a clockwise response) corresponded to a sensible
sentence and turning the knob to the left (a counter-clockwise response) corresponded to a non-
sensible sentence, while the reverse was true for the other half. The results revealed faster sensibility
judgment when the direction of the manual action described in the sentence matched the direction of
the manual response, compared to the mismatching condition. Once confirmed the recruitment of
motor processes in language understanding, the authors explored the onset of motor activation and
the duration of the effect. Then to test these hypotheses, in the fourth experiment, sentences were
presented word by word, and the participants had to turn a knob, either clockwise or counter-
clockwise, to pass from the current word to the new one. Each sentence described a context that
included either a clockwise (e.g., “To save / water / after / watering / the / garden / he / turned off /
the / faucet.”) or a counter-clockwise (e.g., “He / realized / that the / music / was / too loud / so he /
turned down / the / volume.””) manual-rotation movement. As in the previous experiment, the direction
of the knob turning response could match or mismatch the orientation of the action described in the
sentence. The results showed that, in match condition, participants turned the knob faster while they
were reading the action verb, and besides, this facilitatory-match effect disappeared in the post verb
word and in the final word of the sentences. No effect was detected in the mismatch condition. The
authors assume that the facilitation was specific on the verb, since the following words shifted the
attention away from the action. This assumption was further validated by the same authors (Taylor &
Zwaan, 2008) using the same experimental paradigm, with a little change in the material. In this
experiment, the verb was followed by an adverb to ensure that the focus on the action continued.
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Indeed, the results confirmed the facilitatory ACE on the verb and extended the effect t the adverb,
supporting the idea that motor simulation occurs as long as the focus is maintained on the action
content. In the same way Kaschak and Borreggine (2008) explored the temporal dynamics of ACE
(see also Borreggine and Kaschak 2006). Using the same material of Glenberg and Kaschak (2002),
they asked participants to listen to sentences and to judge their sensibility at different time point after
the stimulus onset, through a motor response towards or away from the body. Compared to previous
experiment (Glenberg & Kaschak, 2002), the participants were unaware of the type of movement
(towards or away from the body) they had to perform until a cue appeared, minimizing the possibility
of programming the motor response as soon as the participants realized that the sentence was sensible,
that is before the end of the sentences. The cue was presented at intervals of 500 ms, 1500 ms and
2000 ms after the onset of the sentences. The results evidenced an “early” ACE at an interval of 500
ms, which disappeared at later intervals like 1500 and 2000 ms, suggesting that the motor simulation
of the action described in the sentence occur before the processing of the entire sentence. However,
the sentences length was variable, then, a given interval in one sentence could correspond at a
different processing moment for another sentence, and averaging the time respond recorded from a
fixed time-point was a rather inaccurate measurement, since it could produce noisy data. Due to this
reason, the authors calculated an ACE value, and reanalysed the data across items, showing that the
motor simulation seemed to be centred between 500 and 1900 ms before the end of the sentence.

Taking together, these results support the idea that language understanding is grounded in
bodily action.

All the experiments reported above, show a facilitatory ACE when the direction of the action
depicted in the sentences and the direction of the response matched. However, other studies, using a
different (Boulenger et al., 2006; Buccino et al., 2005; Dalla Volta et al., 2009; Sato et al., 2008) or
similar (de Vega et al., 2013) dual task paradigm, reported interference rather than facilitation when
motor and semantic properties matched. For instance, in the second behavioral study of Buccino et
al. (2005), after carefully listening to hand-action-related sentences, foot-action sentences, and
abstract sentences, participants had to give a motor response in the case of concrete sentences (hand-
action-related sentences and foot-action-related sentences), while they had to restrain themselves
from responding when the content sentence was abstract. Subjects were assigned to two groups that
differed in the effector utilized to respond: in the first group, they used the right hand, while in the
second group they used the right foot. Performing the motor-response with the hand, elicited slower
reaction-time when the listened sentences expressed hand-related action, compared to foot-related
action sentences. In contrast, participants were slower when they had to respond to foot-related action
sentences using their foot, as compared to hand-action-related sentences. In other words, participants
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were slower when the effector needed to respond was the same involved in the action described in
the sentence. These data strongly suggest that processing action language and motor responses
involving the same motor representation compete for the same motor resources, interfering each
other. These findings were further corroborate by Sato et al. (2008), using a similar Go-NoGo
paradigm, confirming that motor responses interfered with the processing of action verbs that involve
a movement with the same effector, resulting in slower reaction time. Remarkably, the interference
only appeared when the go signal was delivery with a short delay after the verb onset at the early
stage of understanding action verbs. Also, the effect was specific for the semantic judgment task and
it faded when the Go-NoGo involved a lexical decision task.

In an analogue Go-NoGo task and with the same material used by Sato et al. (2008), Dalla Volta
et al. (2009) investigated the kinematic aspect of movement. In the first and second experiment, they
reported that the kinematics of manual intransitive and transitive action was slowed down by the
auditory presentation of hand-related verbs, but not by the presentation of foot-related verbs. In the
third experiment (Dalla Volta et al., 2009), in one condition participants had to respond to hand-
related and foot-related verbs with a movement either of their right hand or their right foot. In the
compatible condition (responding with the hand, to hand verbs and with the foot, to foot verbs),
participants were faster to start the action, while the kinematics of the movement was slower, like in
the first and second experiment. These data suggest that the verb-related motor program necessary to
understand language meaning initially primed the corresponding effector, although at a later moment
meaning interferes with the ongoing motor execution, because both processes compete for motor
resources. These results differed from those of Boulenger et al. (2006), that reported an interference
between the processing of action verb and the execution of a reaching movement, only at the initial
part of the movement. In a lexical decision task, participants were asked to reach and grasp a small
object if a real word was displayed on a computer, and to stop the movement if a pseudoword was
displayed. The words could be verbs denoting hand, leg and mouth actions and nouns referred to
abstract concept or concrete-no manipulable objects. The kinematic analysis revealed that, in an early
temporal window, the execution of the motion was slower during the presentation of the action verbs,
but not during the presentations of the nouns. Dalla Volta et al., (2009) explained that the difference
in the results could be due to the distinct task used in the studies. The authors argue that to fulfil the
lexical task (Boulenger et al., 2006), the comprehension of the verb meaning is not necessary, while
to accomplish the semantic task (Dalla Volta et al., 2009) understanding meaning, and therefore fully
activating the verb features, is required. De Vega et al., (2013) confirmed an interference ACE,
investigating for the first time the dissociation between the motor and the semantic processes.
Transfer sentences, describing motion away from oneself (“I threw the tennis ball to my rival”) or
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toward oneself (“My rival threw me the tennis ball”), were displayed divided in segments. When a
visual cue appeared during the transfer verb presentation, participants had to realize a movement
away from or toward themselves to press a button, and at the end of the trial they had to choose
between two alternative words, the one that best completed the sentence. This procedure permitted to
explore both the influence of action language on the concurrent motor task and the effect of the motor
task on a further semantic completion task. Furthermore, the study aimed to explore the temporal
overlap between meaning comprehension and action execution, by manipulating stimulus onset
asynchrony that is the temporal delay between the verb appearance and the visual cue. The selected
temporal delays were 100, 200 and 350 ms. In line with Boulenger et al., (2006), in the matching
condition, when the transfer verb and the movement response had the same direction, interference
was found compared to the mismatching condition, but only at shortest delays (100-200 ms). By
contrast, a facilitation effect was detected in a largest verb-action delay (350 ms) for the matching
condition, indicating priming between meaning and action. The early temporal interference was
explained as a competition of the same motor neural resources involved in action sentence
comprehension and in the execution of the same action described in the sentence. In accordance with
the embodied approach to meaning, the simulation necessary to understand a sentence describing an
away transfer motion requires the activation of specific neurons in the motor cortex that are active in
planning or execution of action in the same direction, leading to an interference. Moreover, it seems
to be the case that the competition for neural motor resources appeared at an early stage of verb
processing, in fact when the motion was delayed more than 200 ms the standard facilitation for
meaning-action matching conditions was found (de Vega et al., 2013).

In conclusion, these results point out the central role of motor and premotor areas on action-
related meaning. Still, behavioral data are not sufficient to directly test the level of involvement of
the motor system on language comprehension, since they do not provide any evident measure of brain
motor activity. Due to this reason, other studies using fMRI and EEG techniques allowing direct
measures of brain activation were conducted.

1.1.2 Neuroimaging evidence of the involvement of the motor system in action-language

processing

In the last few years, neuroimaging studies have consolidated the EC view on language
meaning, providing important evidence about the central role of the motor brain network in action-
language comprehension (Aziz-Zadeh et al., 2006; de VVega et al., 2014; Desai et al., 2010; Kemmerer
et al., 2008; Pulvermiiller, 2003, 2005; Raposo et al., 2009; Tettamanti et al., 2005; van Dam et al.,
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2010; Willems et al., 2010). For example, Hauk et al. (2004) asked participants to passively listen
action word related to the face, arm or legs (e.g., to lick, to pick or to kick), while their hemodynamic
response was registered via fMRI. In another session, the same participants performed a real
movement with the same body part involved in the action word previously presented. The result
showed a somatotopic activation of the motor and premotor cortex, that is, listening an action word
or executing a movement of the motion being described, produced overlapping activations along the
motor network (Figure 1.1).

A Movements B Action Words

Blue: Foot movements Blue: Leg words
Red: Finger movements Red: Arm words

Figure 1.1. (Hauk et al., 2004). A) Hemodynamic activation during foot, finger and tongue execution. B) Hemodynamic

activation during leg, arm and face action word comprehension.

The activation of motor areas associated with action verbs presentation was confirmed and
deepened by successive investigations. In particular, Kemmerer et al. (2008) evaluated brain
activation, while participants performed a semantic judgment task of verbs belonging to five different
semantic classes; that is, action, motion, contact, change of state, and tool use. On their side, the
action verbs differed from each other in the amount of implied movement and type of the effector
used, thus involving different subcategories. The authors reported somatotopic activation, in primary
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motor and premotor cortices, for action verbs expressing hand, arm or leg low-intensity movements.
Compatibly, van Dam et al. (2010), reported stronger BOLD (Blood Oxygenation Level Dependent)
signal in motor-related brain area for action verbs denoting specific motor programs than for action
verbs denoting a more general program.

The experiments described this far, have focused on the comprehension of isolated word or
verb, not included in a linguistic context. Nevertheless, it has been demonstrated that action related
sentences also activate motor and premotor brain areas (Aziz-Zadeh et al., 2006; de Vega et al., 2014;
Desai et al., 2010; Raposo et al., 2009; Tettamanti et al., 2005). For instance, in the fMRI experiment
conducted by Tettamanti et al. (2005), participants were presented with action sentences describing
mouth, hand and leg movement and abstract sentences, used as a control condition. The result
revealed that listening to action sentences, beyond the type of effectors, led to the activation of a
fronto-parieto-temporal circuit, with a common locus in the pars opercularis of the left inferior frontal
gyrus, employed also in the action execution and observation process. Additionally, in line with the
studies described before, they found a somatotopic activation in premotor region. Similarly, Aziz-
Zadeh et al. (2006) showed a congruent effector-specific activation pattern in the left premotor region,
when participants observed actions and read sentences both related to foot, mouth or hand
movements. Another interesting study performed by Raposo et al. (2009) wanted to investigate
whether the involvement of the motor regions on action word processing is automatic or it depends
on the context in which is embedded. For this purpose, they presented to participants isolated arm
and leg-related verbs (e.g., kick), inserted in literal sentences (as in kick the ball) and inserted in
idiomatic sentences (as in kick the bucket). The results revealed that only the isolated verbs and the
literal sentences generated activity in motor and premotor cortices, suggesting that the context
modulate motor activation.

Further steps in the embodied approach to language were taken by Desai et al. (2010) and by
de Vega et al. (2014). The former conducted an fMRI study investigating the neural activity
associated with sentences that contained and/harm action, visual and abstract verbs, demonstrating
that reading action sentences activated the sensory-motor regions generally involved in planning,
execution and perception of those actions, while visual sentences were associated with high-order
visual area in the left hemisphere and abstract sentences activated superior temporal and inferior
frontal regions. On their side, de Vega et al. (2014) proved that the involvement of motor regions also
takes place in action language included in complex discourse referring to hypothetical or no occurring
events, such as counterfactual and negated statements. They presented to the participants paragraphs
describing action and visual events, in three different syntactic structures: factual (Given that it was
my birthday / | unwrapped the gifts), counterfactual (If it had been my birthday / | would have
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unwrapped the gifts) and negation (Given that it was not my birthday / I didn’ t unwrap the gifts).
Regardless the type of structure statements, action sentences, compared with non-action sentences,
induced stronger activation in the supplementary motor area, a region typically associated with the
planning and understanding of actions (e.g., the left superior temporal gyrus, the left and the right
supramarginal gyri), and in the extrastriate body area which is involved in the visual processing of
the body movement. Moreover, not only factual statements, but also counterfactuals and negations
led to this pattern of action-related activation, suggesting that even when the action is insert in a
hypothetical or negated discourse activate by default brain areas implicated in action comprehension
and planning.

Although the neuroanatomical results provided by the fMRI support the embodied view on
linguistic meaning, this technique lacks good temporal resolution, making it necessary the use of
complementary techniques like MEG, which has both high temporal and relatively good spatial
resolution, allowing to accurately evaluate the temporal course of the motor activation in the brain.
For this reason, Pulvermdller et al. (2005) recorded brain activity through high-density MEG, when
subjects passively listened to action words referring to the face or the leg. An early brain response
(between 130-200 ms, see Figure 1.2) was elicited more strongly in the left inferior frontocentral
areas during face word processing, whereas, the leg word processing was associated with stronger
activity in superior central areas, close to the cortical leg representation, confirming the somatotopic
activation seen in the previous studies (Aziz-Zadeh et al., 2006; Kemmerer et al., 2008; Raposo et al.,
2009; Willems et al., 2010).
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Face word Leg word
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o

Figure 1.2. (Pulvermuller et al., 2005). Temporal activation of the inferior frontocentral areas for face (left column) and

leg (right column) related words.

Similar results were provided by recent MEG studies. Klepp et al. (2014) found early (200 ms)
somatotopic activation for hand and foot verbs in neuromagnetic hand and foot source, respectively,
that were determined by actual movements performed by the same subjects. Another experiment from
the same lab (Klepp et al., 2019), showed how an action verb priming influenced a motor response
executed with the same effector implicit in the verb. Behavioral results revealed faster reaction time
for the congruent condition, accompanied by reduction of power of motoric brain rhythms over the
corresponding region of the sensorimotor area, which is assumed to be a reflection of facilitated
processing typically observed in semantic and motor-language priming (Henson & Rugg, 2003;
Mollo et al., 2016). Specifically, hand verb primes induced reduction of alpha power suppression in
hand motor region, and compatibly, foot verb reduced alpha/beta power suppression in foot sensory
area.

To summarize, neuroimaging studies give remarkable information about the role played by the
sensory-motor system during the comprehension of action language. Still, as mentioned above, fMRI

suffer of poor temporal resolution and it can provide only indirect measure about the process
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associated with the BOLD signal, although the MEG overcomes this problem. In the next section we
will consider the EEG, which boasts an excellent temporal resolution (millisecond), allowing to
efficiently evaluate the temporal course of motor processes during action language understanding,
and is a much cheaper and flexible technique than MEG. Also, it can offer details about the cerebral

sources that generate the EEG modulation associated with the comprehension.

1.1.3 Temporal dynamics of motor activation coming from EEG studies

A considerable number of EEG studies investigated the electrical brain response, such as the
event related potentials (ERPs), associated with action language comprehension (Dalla Volta et al.,
2014; Olaf Hauk & Pulvermiiller, 2004; Moreno et al., 2013, 2015; Pulvermiiller et al., 2001; van Elk
etal., 2010). Most of them investigate the spatiotemporal dynamics during the process of action words
and sentences and some try to confirm that actions verbs referred to different effectors are
topographically represented in the motor cortex, as reported by fMRI (Olaf Hauk et al., 2004;
Kemmerer et al., 2008; Klepp et al., 2014; Pulvermiller, Shtyrov, et al., 2005; Tettamanti et al., 2005).
For example, it has been shown that reading action word related to the face, the leg or the arm elicit
topographical differences in frontal brain activity between 220 and 250 ms (Olaf Hauk &
Pulvermller, 2004; Pulvermdiller et al., 2001). In particular, the leg-related words produced stronger
activation in brain areas around the vertex, near to the cortical representation of the leg, and the face-
related words activated the inferior-frontal brain areas in the left hemisphere. In these studies, pseudo-
words or non-linguistic stimuli were used as control conditions. On their side, Dalla Volta et al. (2014)
were interested in evaluating the spatiotemporal dynamics of sensory-motor areas for action verbs
versus abstract verbs. Participants performed a semantic decision task involving verbs describing
foot, hand and mouth actions and verbs with an abstract content. The ERPs analysis showed more
negative amplitude associated with action related language relative to abstract language at both early
(at around 270 ms) and late (300-400 ms) time interval. Depending on the type of effector implicit in
the verb, the topographic distribution for concrete action verbs included specific parieto-frontal motor
regions. On the contrary, the EEG source analysis effect for the abstract verb revealed activation in
pre-frontal areas outside of the sensory-motor network. Taking together, these results confirmed that
concrete action words recruit sensory-motor regions, which are organized in a somatotopic way
according to the effector described by the verb, supporting the EC idea of a crucial link between the
sensory-motor system and action language comprehension.

Another aspect of the EC approach to language that is still under debate, is whether the motor
activation associated with language process reflects an automatic retrieval of the lexical-semantic
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features (Pulvermiiller, 2005) or a post-lexical motor imagery (Toni et al., 2008). To elucidate the
question, van Elk et al. (2010) selected action verbs that could refer to actions performed by both
human or animals (e.g., human context: The athlete jumps over the hurdle; animal context: The deer
jumps over the fence). Both types of sentences involved the same number of words, but the kinematic
of the action was clearly different. The authors hypothesized that if motor brain activity associated
with language processing reflects motor imagery, the EEG should indicate stronger motor activation
for human sentences compared to animal sentences, since the motor imagery for human context
should be much easier that motor imagery for animal action. On the contrary, if motor brain activity
associated with language processing is due to the retrieval of lexical-semantic information, then
reading sentences in the animal context would lead to stronger activation in motor region compared
to human sentences. The results support this latter hypothesis, showing larger mu and beta frequency
rhythm desynchronization for the action verbs inserted in animal contexts than in human contexts,
especially in frontal-central scalp regions. Although this pattern could be counterintuitive, because
one should expect larger motor resonance for human actions, included in our motor repertoire, a
possible reason provided by the authors is that action sentences had higher cloze probability of noun-
verb pair in an animal context compared to a human context. For example, a verb like “jump” is more
easily predictable when the agent of the action is an animal than a human. It should be noted that the
EEG desynchronization was significative different between the conditions at a relative early temporal
interval (200-600 ms), further corroborating the assumption that language-induced motor activation
is automatic and, therefore, it reflects the retrieval of lexical-semantic information associated with the
verbs. The major novelty of the study is that for the first time the processing of action language was
associated with the desynchronization of mu and beta rhythm, typically observed during action
execution, action observation and motor imagery. However, the study presents a substantial
limitation, that is, the absence of a strong control condition like no-action sentences. Therefore, it
cannot be concluded that the mu and beta desynchronization was specific for action language
comprehension.

In order to answer this question, Moreno et al. (2013) investigate whether mu and beta rhythm
modulation is restricted to action language or it is expanded to language processing in general.
Additionally, they aimed to contrast action language with the observation of real actions, to verify
that mu and beta suppression was similar for both conditions. To these purposes, participants had to
listen action sentences (Now I cut the bread) and abstract sentences (Now I doubt of the plan), or they
had to watch action videos while their EEG was recorded from mu and beta analysis. The spectral
analysis showed a suppression of mu oscillatory rhythms for both action observation and action-
related language in central electrodes, and no change was seen for abstract sentences. Figure 1.3
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depicts the topographies of oscillatory rhythm in the frequency bands of mu (8-13 Hz), showing that
both action observation and action language exhibited stronger mu power suppression than abstract
language, whereas no differences was found between action language and action observation.
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Figure 1.3. (Moreno et al., 2013). Topographic distribution of the mu oscillatory rhythm. The subtractions of the mean
EEG power between Action language and Abstract language (leftward plot) and between Action observation and Abstract
language (central plot), showed mu suppression (negative values in the scale) in both action conditions. On the contrary,
the difference between Action language and Action observation (rightward plot) do not present any significative

difference in mu oscillatory band.

A subsequent study from the same laboratory (Moreno et al., 2015) intended to go one step
further, analysing the time frequency of mu rhythms when participants were reading action sentences
(You will open the door of the room), perceptive sentences (You will hear the teacher's command)
and abstract sentences (You will doubt the patient's dialog). The time frequency analysis revealed
fronto-central mu suppression for action sentences, but no for perceptive and abstract sentences, while
participants were reading the first noun (contrast action vs abstract) or the second noun (contrast
action vs perceptive), suggesting that the lexical-semantic integration drives the activation in motor-
related regions. Even so, it should be noted that the linguistic materials involved action verb
corresponding to generic action, which implemented different motor programs depending on the
object they refer, forcing the reader to continue to obtain enough information. Then, if a verb conveys

a specific motor program it could be sufficient to activate motor areas.
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Other interesting studies evaluated motor and semantic processes indexed by ERPs by means
of motor-compatibility effect. For instance, using an ACE paradigm, Aravena et al. (2010) presented
to the subjects, sentences expressing actions performed with open hand (The show was praiseworthy,
so Rocio applauded), actions performed with close hand (He needed to drive the nail correctly, so
Joseph hammered it) and no-action (After waiting a long time to see his grandmother, Amaro visited
her). After listening the sentence, participants had to press a button using a pre-assigned hand-shape;
half of them were instructed to press the button with their hand open, the other half with the hand
close. Consequently, the hand-shape could match or mismatch the action described in the sentences.
The results revealed that the mismatching condition enhanced an N400-like component (a large
negative deflection in the ERP that takes place 400 ms after word presentation) in the CZ electrode,
and also reduced the amplitude of early and late markers of motor process. In sum, the authors not
only replicate the ACE at cerebral level, reporting that motor incompatibility induced a semantic
interference effect (as reflected by N400), but they also demonstrated a motor interference effect; that
is, there was a bidirectional relationship between the action execution and semantic comprehension
processes. On the other hand, Santana & de Vega, (2013) using a purely linguistic task, manipulated
the temporal compatibility of two manual actions, performed by a protagonist either simultaneously
(While cleaning the wound/he unrolled the bandage) or consecutively (After cleaning the wound/he
unrolled the bandage). Whether the actions were simultaneous or consecutive, determined the
incompatibility or compatibility of the sentences, respectively. The ERPs analyses, which were
recorded from the verb and the noun of the second sentence, reported larger N400 amplitude, only
for the noun, in the incompatible condition compared to the compatible one, reflecting motor
compatibility effect. This result brings the authors to conclude that to judge an action feasible or not,
is necessary to integrate all the semantic information gathered in the sentence. Additionally, to
exclude the possibility that the adverb itself (while vs after) could induced the pattern of N400
modulation, in a second experiment, the authors presented only while sentences and manipulated the
congruence dependent on the motor contents. That is, all the periods started with the adverb while,
but in the compatible condition the first action was perceptive and the second one was motor (While
looking at the wound/he unrolled the bandage), while in the incompatible condition both sentences
described manual actions (While cleaning the wound/he unrolled the bandage). The results, showed
again an enhancement of N400 component associated with the incompatible condition only for the
noun following the verb in the second sentence, confirming that it is necessary the accomplished
semantic process of the sentence (up to the noun), to detect the motor incompatibility. This could be
one of the cases, as discussed above, where the verb itself is not able to represent the motor properties
of the action since it is too indeterminate, then the association with a noun is needed. This result
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suggest that motor representations are context-depend, rather than triggered by the verb contained in
the sentence.

From the studies described in this section, four main conclusions can be drawn about the role
of motor processes in the comprehension of action language: (1) The motor activation associated with
action language has a somatotopic distribution and occurs at an early temporal window (~ 200 ms
after word presentation) (Dalla Volta et al., 2014; Olaf Hauk & Pulvermiiller, 2004; Pulvermiller et
al., 2001); (2) such action-language activation appears to be automatic (van Elk et al., 2010); (3) the
comprehension of action-language induces a suppression of mu and beta rhythms, which are
neurophysiological marker of motor processes, similar to what occurs during action execution, action
observation or action imagery (Moreno et al., 2013, 2015; van Elk et al., 2010); (4) there is a mutual
influence between performing actions and simultaneously understanding action language (Aravena
et al., 2010; Santana & de Vega, 2013).

Despite the important contribution of the EEG studies in revealing the temporal dynamics of
the motor brain during action language processing, they cannot explain whether the motor brain
activity is really necessary to comprehend action words or sentences. One way to assess this issue, is

by using “causal” methodologies, that we will thoroughly discuss in the next paragraph.

1.2 Supporting the causal role of motor activation in action-related language understanding:

non-invasive brain stimulation evidence

With the term non-invasive brain stimulation, we refer to those techniques which induce a
temporary and reversible modulation of the neural excitability in specific brain areas via transcranial
stimulation. From the last few decades, these techniques have been extensively used in healthy adults
to investigate brain mechanism or to modify and enhance cognitive, behavioral, social and emotional
process, since they offer both high spatial and high temporal resolution. Two major techniques among
the non-invasive brain stimulation are Transcranial Magnetic Stimulation (TMS) and tDCS.

The TMS consists of inducing a brief, strong and focal magnetic field to the human scalp by
means of a stimulation coil. The magnetic field generates a depolarization and/or a hyperpolarization
of the neural population in the underlying region (Jahanshahi & Rothwell, 2000; Pascual-Leone et
al., 2000), interfering with the neural computation being perform. Such TMS-induced perturbation
results in behavioral or physiological changes, as reflected by reaction times and errors measures, or
motor by evoked potentials, making this techniques an extremely useful tool to investigate the causal
role of a specific brain region on a determinate cognitive function (Pascual-Leone et al., 1999; Walsh
& Rushworth, 1999).
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The tDCS induces weak electrical current through the scalp between two electrodes, changing
the threshold of discharge of stimulated neurons (Fritsch et al., 2010; Nitsche, Nitsche, et al., 2003;
Nitsche & Paulus, 2000, 2001), inducing a long-lasting and profound excitability aftereffect. Unlike
TMS, tDCS is not able to induce action potentials since the current generates a subthreshold electrical
field in the brain that modify neural transmembrane potential. Specifically, depolarizing the cellular
membrane induce long-term potentiation while the hyperpolarization result in long-term depression.

For both techniques, it is fundamental to choose the appropriate stimulation protocol to
correctly evaluate the influence of a given area on a given task. Regarding TMS, several parameters
like stimulation intensity, timing, location, type of coil, coil orientation, etc. need to be considered.
Instead, tDCS effects depend on the electrodes’ location, current intensity, duration, electrode size,
electric field orientation and so on.

Still, the TMS and tDCS are particularly useful and suited to deal with the “causality issue”,
namely, to what extent cortical motor activation is necessary for language processing. Then, the next
subsections, will present studies involving TMS and tDCS to assess whether M1 is actually crucial
for processing action-related language, dividing them according to the chose stimulation protocol.

1.2.1 The functional link between motor activation and action-related language: single pulse
TMS

Depending on the type of stimulation selected, non-invasive brain stimulation techniques allow
to evaluate different level of contribution of a given area to the specific function of interest. Among
others, single-pulse TMS (spTMS), can be used to study the physiological and behavioral effect of
online stimulation of the motor system. At physiological level, when spTMS is applied over the M1,
it induces MEP in the peripheral muscle, providing a direct measure of the corticospinal excitability
(CSE) with high temporal resolution. When a language task modulates MEPSs in a motor brain region
it is a reflection of the functional link between the task and the motor area.

Several studies employed spTMS to test the activation of M1 during the processing of action-
related language, focusing on evaluate behavioral (Pulvermuller, Hauk, et al., 2005; Tomasino et al.,
2008) or physiological (Buccino et al., 2005; Candidi et al., 2010; Innocenti et al., 2014; Papeo et al.,
2009) measures. For example, Pulvermiller, Hauk, et al. (2005) delivered spTMS over left language
motor areas during a lexical decision task. Hand or leg action-related words, together with distractor
and pseudowords, were presented to the subjects who had to respond as fast and accurately as possible
when a word was meaningful, by a brisk lip movement. In different blocks, subthreshold TMS pulses

47

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 3489532 Codigo de verificacién: 94sfBeTp

Firmado por: Francesca Vitale . Fecha: 07/06/2021 13:00:59
UNIVERSIDAD DE LA LAGUNA

Maria de las Maravillas Aguiar Aguilar 23/06/2021 14:17:04
UNIVERSIDAD DE LA LAGUNA

471162



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2021/46542
N° reg. oficina: OF002/2021/45863
Fecha: 07/06/2021 13:07:47

Chapter 1: The embodied cognition approach to language.

over the hand or leg motor area were delivered after 150 ms of word onset. Additionally, to exclude
any possible effect independent from the stimulation, two control experiments with sham TMS (no
stimulation) and active TMS applied over the right hemisphere were run. The analysis on reaction
time showed that participants were faster to judge arm words, compared to leg words, when the hand
area was stimulated, and the reverse effect was found for the leg area stimulation. No effect was found
in the two control experiments. The authors demonstrate that motor areas of the left hemisphere are
specifically involved in processing action words of different semantic categories, revealing a
functional link between the action and the language system. According to the EC view, the
relationship between motor activation and action language processing reflects the motor simulation
of the semantic meaning expressed by the word or the sentences. Tomasino et al. (2008), aimed to
verify in the same experiment whether such simulation is implicitly trigger during passive reading
task as well as during a motor imagery task. The study included hand-action related verbs, that
participants were instructed to read while performing three different tasks: reading task (“Silently
read the verb”), motor imagery task (“Imagine yourself performing the action”) and frequency
judgment task (“Is this a word you would frequently read in newspapers?”). Subthreshold TMS pulses
was delivered over the left hand representation in M1 or over the vertex, serving as a control, at
different time point from stimulus onset (150, 300, 450, 600 or 750 ms). The main finding concerns
the facilitatory effect in the reaction time for the hand action verbs, induced by the TMS over M1,
specific in the imagery task only. Additionally, the facilitation was observed at early delay (150 ms),
suggesting that motor simulation occurred very fast. In conclusion, these results suggest that the
motor simulation of the hand action implemented during reading, is associated with neural motor
activation. In a similar way, Papeo et al. (2009) investigated whether action words automatically elicit
motor activation, even when the task does not require the explicit retrieval of sensorimotor
information, or whether motor activation only occurs when the task critically demands this retrieval.
An additional objective of the study was to identify at which stage of the word process (early lexical-
semantic stage, late lexical-semantic stage and post-conceptual stage), the motor activation occurred.
In three experiments, which differed only in the timing of stimulation, participants were presented
with hand-action, no-hand action and non-action words while they performed either a semantic or a
syllabic judgment task. In the first task the participants were asked to evaluate the content of the verb
(physical act or mental state), while in the second task they had to indicate the number of the syllables
for each verb. The spTMS pulses were triggered at 170 ms, 350 ms and 500 ms post-stimulus over
M1 corresponding to the right first dorsal interosseous (FDI) muscle of the right hand with an intensity
of 120% of the rest motor threshold (rMT). Analysis on MEPs amplitude showed that only in the
post-conceptual stage of hand-action word processing (500 ms) the TMS enhanced and decrease M1
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activity in the semantic task and in the syllabic task, respectively. In the no-hand action and non-
action condition, no effect of the TMS was detected. According to the authors, these results indicate
that rather than playing a functional role in action language, the activation of the motor system follows
the understanding process. In contrast, Buccino et al. (2005), found a TMS-induced modulation of
motor cortex excitability, which occurred quite early after verb presentation. In detail, participants
listened to sentences expressing hand or foot action movement and abstract sentences while spTMS
was applied to the hand or foot motor area in the left hemisphere. The supra-threshold pulses were
delivered when the second syllable of the verb was presented. Unexpectedly, as depicted in Figure
1.4, the stimulation of hand area induced a decrease in CSE associated with hand-action sentences,
and, complementary, the MEPs amplitude for foot action verbs was smaller than the other conditions

when TMS was deliver over the foot motor area.
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Figure 1.4. (Buccino et al., 2005). Mean values of MEPs amplitude for hand and foot area, after listening hand-action,

foot-action or abstract sentences.

The main result of the study is the somatotopic activation of the motor area corresponding to
the effector involved in the action sentences, which suggest a modulation of the motor representation
of the action being described. Moreover, listening to abstract sentences did not produce any change
in brain motor activity. Still, one would have expected a facilitatory modulation of the motor activity,
that is, an increase of MEPs amplitude, rather than a decrease. However, there were two important

differences between this study and the ones described above (Papeo et al., 2009; Pulvermdller, Hauk,
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et al., 2005). First, the modality of presentation of language materials; Buccino et al. (2005) used a
passive listening task, rather than a reading task. Second, the timing was different; TMS pulses were
delivered very soon during the second syllable of the verb, while in the other experiments the TMS
was applied at 150 ms of verb presentation (Pulvermiiller, Hauk, et al., 2005), or even at later delay
(Papeo et al., 2009).

In this respect, another recent study (Innocenti et al., 2014) attempted to determine the direction
of language-related motor activity (increase or decrease), to individuate at which stage of verb
recognition such activation occur and, as novelty, to test whether the repetition of the verb would
decay the activation of M1. After the presentation of hand-action-related and abstract verbs,
participants were asked to recognize the content of the verb (action-related or abstract). The
experiment consisted of two identical blocks. The TMS was applied over the left M1, to induce MEPs
in the right FDI, at 300 ms or 500 ms after the stimulus presentation, then each verb was presented
twice within each block. The results evidenced an early motor activation (300 ms), as expressed by
the increment of CSE, specific for the action verb processing, but no for the abstract verb, only in the
first block. In contrast, no significant difference was revealed in the second block. This pattern of
activation permitted the authors to conclude that action language understanding, at least at an initial
phase, takes advantage of motor simulation to access the semantic meaning of the verb, but this motor
simulation does not seem necessary after the repetition of the verb. Finally, Candidi et al. (2010)
explored another aspect of the link between motor areas and the action-related language
representations, that is, whether motor simulation, generated by the action content, can be influenced
by the tense (past vs future) of the verb. The linguistic material consisted of verbs referring to hand-
action or leg-action, sensorial non-somatic verbs and abstract verbs conjugated in both past and future
tense. The verbs were visually presented to the subjects, and the MEPs were recorded from the hand
and leg representations in the left M1. TMS was randomly applied between 500-700 ms after the verb
presentation, at an intensity of 120 % of the rMT. The only significant contrast was for hand-action
verbs, which elicited higher MEPs in the future tense compared to the past tense, indicating a sort of
“motor readiness” driven by future tense verbs. Such motor facilitation is explained by the effect of
an anticipatory simulation, similar to the one observed during motor action observation (Urgesi et al.,
2006, 2010).

Overall, the spTMS results discussed so far, provide considerable evidence that M1 activity is
modulated by the process of action-related words and sentences, despite the inconsistency on the
direction of the motor activation (decrease vs increase). However, these findings are still insufficient

to argue that the modulation of motor brain activity is functional for the comprehension. In fact, as

50

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 3489532 Codigo de verificacién: 94sfBeTp

Firmado por: Francesca Vitale . Fecha: 07/06/2021 13:00:59
UNIVERSIDAD DE LA LAGUNA

Maria de las Maravillas Aguiar Aguilar 23/06/2021 14:17:04
UNIVERSIDAD DE LA LAGUNA

50/162



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2021/46542
N° reg. oficina: OF002/2021/45863
Fecha: 07/06/2021 13:07:47

Chapter 1: The embodied cognition approach to language.

mentioned before, we need a paradigm that can provide a quantitative evidence of the involvement

of the motor system in semantic understanding.

1.2.2 Disruption of motor activation by means of repetitive TMS during language
comprehension

The rTMS allows to selectively manipulate the activity of brain regions of interest, such as the
motor or premotor cortex, in healthy participants to evaluate their functional contribution to the
comprehension of action language. When the rate of the repetitive pulses is higher than 1Hz, the so
called “high-frequency” rTMS, the stimulation can induce an increase of neuronal excitability. On
the contrary, “low-frequency” rTMS (stimulation rate equal or less than 1Hz) can induce a decrease
of neural activity.

In cognitive neuroscience low-frequency rTMS is often used to temporally disrupt the function
of a given cortical region, creating the so-called “virtual lesion”, to evaluate the behavioral
consequences. In particular, in some studies, the activity of the motor cortex in healthy participants
was disturbed by means of rTMS, to assess its causal role in the understanding of action-related
language (Gerfo et al., 2008; Kuipers et al., 2013; Repetto et al., 2013; Vukovic et al., 2017; Willems
etal., 2010). Gerfo et al. (2008) applied rTMS to test whether the motor cortex is causally implicated
in both the process of grammatical and semantic representation, or if it is required only for the
semantic knowledge. Since the premotor cortex seems to be involved in the process of grammatical
class of verbs and M1 in the semantics of action verbs, in two experiments, participants received
sham and active low-frequency rTMS over the left prefrontal cortex (Expl) or over left M1 (Exp2)
before performing a morphological task with state and action words. The stimuli consisted of action
verbs (i.e., to grasp) and state verbs (i.e., to doubt) presented in the first person singular of the
indicative mode, or nouns referring to manipulable objects (i.e. the pen) or to abstract concepts (i.e.
the beauty). After the presentation of each stimulus word, a symbolic cue appeared, indicating the
participants to produce aloud, the first person of singular or the third person singular when the
stimulus word was a verb, or to produce the singular or plural form if the target word was a noun.
The response latency showed that active rTMS over left M1 increased the reaction time in the
production of both action verbs and action nouns, compared to the production of state verbs and
abstract nouns. Moreover, the active rTMS on the prefrontal cortex reduced the performance only for
the action verb. In other words, both frontal areas underpin the processing of action language,
however, M1 plays a specific role in the semantic representation of action words, while the prefrontal
region is involved in both grammatical and semantic aspect of word processing. Similarly, Repetto et
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al. (2013), used the virtual lesion approach to address the causality of motor cortex activation in the
comprehension of semantic characteristics of the action language. Before a semantic comprehension
task, containing manual action verb and abstract verb, sham and active low-frequency rTMS was
delivered over left or right M1 of right-handed healthy humans. As revealed by the reduction in the
performance specific for the action verbs only after left M1 stimulation, it can be claimed that the
motor area subserves the action verb process in a functional manner. Another interesting aspect to
consider, is the specificity of the hemisphere stimulated, that is, in right-handed participants, only the
perturbation of left M1 activity affects the semantic process of the verb. An interesting study (Kuipers
et al., 2013) combined rTMS and ERPs techniques to evaluate the contribution of M1 in the semantic
process of bodily action words. Pairs of verbs expressing hand-related or mouth-related movement
were visually presented to the subjects. The critical conditions were hand-hand pairs and mouth-
mouth pairs, while the mixed pairs were used as filler and then excluded from the analysis. The
innovative aspect of this experiment is that the low-frequency sham and active rTMS was applied
over the right hand-area, namely over the left M1, during the presentation of the first verb (prime
verb), which induced an online perturbation. The semantic relationship between the prime verb and
the target verb (second verb) was measured by the N400 amplitude, a reliable index of the semantic
prime. The N400 amplitude, recorded from the target verb, after active rTMS was higher for the hand-
hand action pairs compared to sham rTMS, while no changes in the ERPs signal were detected for
the mouth-mouth condition. This pattern of activation indicates that the disruption of neural activation
of the hand-motor region led to a specific reduction of the semantic priming between the hand-action
verbs, confirming the EC view of a substantial role of M1 in meaning comprehension. Two major
points of the study should be emphasized; first, unlike previous studies, the task did not require any
response preparation and the paradigm used was a semantic paradigm; second, the N400 modulation
prove a pure measure of the semantic processing.

An efficient variant among the rTMS protocols, allowing a more rapid and long-lasting effect
on neuroplasticity, is the Theta Burst Stimulation (TBS). As we will see in chapter 3, TBS can induce
long after-effect with a stimulation time between 20 seconds and 3 minutes (<10% of the time
required by conventional rTMS), delivering higher-frequency (50 Hz) train of 3 pulses every 200 ms.
The pulses can be given continuously and intermittently, producing, respectively, a long lasting
inhibitory or excitatory effect on the underlying cortex.

Due to this reason Willems et al. (2011) used TBS protocol to investigate the role of premotor
cortex on a language-processing task. Offline TBS (before the task) was applied over the right or the
left hand motor area in the premotor cortex, in right-handed participants. After the stimulation,
participants were instructed to judge whether manual-action verbs, state verbs and pseudowords
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presented on a screen were an English word or not. Analysis on RT revealed that TBS over the left
premotor cortex improved time response for manual-action verbs compared to the state verbs and the
pseudowords, additionally, no changes induced by TBS on right premotor cortex were found. This
finding confirms the functional links between motor areas activity and action language
comprehension, suggesting a body-specific activation of the premotor cortex for the effector involved
in the action verb. Still, one would have expected an inhibitory effect on task performance after the
disruption of premotor activity. According to the authors, since it is not clear how the stimulation acts
at behavioural level, it is possible that the TBS-induced inhibition at the neural level resulted in a
behaviourally facilitation. Finally, Vukovic et al. (2017) investigated the causal role of M1 in action-
semantic aspects of meaning, by means of a rTMS similar to TBS protocol. They contrasted the RT
resulting from a concreteness judgment task and lexical decision task involving hand action words,
abstract words and pseudowords. They used an online interference TMS protocol (20 Hz burst of 4
pulses) over the hand motor area in M1 in both left and right (serving as control) hemisphere that was
delivered at the onset of the word and lasted for 200 ms. The result showed that rTMS over the left
M1 induced slower RT for action words than for abstract words in the concreteness judgment task,
while the disruption of right M1 activity does not lead to any significative change. Moreover, such
results were not found for the lexical decision task, indicating that M1 activation of M1 has indeed a

functional relevance in the process of semantic action-related features of language.

1.2.3 The effect of transcranial direct current stimulation over motor areas in action language
processing

The tDCS is another non-invasive brain stimulation technique that can induce neuroplastic
changes in human cortex for up to a few hours after stimulation. As mentioned before, tDCS can
increase neuronal excitability under the anodal electrode, while it can decrease it under the cathodal
one. Then, comparing to the TMS, the tDCS afford to test the complementary inhibitory and
excitatory effect of the stimulation, by hyperpolarizing and depolarizing the cellular membrane.

Recent studies, aimed to verify whether the motor system is an essential part of the network for
action-related language understanding, by means of tDCS techniques (Gijssels et al., 2018; Liuzzi et
al., 2010; Niccolai et al., 2017). Gijssels et al. (2018), used tDCS to investigate the opposite effects
of anodal tDCS (a-tDCS) and cathodal tDCS (c-tDCS) on the left premotor cortex, in the
comprehension of action verbs. Right-handed healthy subjects performed a lexical-decision task,
involving unimanual and abstract verbs, with either their right or left hand after receiving facilitatory
or inhibitory stimulation. In the facilitatory condition the anodal electrode was placed over the left
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premotor cortex and the cathodal electrode was placed in the premotor cortex contralateral, allowing,
respectively, to excite and simultaneously to inhibit the two premotor areas. In the inhibitory
condition the electrode position was reversed, inducing the inhibition in the left premotor area and
facilitating the activity in the right one. The analysis on response accuracy, revealed that in the
inhibitory condition, the performance was better for the unimanual verbs compared to the abstract
verbs. On the contrary, a-tDCS over the left premotor cortex induced more errors for the unimanual
verbs than to abstract verbs. The “paradoxical” improvement caused by the inhibitory tDCS over the
left premotor cortex is in line with the results found by Willems et al. (2011). Additionally, the
facilitation of the same area leads to a complementary “paradoxical” worse performance. The authors
speculate that this pattern of result reflects the competition of similar simulations partially activated
by an action verb. The a-tDCS on the left premotor area may increase the activation of competitive
simulations, leading to an impairment in the performance, conversely, the inhibitory stimulation may
decrease such competition, facilitating the behavioral response. Similarly, Niccolai et al. (2017),
intended to shed new light on the direction-effect issue, by exploring the consequences of tDCS
modulation on the verbal-motor interface, and thus assessing the causal role of the motor system in
language understanding. Specifically, the authors aimed to examine both the tDCS-induced effect of
M1 on verb comprehension and the effect of a deep semantic processing on the stimulation, by means
of a double dissociation task based on a Go-NoGo paradigm. Hand-action verbs, foot-action verbs
and abstract verbs were presented to the participants, that were asked to judge whether the verbs were
concrete or abstract. In case of a concrete verbs (Go trial), a visual cue indicated that subject had to
response either with their right hand or their right foot. Each participant received in different days
online anodal, cathodal and sham tDCS over the hand-area in left M1, for the entire duration of the
task. Analysis on the response times of the semantic discrimination task, c-tDCS induce faster
responses for hand-action verbs independently of the type of effector used to produce the answer. No
similar effect was found neither for foot-action verbs nor for a-tDCS. According to the authors, the
facilitation observed for c-tDCS could reflect the inhibition of M1 for both hand-verb processing and
hand response preparation. In other words, the activity in M1 generated by the comprehension of
hand-verb and the motor preparation to perform is decrease by cathodal stimulation, reducing the
interference between them, and consequently resulting in faster response.

Although the direction of the effects of both studies was unexpected, it was clear that the
modulation of hand premotor area affects the processing of manual action verbs, suggesting that the
simulation causally contributes to the comprehension of the action-language meaning.

A specific inhibitory effect in a linguistic task, after applying c-tDCS over M1 was reported by
Liuzzi et al. (2010). In this innovative study, they evaluated how the tDCS on left M1 affects the
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associative learning of novel action related words. In four different days, right-handed participant
received anodal, cathodal or sham tDCS, before a training session where they learned the action-
related meaning of pseudowords associated with photos of concrete body-related actions. At the end
of the fourth training session, the subjects were asked to translate the novel action words into the
corresponding German translation. The results showed that when c-tDCS was delivered on M1 the
number of correct translations were significatively reduced compared to sham stimulation, while no
effect was seen for a-tDCS. Additionally, to exclude the possibility that the stimulation could affect
prefrontal regions near to M1, another experiment was conducted with the tDCS applied over the left
dorsolateral prefrontal cortex instead of M1. Even in this case, no effect on the number of translations
was reported. The novelty of this study regards the causal role performed by M1 in the acquisition of

novel action-related words.

1.3 Conclusion

The evidence presented so far clearly shows that processing action language meaning recruits
motor areas. In particular, fMRI neuroanatomical data demonstrated motor activation that is
somatotopically distributed according to the different effector used in the action described by
sentences (see Jirak et al., 2010 for a review). On their side, the electrophysiological studies provide
evidence that such activation occur at an early stage of linguistic comprehension, implicating that the
involvement of the motor system in action language is fast and automatic.

Overall, these data support an embodied view of linguistic meaning according to which
language is grounded in the sensory motor system, but they can also be in part explained by other
theoretical approaches which deny the functional role of embodiment cognition. According to this
sceptical perspective, the neuroscience data on the relationship between sensorimotor activation and
language processing are for most correlational rather than causal; therefore, it is possible that the
motor simulations are only a down-stream consequence of the “real” semantic processes (Papeo et
al., 2015) which do not contribute to the comprehension of linguistic meaning (Chatterjee, 2010;
Mahon, 2015; Mahon & Caramazza, 2008).

In contrast, the non-invasive brain stimulation studies, discussed above, examine the functional
link between motor and action-language processes and confirm that the modulation of motor brain
region activity influences the performance in action-language tasks. These results refute the idea that
the motor activity is just an epiphenomenal spreading activation post-semantic effect, claiming that
motor and premotor cortices causally underpin the understanding of the meaning expressed by words
or sentences.
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Chapter 2: Processing of sentential negation.

All languages contain a repertoire of “function words”, like article, preposition, conjunctions
and so on. These words are abstract syntactic operators, which require a linguistic context. One type
of these unique words corresponds to negations, exemplify by the sentential operator “no” or “not”.
Only the human beings possess the capacity to convey characteristic information by means of
negative utterances, e.g., expressing rejection, absence, dissent, opposition, irony (Horn, 2001).
Through negation, it is possible to communicate what is “not” the case, which sometimes is more
useful than communicating what is the case. Although linguistics and philosophy have shown great
interest on negation (see Horn, 1989 for a review), the topic has received relatively little attention
from psycholinguistics and cognitive neuroscience.

From an embodiment perspective, as we largely described in the previous chapter, language
comprehension relies on the sensorimotor mental simulation of the state of affairs referred to by the
linguistic content. In other words, to access the semantic meaning, the comprehenders generate a
representation of the described events, similar to the representation constructed when directly
experiencing the events. Within this framework, sentential negation demands more consideration,
since it constitutes a challenge to embodiment: is it possible to create an embodied representation of
a negated situation?

From the psycholinguistic study of sentential negation, two predominant models of negation
have emerged. On one hand, some psycholinguists suggested that the elaboration of negative
statements require more brain resources since they are syntactically more difficult than affirmative
sentences (Carpenter et al., 1999; Carpenter & Just, 1975; Clark & Chase, 1972; Just & Carpenter,
1971). On the other hand, other researchers assume that negation reduces the accessibility to the
conceptual representation of the negated concepts (de Vega et al., 2016; Kaup, 2001; Kaup & Zwaan,
2003; MacDonald & Just, 1989; Papeo et al., 2016; Tettamanti et al., 2008). Evidence supporting the
first model comes from classical studies that used sentence-verification tasks or sentence-picture
matching tasks. For example, Just & Carpenter (1971) presented to the subjects an array of black or
red dots, and, right after, a sentence like “The dots are red” or “The dots aren’t red” appeared. The
subjects were asked to evaluate whether the sentence was true or false, concerning the colours of the
dots. The response times revealed that participants were faster to respond in a true condition (red dots
paired with “The dots are red ) compared to the false condition (black dots paired with “The dots are
red ”) for the affirmative sentences, on the contrary, when the sentence was negative, reaction times
were faster for the false condition (red dots paired with “The dots aren 't red ) compared to the true
one (black dots paired with “The dots aren ¢ red ). A possible explanation of such result relies on the
number of internal operations required in the comparison of sentence and picture representations,
what makes faster true — (red dots) & (red dots) - than false affirmative statements — (black dots) &
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(red dots). In the case of negative sentences “The dots aren’t red”, the verification is slower because
the representation consists of an embedded preposition - [false (red dots)]- which needs a previous
transformation: [false (red dots)]—> (black dots) before the comparison with the picture representation
— (black dots).

If understanding negation is cognitively more demanding than understanding affirmation, then
one should expect an increment of brain activity during the comprehension of negative sentences
compared to affirmative sentences. A pioneering neuroimaging study conducted by Carpenter et al.
(1999), which involved a sentence picture matching task, demonstrated that negative language
understanding results in greater activation, relative to their affirmative counterpart, of left posterior
temporal gyrus (typically associated with language comprehension) and of both left and right parietal
region (usually recruited for visuospatial processing). Such pattern of activation was also
accompanied by longer response times for negative sentences, compared to affirmative ones. More
recently, Christensen (2009), using a similar paradigm in Danish, confirmed the increment of activity
in the left premotor area for negative relative to affirmative sentences. In addition, Bahlmann et al.
(2011) investigated the different degrees of difficulty in processing negative sentences, using single
and double negations. The hemodynamic response showed strong functional activity in the left
inferior frontal gyrus, the anterior portion of Broca’s area, and in the left inferior parietal lobule for
sentences containing the negation in the main proposition, reflecting the higher demand of additional
computation to integrate the semantic information needed by the sentential negation.

The second model of negation proposed that negation differs from affirmation because the
representation of the negated items is less accessible. This proposal is based on studies which tested
the effect of negation using low-level processing measures, such as word recognition or priming
paradigms. MacDonald & Just (1989) aimed to investigate the changes in the representation of the
negated concept during its process, tested with a probe-recognition task consisting in the presentation
of affirmative and negative sentences followed by a word (probe) that participants must judge whether
it was mentioned or not in the sentence. The rationale is that affirmative sentences activate the referred
concepts, facilitating the recognition of the probe (priming) and shortening its response time, whereas
negative sentences would reduce the activation of the negated concept, and therefore the response to
the probe would be slower. The authors confirmed this prediction. However, as Kaup (2001) argues,
it is possible that the result reported by MacDonald & Just (1989) do not reflect the effect of negation
per se, but rather is the consequence of the presence or absence of the concept in the situation model.
That is, the affirmed concept is present in the situation model, while the negated concept is not.
Thereby, if the content of the situation strongly influences the access to concepts, the effect of

negation could be due to the situational variable. To test whether the situational presence is critical to
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induce the negation effect, Kaup (2001) runs two experiments, with a careful manipulation of the
linguistic materials, with a similar probe-recognition task. In the first experiment, the sentences
described a situation where the verb involved the act of “creating” the object to which the noun
referred (“to bake a cake”), while, in the second experiment the verbs involved the “destruction” of
the referred object (“to burn a paper”). The results of the first experiment replicated those of
MacDonald & Just (1989), showing lower reaction time for the negated concept compared to the
affirmed one. More interesting, in the second experiment the negation effect was still found, although
the size of the effect was considerably reduced compared to the “creation” sentences. The author
proposed that the results observed for the “creation” sentences were indeed due to the
presence/absence of the object in the situation, and the diminished effect of negation in the
“destruction” sentences was compatible with the two-level theory. That is, two different variables
operate at different level, generally speaking the negation operator works at a text base-level
representation making the negated concept less accessible, whereas with destruction verbs the
negation operator denote the non-absence of the concept, reducing the impact of negation effect,
which suggest a situational level effect. In other words, the negation effect is strong when the negated
concept is non-existent in the situation, but it became weaker when the negated concept remains
present in the situation. The two-level theory was further corroborated by Kaup & Zwaan (2003),
who additionally manipulated the temporal delay of the probe presentation in a similar probe-
recognition task with texts containing colour word mentioned in a negative or an affirmative
statement. The results showed that at an early temporal delay (500 ms), the negation effect on colour-
concept accessibility meanly depend on the negation operator influence, whereas, at longer temporal
delay (1500 ms), the accessibility to the colour-concept was affected exclusively by the situational
content. This evidence supports the idea of a modal mental model with different steps of processing
and rejects the amodal explanation that meaning can only be constructed from a propositional text
base.

A unified theory that accounts for the “difficulty processing” model and for the “accessibility
reduction” model, is the two-step simulation hypothesis (Kaup et al., 2006, 2007). This theory claims
that to represent a negated meaning, the simulation of the affirmative counterpart is firstly activated,
and only in a second step the actual state of affairs (negated situation) is processed and then simulated.
Then, the slower response time and the lower accuracy associated with processing negated language
reflect a higher resource cost derived from the additional simulation, required to fully understand
negative sentences. The two-step simulation theory would also explain the reduction-accessibility
effect of negation found by MacDonald & Just (1989), that is, the participants would be slower to
answer to the negated probe relative to the affirmative probe, because they first simulated the actual
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situation described in the sentences, and in a second step they needed to update such simulation
according to the presupposition negated sentences.

Although those studies offered an interesting view of the differences in understanding negative
and affirmative language, they still left unknown which is the brain mechanism underlying such
difference. A recent corpus of studies, attempted to answer the question of “how” negation works,
focussing on action-related language. The main finding emerged from these researches is that the
negation of an action verb seems to induce a “disembodiment” effect on motor system (de Vega et
al., 2016; Papeo et al., 2016; Tettamanti et al., 2008), as the reduction of brain activity in motor-
related areas suggests, by blocking the semantic access to the meaning of the negated action. In the

next section we will discuss this body of investigations.

2.1 The disembodiment effect of negated action language on motor system

The first evidence of motor system activity during the process of action negation, comes from
an fMRI study of Tettamanti et al. (2008). Participants were instructed to passively listen to action
and abstract sentences presented either in affirmative (action: “Now | push the button”; abstract: “Now
| appreciate the loyalty”) or negative form (action: “Now | do not push the button”; abstract: “Now I
do not appreciate the loyalty”), while the brain hemodynamic signal was recorded. The authors
hypothesized that if negation comprehension blocked the representation of the negated concept, then
reduced brain activity in the left fronto-parieto-temporal system should be observed for negated action
compared to affirmed action, while negated abstract sentences, compared to affirmed abstract
sentences, would induce a decrease in the posterior cingulate cortex activity. As shown in Figure
2.1A, the contrast in sentences polarity regardless their content, showed that affirmative sentences
were associated with higher signal in the right middle frontal gyrus, in the right middle occipital gyrus
and in the left palladium relative to negative sentences. The time course analysis (Figure 2.1D)
pointed out that the reduced signal in negative sentences, compared to affirmative sentences, reflect
deactivation of the aforementioned neural networks. The contrast between action and abstract
language confirmed a lateralized activation of the left fronto-parieto-temporal circuit, corresponding
to a selective activation of the motor system for action sentences (Tettamanti et al., 2005), whereas
the increased signal in the left ventral inferior frontal gyrus, the left inferior and middle temporal gyri,
and the posterior cingulate cortex was associated with affirmative abstract sentences (Figure 2.1B).
More important, as showed in Figure 2.1C, the processing negated action sentences induced a
significant reduction in the activity of the fronto-parieto-temporal network, whereas negated abstract
sentences induced deactivation in the posterior cingulate cortex.
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Figure 2.1. (Tettamanti et al., 2008). A) Deactivations elicited by negative sentences (Neg>Aff, red color scale). (B)
Pattern of activation or deactivation for action-related (orange and magenta respectively) and activation for abstract
sentences (blue colour). (C) As represented in the green frame, affirmative action-related sentences increased signal in
the left fronto-parieto-temporal areas compared to the negated sentences, whereas the signal negative abstract sentences
in contrast to their affirmative counterpart reduced the activation in the posterior cingulate cortex (red frame).

(D) Temporal dynamics of deactivations for negative sentences compared to affirmative sentences, independently of the
context, in the right middle frontal gyrus (left), in the right middle occipital gyrus (middle) and in the left pallidum (right).
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Similar results were later reported by Tomasino et al. (2010), who found that reading negative
imperative action verbs (“don 't grasp”) reduced activity in both bilateral motor primary and premotor
cortex compared to affirmative verbs (“do grasp”). Unlike Tettamanti et al. (2008) who did not record
behavioural data, in this study participants performed a lexical decision task involving hand-action
imperative verbs and pseudo-imperative verbs presented in both negative and affirmative form.
Compatibly, reaction times were longer for negative verbs compared to the affirmative ones. Taken
together, these results hint that the effect of negation could be explained by the mediation of an
inhibitory mechanism, a proposal that we will unfold in the next section.

The reduced activation in motor areas found in neuroimaging studies, is also supported by
behavioral evidence in which the semantic processing of negated action language reduced the
peripheral motor activity (Aravena et al., 2012; Bartoli et al., 2013; Foroni & Semin, 2013; Garcia-
Marco et al., 2019). For example, Aravena et al. (2012) used a grip-force sensor to directly evaluate
the effect and the temporal course of action-negated language processing on motor brain activity.
Participants listened to sentences containing affirmative verbs, negative verbs and concrete nouns
(control condition), while they hold the grip-force sensor with their right hand in a fine grip. The
authors found a comparable grip-force during the first 200 ms of target-words presentation among
the three conditions, and, from this time point only the processing of affirmative sentences staidly
enhanced the grip force until the end of the sentences, while no change was observed during negation
processing. The lack of increase grip-force for negative sentences has been interpreted by the authors
as the consequence of sensory motor inhibition that block the access to the lexical-semantic
information of the negated concept. On the same line, Bartoli et al. (2013) assumed that if sentential
negation blocks the access to the embodied representation of the concept expressed in a linguistic
content, then, the interference effect usually seen when language and motor execution are performed
simultaneously (Boulenger et al., 2006), should be weaker. Indeed, listening negative, but no
affirmative, action sentences describing proximal or distal motion weakened the interference with the
corresponding kinematic parameters of congruent movements, confirming the idea of a
disembodiment effect of negation. In addition, Foroni & Semin (2013), measured the zygomatic
muscle activity on the left side of participant’s face, while they read affirmative and negative action
sentences referring to the target muscle (“I am smiling”) or not (“I am frowning”). The analysis on
electromyographic response showed that affirmative action-sentences involving the zygomatic
muscle enhanced its activity, while their negative counterpart (“I am not smiling”) induced the
inhibition of the muscle.

The effect of action negated language on motor activation has also been found in some
experiments measuring motor excitability. Liuzza et al. (2011), investigated for the first time the
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modulation of CSE during the comprehension of affirmative and negative action sentences, by means
of TMS. Particularly, they used a novel TMS protocol that is named paired-pulse TMS (pp-TMS).
While spTMS effect may occur at both cortical and spinal level, ppTMS allows a reliable measure of
purely cortical activation. That is, with this paradigm the observed MEPs modulation takes place at
cortical level, reflecting the activation of different populations of inhibitory and excitatory
interneurons, without affecting spinal circuits (Di Lazzaro et al., 2008; Reis et al., 2008). The ppTMS
consist of a conditioning stimulus (CS) below the rMT followed by a suprathreshold test stimulus
(TS). The interval between the two stimuli (interstimulus intervals, 1SIs) variated from 1-5 ms,
inducing an inhibitory effect on cortical interneurons (short intracortical inhibition, SICI), indexed
by reduction in MEPs amplitude. On the contrary, an ISl of 7-20 ms produced a facilitation on
excitatory neurons (intracortical facilitation, ICF), resulting in MEPs increment (Kujirai et al., 1993;
Ziemann et al., 1996). With that in mind, Liuzza et al. (2011), measured ICF from left M1 while
participant read action-related and abstract sentences, presented in affirmative and negative form. The
pp-TMS pulses were randomly delivered in an interval between 500 and 700 ms after the onset of the
sentence. The analysis on MEPs amplitude show CSE reduction for processing action-related
sentences relative to abstract sentences, confirming previous result (Buccino et al., 2005).
Furthermore, action sentences polarity modulated ICF, expressed by the reduction of excitatory
neuron activity for affirmative action sentences compared to their negative counterpart. The authors
proposed that the lack of cortico-motor reduction for negative action language, reflects the
suppression of the sensorimotor simulation induced by the negated action. In other words, sentential
negation acts like a gate, inhibiting or blocking the access to the corticospinal sensorimotor simulation
of the negated sentences representation. However, this study measured physiological modulation at a
relative late interval (500-700 ms), while motor simulation of word’s representation process seems to
take place also at earlier latency (Olaf Hauk & Pulvermiiller, 2004; Pulvermiller et al., 2001;
Pulvermiller, Hauk, et al., 2005). In addition, it has been observed that the first stage of word
semantic process occurs within 250 ms (Papeo et al., 2015). In that regard, and to further empirically
test the two-step simulation theory, Papeo et al. (2016, Exp 1) used chronometric spTMS to evaluate
the activation of action-hand motor portion (left precentral gyrus) at different time points (250, 400
and 550 ms) of action and abstract verb presentation, preceded by an affirmative (action: “Now |
write”; abstract: “Now | wonder”) or negative (action: “l don’t write”; abstract: “I don’t wonder”)
context word. The rationale was as follows; if at the initial stage (short intervals) affirmative and
negative action verb equally modulate motor excitability, and at a later stage (large intervals) negation
reduces motor excitability, then the two-step simulation theory would be confirmed. On the contrary,
an early polarity-driven differential activation of left precentral gyrus, would indicate that negation
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is immediately integrated in the negated meaning construction. The results are in favour of this latter
assumption. MEPs amplitude for affirmative action-verb was greater compared to affirmative abstract
verb and, crucially, to their negative counterpart (Figure 2.2A). Moreover, the negation effect on
motor simulation already takes place at initial step of the semantic verb processing (Figure 2.2B),

opposing the idea of two-step simulation process.
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Figure 2.2. (Papeo et al., 2016). A) Mean MEPs amplitude of action and state verbs for both affirmative and negative

form, averaged by time B) and divided for the three-time interval.

In sum, in this section, we presented different sources of evidence of the disembodiment effect
of negation, as indicated by the reduction of motor network activity for negated action language. Still,
the neural mechanism underlying the inhibited or blocked access to the negated concept is not clear.
In the next section we will discuss a new recent hypothesis, proposing that understanding negated

meaning involves the neural network of inhibitory response.
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2.2 The Reusing Inhibition for Negation hypothesis

The RIN hypothesis (Beltran et al., 2018; de Vega et al., 2016; Liu et al., 2020) posits that the
neural mechanism of motor inhibition response is implicated in the processing of sentential negation.
The authors suggest that since negation, as we largely reviewed above, blocks or reduces the
accessibility to the previously activated representations and the inhibitory system can also operate to
suppress a previously activated representation (Nakata et al., 2008), it is coherent to hypothesized
that negation understanding reuses the inhibitory mechanism control. Next, we will briefly describe
the neural basis of the inhibitory circuit and discuss evidence supporting the RIN hypothesis.

2.2.1 The neural network of response inhibition

The process of response inhibition is a cognitive mechanism critical to cancel an inappropriate
action to prevent unwanted behaviours that can interfere with the desired goal. The most commonly
employed behavioural paradigms to assess the ability to inhibit prevailing response are the Go-NoGo
task (Donders, 1969; Drewe, 1975) and the stop-signal task (Logan, 1994; Logan et al., 1984;
Verbruggen & Logan, 2009). Both paradigms consist of measuring performance in a two cue-based
choice procedure; one of the cues instructs the participants to perform the motor response, whereas
the other cue indicates the need to restrain themselves from responding. In the Go-NoGo task,
participants have to inhibit the response in the NoGo trials and the number of commission errors they
made in this condition is an index of inhibitory control failures. For the stop-signal task, all the trials
initially involve a Go cue, but in some trials after a variable interval a Stop cue appears indicating
that participants have to refrain from responding. The inhibitory control is indexed by the duration of
the stopping process, that is the stop signal reaction time, in the trials were an inhibitory response is
required (stop trials). Although the literature links response inhibition with the activation of several
areas on frontal lobe, of the parietal cortex and of the insula (see Bari & Robbins, 2013 for a review
and Zhang et al., 2017 for a meta-analysis), two brain region seem to be crucial in stopping motor
action: the right inferior frontal gyrus (rlIFG) (see Aron et al., 2014; Chambers et al., 2009 for reviews)
and the pre-supplementary motor area (pre-SMA) (C. Y. Chen et al., 2009; Mostofsky & Simmonds,
2008; Obeso et al., 2017) (Figure 2.3).
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Figure 2.3. (Chambers et al., 2009). Cortical substrate of the human brain regions involved in the mechanism of

inhibitory response.

The studies with brain patients provided substantial support that damage in the pars opercularis
of rIFG (Aron et al., 2003) and in the pre-SMA (Floden & Stuss, 2006) induce significantly slower
reaction time in a stop-signal task compared to the control group. In addition, the temporary disruption
of rIFG brain activity, by means of low-frequency rTMS or continuous TBS, reduced the inhibitory
performance in a stop-signal task executed with both hands (Chambers et al., 2006; Verbruggen et
al., 2010), especially when the prepotent response highly compete with the response in a flanker task
(Chambers et al., 2007), that measures the ability to suppress competitive response. On the other
hand, offline inhibitory rTMS over pre-SMA impaired the inhibitory control in a stop signal task,
leading to higher stop signal reaction time and to an increment in the error rates (C. Y. Chen et al.,
2009). Nevertheless, continuous TBS over pre-SMA, but not over rIFG, improved the inhibition of
motor response, as reflected by faster stop signal reaction time, compared to sham stimulation (Obeso
etal., 2017). Although the results are counterintuitive (improvement in the stop-signal task after the
inhibition of pre-SMA activity), the authors conclude that the pre-SMA plays a crucial role in motor
inhibition, since the enhancement in the behavioral performance could reflect a compensatory effect
of distant areas connected to the right pre-SMA across the left hemisphere network.

From these studies, a clearly critical involvement of both rIFG and pre-SMA emerges. Then,

which one of the two areas is really necessary in the inhibitory mechanism of response? Since the
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two areas are functionally and structurally connected to each other (Aron et al., 2007; Swann et al.,
2012) and since the activation of pre-SMA seems to occur before the IFG activation (Neubert et al.,
2010; Swann et al., 2012), it is possible that pre-SMA is involved in pre-setting and/or triggering the
IFG response (Aron, 2011).

With these premises, some authors (Aron, 2011; Aron et al., 2014; Chambers et al., 2009)
proposed a model of the inhibitory mechanism based on the fronto-basal-ganglia network, mainly
lateralized in the right hemisphere, which conceive the pars opercularis of the IFG as the crucial
region. According to this model, the rIFG implements the inhibitory motor stopping to M1 by directly
exciting the subthalamic nucleus, that activates the globus pallidus pars interna leading to a
suppression of thalamus activity. This inhibition induces the suppression of the excitatory projections
to the M1, and, consequently, hold back the motor programs generated by the thalamo-cortical

connection, including the ones in the speech and hand system (Figure 2.4).

C. Reactive Global Stop

MI N
pMc lloterc]l iFre

(or )(ca)

Figure 2.4. (Aron et al., 2011). The fronto-basal-ganglia model of inhibitory circuit for global stopping control.

67

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 3489532 Codigo de verificacién: 94sfBeTp

Firmado por: Francesca Vitale . Fecha: 07/06/2021 13:00:59
UNIVERSIDAD DE LA LAGUNA

Maria de las Maravillas Aguiar Aguilar 23/06/2021 14:17:04
UNIVERSIDAD DE LA LAGUNA

67 /162



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2021/46542
N° reg. oficina: OF002/2021/45863
Fecha: 07/06/2021 13:07:47

Chapter 2: Processing of sentential negation.

Then, if the inhibitory circuit of motor response underlies the “disembodiment” effect of
negation, it is likely to expect the activation of the rIFG, and/or the pre-SMA, during the processing
of negated language.

2.2.2 The relationship between the inhibitory mechanism and the sentential negation

processing

In spite of the recency of the RIN hypothesis of negation there is a growing evidence supporting
the recruitment of the inhibitory system during negation understanding (Beltran et al., 2018; de Vega
et al., 2016; Garcia-Marco et al., 2019; Liu et al., 2020; Papeo et al., 2016). For example, de Vega et
al. (2016) measured the EEG signal, while participants performed a dual-task version of the Go-NoGo
paradigm. Participants were presented with affirmative (Now you will [yes] cut the bread) and
negative (Now you will not cut the bread) hand-action sentences, while a Go or NoGo cue appeared
300 ms after the verb presentation. Additional filler sentences (Afterwards you will [yes]/no call the
taxi), which were not be included in the analysis, were introduced in the task with the aim of
increasing the number of Go trials (70%), making more difficult the generation of an inhibitory
response in the NoGo trials (30%). Since it is well known that NoGo trials enhance the amplitude of
N1, N2 and P3 components (Bokura et al., 2001; Maguire et al., 2009; Smith et al., 2008) and increase
the fronto-central theta (4-7 Hz) and delta (1-3 Hz) band power (M. X. Cohen, 2014; Harper et al.,
2014; Huster et al., 2013; Nigbur et al., 2011) they can be considered robust indices of the inhibitory
processes. Therefore, a selectively modulation on these neural measures by negative action sentences,
would reflect that processing the negation recruits the inhibitory network. As the authors predicted,
sentences polarity strongly modulated the theta band at an early interval (200-550 ms) of the cue
onset, that is, in the NoGo trials, negative sentences reduced fronto-central theta power, compared to
their affirmative counterparts. Such effect was explained as an inhibitory priming induced by the
negation that reduced the neural inhibitory resources needed to suppress the response in NoGo trials,
compared to affirmative NoGo trials. Further evidence supporting the RIN hypothesis, was reported
by Beltran et al. (2018), who used a stop-signal task with affirmative and negative hand-action
sentences. The sentences were presented word by word, and participants were instructed to respond
as quickly and accurately as possible to a Go cue appearing 700 ms after the onset of the verb,
however, if they heard a tone (Stop signal) they have to restrain themselves, inhibiting the response.
The results showed that when the response was successfully inhibited in stop trials induced larger N1
amplitude compared to the correct Go trials, for both affirmative and negative contexts, but the
successful trials for negative sentences increased more N1 amplitude than for affirmative sentences
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(Figure 2.5A). Additionally, the source localization of ERP analysis, identified the rIFG as the

principal region of interest, which

affirmative counterpart in the successful stop trials, and relative to negative sentences associated with

unsuccessful stop trials (Figure 2.5B).
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Figure 2.5. (Beltran et al., 2018). A) N1 component modulation (Successful Stop — Go and Unsuccessful Stop — Go) for
affirmative (left) and negative (right) sentences. B) Brain source localization in the rIFG of the N1 component (left-top).
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left) indicated a statistical difference between affirmative and negative context

69

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del

document o: 3489532 Codi go de verificaci on:

94sf BeTp

Firmado por: Francesca Vitale .
UNIVERSIDAD DE LA LAGUNA

Fecha: 07/06/2021 13:00:59

Maria de las Maravillas Aguiar Aguilar
UNIVERSIDAD DE LA LAGUNA

23/06/2021 14:17:04

69 /162



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2021/46542
N° reg. oficina: OF002/2021/45863
Fecha: 07/06/2021 13:07:47

Chapter 2: Processing of sentential negation.

with response inhibition. Overall, these findings extend those of de Vega et al. (2016), demonstrating
that processing negation sentences required stronger inhibitory activity, as expressed by the increase
of N1 amplitude, and that the source of such activation is located in the rIFG, one of the main regions
of the inhibitory network (see the previous section).

Taken together, these studies confirm that negation modulates the inhibitory processes in a
subsequent task as marked by the decrease of theta power and the increase of N1 amplitude, but they
did not investigate the opposite relationship, that is, whether a pre-setting inhibitory state influence
the comprehension of negated action sentences. Liu et al. (2020) aimed to investigate the bidirectional
interaction between negation and inhibitory processes, combined a classical Go-NoGo task and a
subsequent reading task with affirmative and negative action sentences. In each trial, the participants
initially performed the Go-NoGo task, assuming that the NoGo condition activates an inhibitory state,
and then was followed by an affirmative or a negative action sentences, to be carefully read. After
revealing that the Go-NoGo task was working properly, as shown by the enhance of the N2 and P3
component for the No Go trial compared to the Go trials, the EEG analysis showed that, fallowing to
a NoGo trial, the comprehension of action-negated sentences induced less positive ERP waveform
compared to the affirmative sentences, while no effect emerged for the Go trials. Moreover, as seen
before (Beltran et al., 2018), the source analysis of this effect revealed an increase in the activity of
two brain regions, rIFG and the left middle frontal gyrus, NoGo-negated sentences trials relative to
NoGo-affirmative trials. This study provides the first evidence of a bidirectional influence between
the negation process and the mechanism of the inhibitory response, reinforcing and extending the
RIN hypothesis.

Together with EEG studies, the evidence supporting the RIN hypothesis comes from
neurophysiological (Papeo et al., 2016) and behavioral (Garcia-Marco et al., 2019) studies. As
previously described, Papeo et al. (2016, Expl) showed that spTMS over the M1, induced lower
MEPs for the comprehension of negated action verbs compared to their affirmative counterpart, while
no differences in CSE emerged for the state verbs. To further investigate the possible link between
the inhibitory mechanism and the negation processing, in a second experiment involving the same
material of the first experiment, they measured the cortical silent period (CSP), a proposed marker of
intracortical inhibition, which consist of an interruption of the voluntary muscle contraction following
a suprathreshold TMS pulse of the contralateral motor cortex. The CSP duration (Figure 2.6) is an
index of intracortical inhibition due to the activation of Gamma-aminobutyric acids (GABAg)
inhibitory interneurons that synapse on pyramidal neurons (R. Chen et al., 1999; Inghilleri et al.,
1996; McDonnell et al., 2006), in fact it has been demonstrate a positive correlation between the
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duration of CSP and the activity of these neurons (Cantello et al., 1992; Inghilleri et al., 1993; Schiitz-
Bosbach et al., 2009).
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Figure 2.6. (Wilke et al., 2016). Representation of the CSP of a single trial after the MEP onset. The two cursor line (red)
indicate the starting and the ending of the CSP.

The results revealed shorter CSP for the comprehension of affirmative action verbs than for the
same verbs presented in a negative context, suggesting an enhancement in the intracortical inhibitory
activity, supporting the RIN theory.

More recently, Garcia-Marco et al. (2019) proved that sentential negation delayed the typing of
the negated action-verb, due to the involvement of the mechanism specialized in response inhibition.
The authors used sentences presented in a both affirmative and negative context, including manual
action verbs (There is the door. Today you are [not] going to open it), non-manual action verbs (There
is the woman. Today you are [not] going to talk to her) and non-action verbs (Here is a lie. Now you
will [not] believe it). The primary sentences were presented one word a time, and when the target
verb appeared, participants were instructed to type it as fast and accurately as possible. The analysis
on whole-word lag measure, an index of the typing execution mechanism, showed a delay in the
typing of negative manual action verbs, compared to their affirmative counterpart, to negative non-
manual action verb and to negative non-action verbs. Therefore, the inhibitory effect of negation is
effector-specific, and it affects the execution stage of typing process. Moreover, according to the
literature discusses so far (Beltran et al., 2018; de Vega et al., 2016; Liu et al., 2020; Papeo et al.,
2016), the authors speculated that the delay observed in the writing of negated manual action verbs

is caused by the direct recruitment of the inhibitory mechanism of response.

2.3 Conclusion
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Chapter 2: Processing of sentential negation.

The studies discussed in section 2 provide strong initial empirical evidence in favour of the RIN
hypothesis. However, as we mentioned a few times in this thesis, to directly assess the functional
influence of the inhibitory circuit in the process of negated meaning, further study employing a

“causal” methodology (e.g., rTMS) are needed.
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Objectives and hypotheses of Experiment 1

Objective 1: Investigate the functional role of the motor system in the memory for action
language, by modulating the activity of M1, via tDCS.

Hypothesis: Enhancing M1 activity will selectively improve the performance in the
memory task for the action sentences

Objective 2: Monitoring whether the tDCS-induced physiological changes, predict the
behavioral performance in the memory task.

Hypothesis: The increase in motor excitability due to active tDCS positively correlates
with the improvement in memory performance for action language.
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Chapter 3: Experiment 1

Enhancing Motor Brain Activity Improves Memory
for Action Language: A tDCS Study
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Chapter 3: Enhancing Motor Brain Activity Improves Memory for Action Language: A tDCS Study.

Abstract

The embodied cognition approach to linguistic meaning posits that action language understanding is
grounded in sensory-motor systems. However, evidence that the human motor cortex is necessary for
action language memory is meager. To address this issue, in two groups of healthy individuals we
perturbed the left primary motor cortex (M1) by means of either anodal or cathodal transcranial direct
current stimulation (tDCS), before participants had to memorize lists of manual action and attentional
sentences. In each group, participants received sham and active tDCS in two separate sessions.
Following anodal-tDCS (a-tDCS), participants improved the recall of action sentences compared to
sham-tDCS. No similar effects were detected following cathodal-tDCS (c-tDCS). Both a-tDCS and
c-tDCS induced variable changes in motor excitability, as measured by motor-evoked potentials
(MEPs) induced by transcranial magnetic stimulation (TMS). Remarkably, across groups, action-
specific memory improvements were positively predicted by changes in motor excitability. We
provide evidence that excitatory modulation of the motor cortex selectively improves performance in
a task requiring comprehension and memory of action sentences. These findings indicate that M1 is
necessary for accurate processing of linguistic meanings, and thus provide causal evidence that high-

order cognitive functions are grounded in the human motor system.
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Chapter 3: Enhancing Motor Brain Activity Improves Memory for Action Language: A tDCS Study.

3.1 Introduction

According to the embodied cognition (EC) theories, understanding action language is
associated with the activation of perceptual and motor processes which simulate the referred action.
For instance, action words or sentences activate sensory-motor circuits required to produce the action
being described (Barsalou et al., 2008; Fischer & Zwaan, 2008; Garcia & Ibafiez, 2016; Glenberg et
al., 2008). A conspicuous number of behavioral (de Vega et al., 2013; Glenberg & Kaschak, 2002;
Zwaan & Taylor, 2006), neuroimaging (Aziz-Zadeh et al., 2006; de Vega et al., 2014; Raposo et al.,
2009; Tettamanti et al., 2005) and EEG studies (Moreno et al., 2013, 2015; van Elk et al., 2010) have
provided evidence supporting the EC approach to language meaning. In particular, single-pulse
transcranial magnetic stimulation (TMS) studies have shown that understanding action-related
language modulates motor cortical excitability, as measured by motor-evoked potentials (MEPS)
(Oliveri et al. 2004; Buccino et al. 2005; Papeo et al. 2009; Candidi et al. 2010; Scorolli et al. 2012).
Taken together, these studies show a consistent involvement of the human motor cortex —i.e., a set
of frontal brain areas involved in the control of body movements and including the primary motor
cortex (M1) and premotor areas — during comprehension of action language and support the view that
motor cortex activation reflects motor simulation of linguistic meanings.

It is worth noting that such conclusions are mainly supported by indirect correlational evidence
that leaves unsolved the fundamental question of whether the motor cortex is causally essential for
understanding action-related sentences or merely reflects such understanding — as contended by
critics of EC theories (Leshinskaya & Caramazza, 2016; Mahon, 2015; Mahon & Caramazza, 2008;
Papeo et al., 2013). For example, using a perturb-and-measure TMS protocol combining repetitive
TMS and MEPs recording (Avenanti et al., 2007; Avenanti, Annella, et al., 2013), Papeo et al. (2015)
showed that interference with the posterior middle temporal gyrus (pbMTG), a key area involved in
verb conceptual processing (e.g., Peelen et al., 2012), impoverished the semantic processing of verbs
and disrupted MEPs modulation during comprehension of action language, thus suggesting that
action simulation occurring in the motor cortex can reflect downstream processing of temporal areas.
Remarkably, however, a few studies have also shown that TMS over M1 affects action language
understanding. In their seminal study, Pulvermdller et al. (2005) used online single-pulse TMS over
hand and leg representations in M1 to demonstrate a somatotopic-specific quickening of responses in
a lexical decision task. On the other hand, Vukovic et al.(2017) administered online repetitive TMS
(rTMS) to interfere with M1 activity and found delayed response to action words in a semantic task.
Additionally, in two studies (Gerfo et al., 2008; Repetto et al., 2013) offline low-frequency rTMS

over M1 delayed response to action-related words during morphological or semantic tasks. These
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behavioral effects of TMS provide causal evidence supporting EC theories. However, the neural
mechanism underlying these effects remains unclear, as none of these studies monitored physiological
changes induced by brain stimulation. Moreover, although increasing the excitability of frontal motor
areas can lead to long-lasting behavioral gains (e.g. Avenanti et al., 2018; Fiori et al., 2018;
Hashemirad et al., 2016) and, importantly, can enhance motor learning (for example, it ameliorated
acquisition and retention of new motor skills or adaptation of previously learned ones; see Buch et
al., 2017; Lépez-Alonso et al., 2015; Nitsche, Schauenburg, et al., 2003; Reis & Fritsch, 2011), no
prior study has tested whether enhancing M1 would also improve memory of action-related language.

The current study aims to fill these gaps, by investigating the potential facilitatory after-effects
of M1 neuromodulation in an action-language memory task. To this end, we used transcranial direct
current stimulation (tDCS) to test whether exogenous excitatory manipulation of M1 activity would
improve memory performance of items associated with action verbs. Participants were tested in a
delayed memory task inspired by recent behavioral studies (e.g., Dutriaux et al., 2018; Dutriaux &
Gyselinck, 2016; de Vega et al. submitted). In these studies, participants’ hand posture was
manipulated to interfere with motor simulation while participants had to read and memorize linguistic
material. In one of these studies, the authors presented lists of manipulable and non-manipulable
objects and participants were instructed to memorize the items while adopting different hand postures.
The authors found that during learning, keeping the hands behind the back rather than having them
in front of onself selectively interfered with the recall of manipulable objects as compared to non-
manipulable objects (Dutriaux & Gyselinck, 2016). In another study, the same research group
(Dutriaux et al., 2018) tested whether postural interference could also be observed in the context of
action-related language. In a learning phase, participants were exposed to object-verb sentences while
keeping their hands back or in front. Researchers found that the hands back posture interferred with
recall of object nouns (e.g., cup) exclusively when nouns appeared in the context of action verbs (e.g.,
to take a cup) rather than in the context of attentional verbs (e.g., to see a cup), suggesting that motor
simulation has a functional role in language processing. These behavioral findings were replicated in
a further electrophysiological (EEG) study that used a similar posture manipulation task (de Vega et
al. submitted). Additionally, this EEG study revealed a fronto-central beta rhythm desynchronization
(index of motor process) while participants read manual action sentences in the hands front posture,
but this modulation was suppressed in the hands back posture, suggesting that the latter interferes
with motor simulation in the motor cortex.

In the current study, like in the aforementioned studies (i.e., Dutriaux et al. 2018; de Vega et al.
submitted), we tested performance on a delayed memory test: participants were initially presented
with a set of sentences composed of object nouns presented in the context of either action or

79

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 3489532 Codigo de verificacién: 94sfBeTp

Firmado por: Francesca Vitale . Fecha: 07/06/2021 13:00:59
UNIVERSIDAD DE LA LAGUNA

Maria de las Maravillas Aguiar Aguilar 23/06/2021 14:17:04
UNIVERSIDAD DE LA LAGUNA

7917162



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2021/46542
N° reg. oficina: OF002/2021/45863
Fecha: 07/06/2021 13:07:47

Chapter 3: Enhancing Motor Brain Activity Improves Memory for Action Language: A tDCS Study.

attentional verbs (learning phase); then, in the testing phase, we evaluated participants’ ability to
recall object nouns that were associated with action or attentional verbs, using a cued recall procedure.
However, rather than testing the interferential effects of hand posture, we exogenously enhanced the
motor cortex with tDCS and asked whether this manipulation improved memory performance with
action sentences rather than with attention sentences. We targeted M1 using a classical bicephalic
montage with a reference electrode over the supraorbital area, as modeling and neuroimaging studies
indicate that this is best suited to modulate frontal motor areas (Datta et al., 2009; Ho et al., 2016;
Jang et al., 2009; Opitz et al., 2015; Polania, Nitsche, et al., 2011; Polania, Paulus, et al., 2011; Stagg
et al., 2009). We administered two different types of tDCS protocols over M1. In the experimental
group, we administered anodal tDCS (a-tDCS), as classical studies have shown that anodal currents
can enhance motor excitability (Nitsche, Nitsche, et al., 2003; Nitsche & Paulus, 2000, 2001; Stagg
et al., 2018; Stagg & Nitsche, 2011) and such increase can be associated with behavioral gains (e.g.
Alix-Fages et al., 2019; Convento et al., 2014; Hashemirad et al., 2016; Orban de Xivry & Shadmehr,
2014). We stimulated M1 for 20 minutes using 2 mA a-tDCS, as this protocol consistently increases
motor excitability for up to 60 minutes (Batsikadze et al., 2013; Jamil et al., 2017). In different
sessions, participants were tested following active a-tDCS and sham tDCS, which served as a baseline
control session. We reasoned that if motor simulations occurring in the motor cortex while learning
action sentences are functionally relevant, enhancing M1 activity through a-tDCS would selectively
improve memory retrieval for action sentences in the a-tDCS relative to the sham session, providing
new evidence of a functional link between the motor system and 'higher-order' cognitive functions
such as comprehension and memory.

Additionally, to test polarity-dependent effects of tDCS, in a further group of participants we
administered 2 mA cathodal tDCS (c-tDCS). While we expected that 2 mA a-tDCS would increase
motor excitability and improve memory performance for action language, we had no similar
expectation for the contrast group submitted to 2 mA c¢c-tDCS. Although classical studies suggest
cathodal currents over M1 tend to inhibit the excitability of the motor cortex, it is now established
that tDCS effects are not linear and vary across individuals; in particular, c-tDCS at an intensity of 2
mA has been associated with an inconsistent pattern of results in different studies (e.g., Batsikadze et
al. 2013; Wiethoff et al. 2014; Jamil et al. 2017). Yet, we selected this c-tDCS protocol to provide an
adequate contrast to the anodal stimulation and rule out unspecific effects of brain stimulation.
Therefore, we expected to find a facilitation following a-tDCS, with larger MEPs after a-tDCS
relative to pre-stimulation level and MEPs following c-tDCS. We expected that c-tDCS should induce

variable results among the participants, with approximately half showing trends for increased motor
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excitability and half showing trends for decreased motor excitability (Wiethoff et al., 2014), resulting
in statistically null physiological and behavioral effects at the group level.

To monitor the physiological effect of a-tDCS and c-tDCS, MEPs to single-pulse TMS over the
left M1 were recorded in each session before and after tDCS administration, allowing us to evaluate
the inter-individual variability previously reported (Ammann et al., 2017; Chew et al., 2015; Kaup &
Zwaan, 2003; Lopez-Alonso et al., 2014; Strube et al., 2015; Wiethoff et al., 2014) and, most
importantly, to test whether physiological changes in motor excitability following tDCS predict
behavioral changes in memory performance. We hypothesized that improved performance occurring
after a-tDCS would be associated with an increment of motor excitability. However, because c-tDCS
is expected to induce variable physiological effects, we also tested whether increased motor
excitability (irrespective of whether this was achieved via a-tDCS or c-tDCS) predicted larger action-
specific behavioral improvements.

In sum, this neuromodulation study has several novelties in the field of embodied semantics: 1)
it used for the first time a long-term dependent measure, rather than online neurophysiological
measures, like MEPs, or online behavioral measures, like reaction times or reading times. This is
relevant, because purely online effects reported elsewhere are compatible with a momentary neural
resonance without further cognitive consequences, whereas a modulation of a delayed memory task
indicates that the embodied representations have functional impact beyond the language encoding
moment; 2) it provided a robust baseline condition, as the same participants performed the task in two
sessions, after active tDCS and after sham tDCS, rather than using a less reliable between-participants
contrast with a sham group; 3) it tested in the same participants how neuromodulation induced changes
both in M1 corticospinal excitability and in the recall of action language and explored the association
between both measures, suggesting a functional link between motor physiology and memory

performance.

3.2 Material and methods

3.2.1 Participants

Fifty healthy undergraduate students participated in this study. The sample size was determined
through a power analysis conducted using G*Power 3 software (Faul et al., 2007), with power (1 —
) = .95 and a = .05. We expected a low-medium effect size (f = .15) and high correlation between
measures (r > .6; de Vega et al. submitted). The analysis yielded required sample sizes of 25
participants per group. We thus decided to test 50 participants who were randomly assigned to two

stimulation groups: 25 participants (6 men, mean age + SD: 20.3 years + 3.3) were assigned to the a-
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tDCS group and 25 participants (1 man, mean age + SD: 19.6 years + 1.3) were assigned to the c-
tDCS group. All participants were right-handed, had Spanish as their mother tongue, and did not
report any neurological disease, visual problems, or medicine intake. All students gave informed
consent and received course credit for volunteering. The Research Ethics Committee of the University
of La Laguna approved this study and the experiment was conducted according to the principles

expressed in the Declaration of Helsinki.

3.2.2 Linguistic material

Two sets of 120 Spanish sentences with the format “verb + article + noun” were used. A total of
30 manual action verbs, 30 attentional verbs (Supplementary Table S1), and 120 nouns referring to
manipulable objects were used to construct the sets. Within each set of sentences, each verb appeared
twice associated with two different objects. The objects were not repeated within each set; however,
the sentences in the two sets differed in the combination of nouns and verbs in such a way that if a
given noun appeared with a manual verb in set 1 (e.g., colgar un baston / to hang a cane), it was
associated with an attentional verb in set 2 (e.g., observar un baston / to observe a cane) and vice
versa (Supplementary Table S2). Values of frequency and length of each verb were downloaded from
the EsPal database, a web-accessible repository containing a comprehensive set of properties of
Spanish words (Duchon et al., 2013). Manual and attentional verbs did not differ in frequency (mean
+ SD: manual action = 23.83 + 54.91; attentional = 56.84 + 93.87; tsg = —1.66, p = .10) or length
(manual action = 6.67 + 1.37; attentional = 7.27 + 1.87; tsg = —1.41, p = .16). In an additional
normative study, 30 university students, who did not participate in the subsequent experiment, were
asked to judge on a 7-point Likert scale the familiarity and concreteness of the verbs. The familiarity
was similar for the two types of verbs (manual action = 6.24 + .52; attentional = 5.97 + .76; tss = 1.55,
p =.13), while, as expected, the manual action verbs were judged as more concrete than the attentional
verbs (manual action =5.72 + .51; attentional = 4.28 + .63; tss = 9.77, p < .001), reflecting the intended
semantic differences between the two types of verbs. The noun frequency and length values were
29.70 + 195.20 and 6.35 + 1.73, respectively. To assess whether the manual action sentences and the
attentional sentences were semantically comparable, we utilized the search engine “Google” to check
the number of co-occurrences of the verb-object pair for each sentences, by using quotation marks
(Griffiths et al., 2007; Page et al., 1999; Sha, 2010). For both sets, the co-occurrence values of the
manual action sentences did not differ from the values of the attentional sentences (set 1: manual
action = 31,762 + 55,992, attentional = 78,917 + 343,442; t11s = —1.05, p = .30; set 2: manual action
= 88,682 + 310,006, attentional = 115,036 + 409,065; t11s = —.40, p = .69).
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3.23 tDCS

The tDCS was delivered by a battery-driven constant direct current stimulator (NeuroConn DC-
STIMULATOR) and applied through a pair of saline-soaked surface sponge electrodes. The motor
cortex electrode (5 x 7 cm) was fixed over the area representing the right first dorsal interosseous
(FDI) muscle as identified by means of the TMS protocol described later, and the reference electrode
(7 x 10 cm) was placed over the contralateral orbit, above the right eyebrow. In the active stimulation,
the current was ramped up for 20 sec, followed by 20 min of 2mA, then ramped down for 20 sec.
Participants were blind to the specific tDCS manipulation. For the sham stimulation, the electrode
montage was the same and the electrodes were also attached for 20 minutes; however, the stimulation
lasted for 30 sec (fade in/out 20 sec). This procedure ensures that the participants experienced the
sensations initially associated with the onset of stimulation (mild local tingling), without inducing
any effective modulation of cortical excitability. Also, this procedure ensured successful blinding of
participants in previous research (Ambrus et al., 2012; Gandiga et al., 2006; Ladavas et al., 2015; Loo
et al., 2010, 2012; Paracampo et al., 2018 but see O’Connell et al., 2012).

As mentioned above (see Introduction), while these parameters for a-tDCS elicit a facilitation
on motor excitability lasting for more than 60 minutes (Batsikadze et al., 2013; Jamil et al., 2017), c-
tDCS at 2 mA for 20 minutes can produce more inconstant after-effects (Batsikadze et al., 2013; Jamil
et al., 2017; Wiethoff et al., 2014). To monitor tDCS current-induced after-affects, we assessed M1
corticospinal excitability using TMS.

3.2.4 TMS and electromyography (EMG) recording

To detect current-driven changes of motor excitability, we recorded MEPs by stimulating the
hand representation in the left M1 with single-pulse TMS. MEPs were induced using a Magstim 200
magnetic stimulator (Magstim, Whiteland, Dyfed, UK) and a figure-of-eight magnetic coil (70 mm
outer diameter; peak magnetic field 2.2 Tesla). The coil was held tangentially to the skull, with the
handle pointing backward and laterally at 45° from the midline, resulting in a posterior—anterior
direction of current flow in the brain. Surface EMG was recorded from the right FDI with Ag-AgCl
electrodes in a belly-tendon montage with ground electrode on the wrist, using Topas (Schwarzer)
electromyography system. The signals were amplified and filtered with a time constant of 10 ms and
a low-pass filter of 2.5 kHz. The motor area for the right hand was defined as the point where
stimulation consistently evoked the largest MEPs in the right FDI. To record MEPs, TMS intensity
was set at 120% of the resting motor threshold (rMT), which was defined as the lowest intensity of
output that evoked five small responses (~50uV) in the relaxed FDI muscle in a series of 10 stimuli

(Rossini et al., 2015). The motor threshold means for participants of the anodal and cathodal groups
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were 37.0% £ 5.4 and 40.1% = 5.6 of the maximum stimulator output. Participants were instructed to
maintain their right hand relaxed and the absence of involuntary contractions was continuously
verified throughout the entire experiment.

3.2.5 Procedure

The study involved a 2 Stimulation group (a-tDCS, c-tDCS) x 2 Sessions (active, sham) x 2
Type of sentences (action, attentional) experimental design. The Stimulation group was a between-
participants factor, whereas the Session and the Type of sentences were manipulated within-
participants.

Participants were randomly assigned to the a-tDCS or c-tDCS group. All participants were
tested in two separate sessions. In the active session, they performed the memory task immediately
after 20 minutes of active tDCS over M1; in the sham session, they performed the task following
sham stimulation. The order of the sessions was counterbalanced across participants, and the two
sessions were separated by at least three days.

To explore whether the behavioral results were associated with changes in motor excitability
due to tDCS, MEPs induced by single-pulse TMS were recorded in three moments during the
experimental sessions. First, a set of 25 baseline MEPs were collected before the active or sham tDCS
was applied (Baseline); second, immediately after tDCS and before the memory task (T0), another
set of 25 MEPs were taken; finally, after performing the memory task (lasting about 25 minutes) a
final set of MEPs was collected (T25). (Figure 3.1A).
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Figure 3.1. Structure of experimental procedure. (A) Schematic representation of behavioral and neurophysiological
sessions. (B) Example of a trial in the learning phase (translation: to open/a/notebook). (C) Example of a trial in the recall

phase.

The memory task included 12 experimental blocks, split into six blocks for each session. Each
block was characterized by a learning phase, followed by a 45-second distractive task and a cue recall
phase. The learning phase started with a filler sentence added at the beginning of each block to avoid
the recall primacy effect, then five manual action and five attentional sentences were presented in a
random order, and the participants were asked to memorize them and informed that they would
receive a posterior memory test. The sentences were presented word-by-word (see Figure 3.1B), with
a short inter-trial interval (2 sec), to minimize mental repetition of the sentence just read. Following
the learning phase, a 45-sec distractive task was introduced to avoid the recency effect of memory,
consisting of several trials, in which a target lower-case letter was presented beside a group of nine
upper-case letters and the participants had to identify whether the target letter appeared in the group
of the upper-case letters. Finally, in the recall phase, the verbs contained in the previous sentences
were visually presented, and the participants had to recall orally the object associated with the verb

(see Figure 3.1C). The answers were recorded and subsequently analyzed.

3.2.6 Data analysis
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Three-way mixed factors ANOVAs by participants, with Group (a-tDCS and c-tDCS) as
between-participants factor and Session (active and sham) and Type of sentences (action and
attentional) as within-participants factors, were performed for memory accuracy, calculated as the
percentage of words correctly recalled. The post-hoc comparison was performed using the Newman
Keuls test. Partial eta® (5,?) was computed as a measure of effect size for the main effects and
interactions, whereas repeated measures Cohen’s d was computed for post-hoc comparisons (J.
Cohen, 1992).

To corroborate the effectiveness of our manipulation, we further conducted an item analysis.
Item accuracy was computed as the percentage of participants who correctly remembered each item.
Since the data were not normally distributed (as shown by the Lilliefors test), they were analyzed
with non-parametric Friedman ANOVAs. Two ANOVAs were carried out separately for the two
Type of sentences (action and attentional), with Condition (a-tDCS-active, a-tDCS-sham, ¢c-tDCS-
active, c-tDCS-sham) as within-item factors. Post-hoc comparisons within factors were conducted
with the Bonferroni-corrected Wilcoxon matched pairs.

MEPs were measured in mV and computed as the median of peak-to-peak amplitude for the
three 25-MEPs sets obtained before and after tDCS for each session. MEPs contaminated by magnetic
artefacts or preceding EMG activations were excluded from analysis (2%). For each session and
group, we normalized the MEPs recorded after tDCS, averaging them at TO and T25, resulting in
values representing either increased (>1.0) or decreased (<1.0) motor excitability induced by tDCS.
The normalized MEPs were entered into a two-way mixed factors ANOVA with Group (a-tDCS, c-
tDCS) as between-subjects factor and Session (active, sham) as within-subjects factor.

To directly test whether the effect of tDCS on behavioral performance was predicted by tDCS-
induced physiological changes, regression analyses were performed. To this end, an index of change
in motor excitability was computed as the difference between normalized MEPs in the active vs. sham
tDCS session and this index was entered as a continuous predictor in the regression model. In a similar
way, an index of action-specific change in recall accuracy was entered as a dependent variable in the
model. The index was calculated as follows. To assess action specificity, we subtracted accuracy
values in the attentional sentences (serving as control condition) from accuracy values in the action
sentences (experimental condition) separately for each session. Then, to assess the effect of tDCS,
the two contrasts were combined in a differential index of the active vs. sham tDCS sessions. In a
further regression model, we additionally entered the categorical predictor Group, to test whether
similar relationships between physiological and behavioral data were observed in the two groups. To
calculate Cohen’s effect size (2) of regression we used the formula f2 = R?/(1 — R?), (J. Cohen, 1992).
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3.3 Results

3.3.1 Behavioral results

The Group x Session x Type of sentences ANOVA performed on memory accuracy indicated
a strong main effect of the Type of sentences (F14s = 40.56, p < .00, 7p*> = .458). Manual action
sentences were better remembered (mean accuracy + SD: 35% + 17) relative to attentional sentences
(28% + 16). More importantly, the expected triple Group x Session x Type of sentences interaction
was also significant (F1.4s = 5.03, p = .03, 7,2 = .095; Table 3.1).

To further explore such interaction, we performed separate Session x Type of sentences
ANOVA S in the a-tDCS and c-tDCS groups, separately. The ANOVA performed in the a-tDCS group
maintained the significant main effect of Type of sentences (Fi2s = 12.52, p < .001, #y% = .34),
indicating an advantage of manual action sentences (mean accuracy + SD: 33% + 16) relative to
attentional sentences (27% + 14, p < .001). Most importantly, the interaction Session x Type of
sentences was also significant (F1.24 = 4.34, p = .048, 5,> = .15). Such interaction indicates that active
a-tDCS improved memory for action sentences (35% = 18) relative to sham a-tDCS (31% + 16; p =
.048, Cohen’s d = .23), while no difference was found between sham and active a-tDCS for the
attentional sentences (sham: 28% = 14; active: 26% + 17; p = .40).

The ANOVA conducted on the c-tDCS group also revealed a significant main effect of Type
of sentences (F1,.24 = 29.94, p < .001, 7% = 0.56; action sentences: 38% =+ 15 vs. attentional sentences:
29% + 15), whereas neither the session nor the interaction produced significant effects (all p > 0.30),
confirming that only active a-tDCS of M1 improved memory performance and that this was selective

for action sentences (Figure 3.2).

a-tDCS group c-tDCS group

Sham Active Sham Active
Action Sentences 31% £ 16 35% + 18 38% + 14 38% + 18
Attentional Sentences 28% + 14 26% + 17 28% + 15 30% + 19

Table 3.1. Percentage of object recall for each session of the a-tDCS and c-tDCS groups (mean + SD)
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Figure 3.2. Differential means percentage of recalled items between active and sham sessions, as a function of stimulation

group and type of sentences. Error bars indicate standard error of the mean (SEM). *P < 0.05

The item analysis carried out with Friedman ANOVA on action sentences was significant (2 =
9.16, p = .03). The Bonferroni-corrected Wilcoxon tests performed in the a-tDCS group showed that
the action sentence items were better remembered in the active session compared to the sham session
(9% + 6 vs. 8% =+ 6; p = .05), whereas the same comparison was not significant in the c-tDCS Group
(10% + 6 vs. 9% =+ 6; p = .40), confirming the result revealed by the main ANOVA by participants
on memory accuracy. As expected, the Friedman ANOVA by items with attentional sentences was
not significant (2 = 3.67, p = .30).

3.3.2 MEP results

The Group x Session ANOVA on normalized MEPs did not reach statistical significance (all F
< 2.14, all p > .15; Figure 3.3A). Yet, we directly tested the prediction that a-tDCS would increase
motor excitability by using a one-sample t-test against 1. We found that normalized MEPs following
active a-tDCS were marginally greater than 1 (t2s = 1.46, p = .078), suggesting a weak increase in
motor excitability induced by a-tDCS (mean MEP amplitude + SD: 1.10 + 0.36). Indeed, the effect
of a-tDCS was variable across participants (Figure 3.3B), with 18 showing increased MEP amplitudes
and 7 showing decreased MEP amplitudes. On the other hand, one-sample t-tests showed a non-

significant reduction in MEP amplitudes following c-tDCS (0.95 + 0.15; p = .32): the effects of c-
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tDCS were quite variable across participants (Figure 3.3C) with 13 of them showing reduced MEPs
and 12 showing increased MEPs. A planed comparison showed that MEPs following a-tDCS were
larger than MEPs following c-tDCS (p = .04). No consistent modulations were observed following
sham tDCS in either group (~1.00, all p > .95).
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Figure 3.3. Changes in MEPs following tDCS. (A) Effect of Group and Session on normalized MEP amplitudes. MEPs
following active a-tDCS tended to marginally increase relative to baseline levels. Error bars indicate SEM. * P < <0.05,
#P =0.078. (B) Individual normalized MEP amplitude values following active a-tDCS. (C) Individual normalized MEP
amplitude values following active c-tDCS.

In a further analysis we tested whether individual variations in motor excitability induced by
tDCS predicted changes in performance across the two groups. To this end, we first entered the
memory accuracy index as a dependent variable and the normalized MEP index (normalized MEPs
following active tDCS minus normalized MEPs following sham tDCS) as a continuous predictor in
aregression model. The model was significant (R? = .08, F14s = 4.43, p=.04; f2=.09) and it improved
after the removal of two outliers with standard residual greater than 2 SD (R? = .11, F146 = 5.84, p =
.02; f2=13; Figure 3.4). Interestingly, the model showed a positive relationship (8 = .34, p = .02),
indicating that larger normalized MEP index values (i.e., larger increase in motor excitability induced
by tDCS) predicted increased memory performance with action language across the two groups.

Then, we asked whether the highlighted relationship was different in the two groups. We
therefore entered Group as a further (categorical) predictor in the previous model and tested for any
possible interaction between the two predictors. The whole model was significant (R? = .21, Fsa4 =
4.00, p = .01; f2=.27; Figure 3.4) and showed that the best predictor of memory performance was
the predictor Group (5 = .30, p =.032; Figure 3.4B), thus confirming the results of the main ANOVA,
with larger action-specific improvements in the a-tDCS as compared to the c-tDCS group.
Remarkably, the model also showed the significance of the predictor normalized MEP index (8 = .28,
p = .047; Figure 3.4A), but no interaction between the two predictors (# = .10, p = .44), indicating
that similar positive relationships between changes in M1 excitability and action-specific memory
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improvements were observed in the experimental and control groups, although only the former

showed consistent improvements at the group level.
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Figure 3.4. Result of the regression model. (A) Effect of the predictor Group. (B) Scatter plot of the relationship
between normalized MEPs index and the differential accuracy index across groups.

3.4 Discussion

The present study investigated the functional role of the motor system in memory for action-
related sentences. In two different groups we applied offline a-tDCS or c-tDCS over the participants’
left M1 before they performed a language memory task, which consisted of memorizing sentences
with manual action and attentional verbs. Compared to sham stimulation, a-tDCS improved the recall
of sentences with manual action verbs but did not affect the recall of attentional sentences. No similar
effects were observed following c-tDCS. As expected, a-tDCS tended to increase the amplitude of
MEPs, although this effect was weak and only marginally significant. On the other hand, c-tDCS
induced highly variable physiological effects, but no net change in motor excitability. Although only
a-tDCS significantly improved action language performance at the group level, in both groups,
participants who showed larger increase in motor excitability following active tDCS tended to show
larger action-specific memory improvements, as shown by a regression analysis. These findings
highlight a clear relationship between changes in the excitability of the motor cortex and action-

specific memory performance.
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The present study provides strong evidence of a causal link between the motor system and
memory for action language. It demonstrates for the first time that an excitatory modulation of the
motor cortex improves performance in the comprehension and later recall of action language.
Previous research has shown that a-tDCS over M1 can transiently enhance a variety of motor
functions including control of manual dexterity, endurance and maximal force production (Alix-
Fages et al., 2019; Orban de Xivry & Shadmehr, 2014). Remarkably, a-tDCS improved learning of a
variety of motor tasks (Buch et al., 2017) and, in particular, it improved performance in a serial
reaction time task, which offers a well-established measure of implicit motor learning (L6pez-Alonso
et al., 2015; Nitsche, Schauenburg, et al., 2003; see Reis & Fritsch, 2011 for a review). Additionally,
in a recent study, Buchwald et al. (2019) reported preliminary evidence that a-tDCS also improves
motor learning in the speech domain. In the present research, however, we observed facilitatory
effects of neuromodulation in an entirely different cognitive domain tapping on the processing of
linguistic meaning. In spite of that, the mechanism underlying these effects could be similar, that is,
a-tDCS applied on M1 improves motor learning and selectively enhances memory of action-related
sentences, possibly because the motor cortex is causally engaged during both motor learning and
action language comprehension and memory.

Importantly, our study complements and extends some recent TMS studies that have supported
a functional relevance of the motor system in language comprehension. These studies have mainly
reported delayed response to action language following online rTMS interference (Vukovic et al.,
2017) or offline rTMS protocols that are supposed to inhibit motor excitability (Gerfo et al., 2008;
Kuipers et al., 2013; Repetto et al., 2013). However, some obvious differences between our study and
prior work must be noted. First, we investigated performance on a task requiring understanding and
memorizing short noun-verb sentences, whereas previous studies used tasks requiring (online)
morphological, lexical or semantic operations in response to action words. Second, here performance
was improved by excitatory tDCS neuromodulations, rather than reduced by interferential or
supposedly inhibitory TMS. Critically, rather than assuming a net physiological effect of brain
stimulation, we directly monitored tDCS-induced changes in the excitability of the motor cortex and
explored their relationship with changes in performance. Our study expands previous work by
showing, for the first time, a linear relationship between tDCS-induced action-specific memory
improvements and changes in motor excitability.

To what extent does this study contribute to clarifying the current debate on embodied-
disembodied meaning (e.g., de Vega et al. 2008)? The ‘disembodied’ theories of linguistic meaning
accept the overwhelming evidence that sensory-motor brain networks are activated during the
comprehension of action language, but they doubt that these activations reflect a necessary aspect of
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meaning or play any functional role (e.g., Mahon and Caramazza 2008; Chatterjee 2010; Papeo et al.
2013; Mahon 2015). For instance, Mahon and Caramazza (2008) consider that the observed embodied
effects are due to “cascade” spreading activation between the conceptual system to the sensory and
motor systems, but that ultimately the proper representation of meaning is amodal or disembodied.
Moreover, they claim that most evidence of embodied meaning comes from correlational measures,
such as the BOLD signal activity, and corresponds to short-lived ‘reverberations’ of sensory-motor
regions, which are irrelevant for lexico-conceptual processing. Our results speak against these claims.
Our data are not merely correlational, because they demonstrated a causal link between the human
motor cortex and the ability to memorize action sentences. Also, the embodied effects were not short-
lived, because they extended to a delayed memory task.

We propose that a-tDCS — and, potentially, other protocols that could increase the excitability
of the motor cortex, see below — improves performance in our task by enhancing the simulation of
motor actions, which occurs while encoding action sentences (i.e., during the learning phase of the
task). The selective enhancement simulation of action sentences caused by a-tDCS would result in
stronger memory traces of the same sentences. However, we do not rule out that increased motor
excitability may have also favored action simulation during the testing phase of our cued recall
procedure. In keeping with our findings, recent behavioral studies using a similar task (Dutriaux et
al., 2018; Dutriaux & Gyselinck, 2016) reported memory impairment for images and words denoting
manipulable objects when participants assumed a posture that would potentially interfere with action
simulation (hand behind the back). Taken together, these findings support the embodied cognition
proposal that a high-level cognitive process, such as action language, is grounded in the sensory-
motor system (Fischer & Zwaan, 2008; Glenberg et al., 2008; Glenberg & Kaschak, 2002). In other
words, to understand words or sentences referring to actions, the simulation of the corresponding
actions in the motor system contributes at least in part to comprehension and memory.

We have empirically demonstrated that the motor cortex is causally associated with memory
of action-related meaning. Clearly, other neural structures might be additionally involved in
processing linguistic meaning (e.g., in control monitoring, inhibition, semantic processing etc.), either
because of cascade spread activation or because they play some functional role. Interestingly,
Kemmerer et al. (2012) performed a large-scale neuropsychological study on 226 brain-damaged
patients and reported that low performance in tasks requiring to process action language was most
consistently associated with lesions occurring in left frontal areas (i.e., in the inferior frontal
gyrus/anterior insula, ventral premotor cortex and M1). Poor performance was also associated with
lesion of the left parietal (ventral postcentral and supramarginal gyri) and temporal areas (pMTG).
Hence, because brain stimulation can exert its influence not only locally but also over interconnected
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brain regions (Polania et al., 2018; Valchev et al., 2015, 2016; Zanon et al., 2018), it is possible that
our a-tDCS protocol could have modulated not only M1 activity but also the activity of other sectors
of the motor cortex overlapping with those documented by Kemmerer and colleagues and these
regions could thus participate in the observed memory improvement (see the excellent review of
Papeo et al. 2013 for a critical discussion on the issue). Regarding the last statement, modeling and
neuroimaging studies support that M1 and other premotor areas are primarily modulated by tDCS.
Computational modeling for a-tDCS with a 7 x 5 cm electrode (the same size as in the present study),
placed on the left M1, shows that the most stimulated brain regions are anterior to the targeted M1,
i.e., in the premotor cortex (Datta et al., 2009; Ho et al., 2016; Opitz et al., 2015). In keeping, fMRI
measurements recorded while participants performed a motor task after receiving a-tDCS over M1,
showed an increase in the activity of M1 and premotor areas (Jang et al., 2009; Stagg et al., 2009).
These motor regions are also more functionally coupled after a-tDCS over M1, as suggested by
resting-state fMRI (Polania, Paulus, et al., 2011) and EEG (Polania, Nitsche, et al., 2011).

The current results are compatible with hybrid proposals of semantic processing such as the
Hub and Spoke theory (e.g., Lambon Ralph 2014). According to this theory, processing words
activates highly distributed multimodal networks (spokes), including the motor system, as well as a
transmodal semantic network (the hub) typically located in the bilateral anterior temporal lobes
(ATL), which are responsible for integrative semantic processing. The functional role of the semantic
hub has been supported by neuropsychological studies with semantic dementia patients, who suffer
atrophy of the ATL and manifest dramatic impairment in semantic tasks (Hodges & Patterson, 2007).
Also, applying inhibitory stimulation (1-Hz repetitive TMS) over ATL in neurotypical individuals
induces difficulties in processing semantic information (Pobric et al., 2007, 2010). However, this
approach leaves open the possibility that spokes such as the motor system can be part of the semantic
machinery involved in linguistic meaning. Additional research will be needed to know how the motor
cortex and ATL interact. In any case, whether the activation of the motor system precedes the activity
of the ATL (Garcia et al., 2019) or flows downstream from the ATL (Mahon & Caramazza, 2008),
the issue of the functionality of the motor cortex requires empirical demonstrations beyond that of
pure speculation. This study provides just such a demonstration.

Interestingly, Papeo et al. (2015) report that the activation of the motor cortex by action verbs
is functionally dependent on the activity of the left pMTG, a region involved in the conceptual
distinction between verbs and nouns. Papeo et al. (2015) applied inhibitory stimulation (1-Hz rTMS)
over the pMTG and observed selective impairment in the semantic processing of verbs and, more
relevant here, the elimination of the motor cortex modulation generally associated with action verbs.
Again, our proposal is compatible with the above results. Even if the activation of pMTG precedes
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(and modulates) the activation of the motor cortex during processing of action language, this does not
necessarily relegate the latter activation to the category of a simple epiphenomenon. That being the
case, exogenous manipulation of M1 should not affect performance in our task. Thus, because we
found that a-tDCS over M1 enhanced the recall of action language, we conclude that the motor system
provides signals that are functionally relevant to performing our task. The current study clearly
reinforces the idea that, at some stage, the motor system can play a crucial role in memory for action-

related language.

A semantic theory of linguistic meaning should be able to accommaodate the current evidence
or accept that at least in some cases embodied representations are causally involved in the recall of
action language. Note that our embodiment approach is not reductionist; namely, we do not imply
that semantic representations are purely motor in action language. That is, having demonstrated the
causal role of the motor system in action language does not preclude that other networks (semantic,
visual, executive control) could also cooperate to produce meaning or memorize it. Yet, our results
also indicate that a purely semantic reductionist approach (proposing that meaning exclusively relies
on the amodal ATL activity, and cascading activations to sensory-motor networks are
epiphenomenal) does not work either.

Previous studies focused on online embodiment effects, such as how inhibiting M1 affects
online comprehension of action language (Gerfo et al., 2008; Kuipers et al., 2013; Repetto et al.,
2013; Vukovicetal., 2017) or, alternatively, how comprehension of action language modulates online
motor excitability (Buccino et al., 2005; O. Hauk et al., 2008; Oliveri et al., 2004; Papeo et al., 2009;
Scorolli et al., 2012). By contrast, here we were particularly interested in testing long-term effects of
embodied processes beyond the online effects of comprehension on motor excitability. Consequently,
we demonstrated that exciting M1 improved action language recall, but we did not directly test
whether comprehension was also improved. It is quite likely, however, that the impact of a-tDCS
improved both comprehension and memory. First, the sentence-reading phase was under the influence
of a-tDCS as much as the retrieval phase; second, the two processes are functionally related:
understanding seems necessary for a cued-memory task like the one used here, which cannot be easily
accomplished with shallow processing of language. Concerning the possible use of offline memory
strategies by the participants (e.g., mental rehearsal, mental imagery) it was minimized by the
presence of a distractive task between the learning and the retrieval phase. However, given the fact
that we did not explore the chronometry of motor activations during comprehension, we cannot rule
out that certain strategic activities can be carried out immediately after comprehension and, if so, they

also were improved by excitatory stimulation of M1.
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Although behavioral outcomes of brain stimulation are fundamental to inferring causal links
between brain structure and functions, they cannot explain the neural mechanism underlying the
functional improvement (Avenanti, Candidi, et al., 2013; Polania et al., 2018; Silvanto & Pascual-
Leone, 2012; Valchev et al., 2015, 2016). To provide insights on this matter, we monitored the motor
excitability using MEPs and tested whether the neurophysiological changes induced by tDCS predict
task performance. As expected, we found that the majority of participants in the experimental group
showed increased MEP amplitudes after a-tDCS, whereas participants in the control group showed
more variable MEP change following c-tDCS and no net physiological change. We leveraged MEP
variability in the two groups to explore the relationship between physiological and behavioral
changes. We highlighted a clear relationship between the two, suggesting that relative increase and
decrease of motor cortex excitability could impact on action-specific memory performance.
Regression analysis showed two additive effects, with the best predictor of memory performance
being the factor Group (larger behavioral improvement following a-tDCS than following c-tDCS)
and the second predictor being the normalized MEP index (larger behavioral improvement associated
with increased motor excitability across groups), thus confirming and expanding the results of the
main ANOVA. No interaction between these two predictors, suggesting a similar relationship
between physiological and behavioral changes in both the experimental and the control groups.

Thus, two sources of variability appear to affect behavioral data in our study. Overall, a-tDCS
appears better suited than c-tDCS for optimizing memory of action sentences, as shown by the effect
of group. However, the additive linear relationship between neurophysiological and behavioral data
supports the hypothesis that both protocols could affect performance also depending on their
effectiveness in driving changes in motor excitability, with larger excitatory modulations associated
with relative action-specific improvements and larger motor inhibition associated with relative
action-specific impairments. This hypothesis is also in line with the observation that low-frequency
r'TMS over M1 —a supposedly ‘inhibitory” TMS protocol (e.g., R. Chen et al., 1997)— decreased action
language performance in morphological and semantic tasks (Gerfo et al., 2008; Repetto et al., 2013).
These findings suggest that increased and decreased motor cortex excitability reflects a mechanism
for enhancing and hindering action simulation which, in turn, could be responsible for the change in
performance with action language comprehension and recall in previous research (Gerfo et al., 2008;
Repetto et al., 2013) and the present work.

We observed no effect of c-tDCS at the group level, showing that the after-effects of a-tDCS
are polarity-specific. Is the absence of c-tDCS effect on recall a methodological artifact? Perhaps the
c-tDCS was inefficient because the participants’ overall performance in the memory task was quite

poor, causing a floor effect. Yet, this interpretation is unlikely, since previous studies with materials
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and procedures similar to those employed here reported impaired recall due to a disruptive posture of
the hands during learning in spite of the low memory performance in the baseline condition (Dutriaux
et al., 2018; de Vega et al. submitted). A better explanation comes from the neurophysiological
measure recorded here. In line with the variability reported in previous studies (e.g., Wiethoff et al.
2014; Jamil et al. 2017), c-tDCS at 2mA showed a variable pattern of change in motor excitability.
Such physiological variability may explain the absence of a clear behavioral effect of c-tDCS. While
in the present research c-tDCS parameters were selected as a control for the main experimental
manipulation (a-tDCS), future studies could investigate a potential interference effect of c-tDCS,
using a more reliable inhibitory protocol (e.g., 1 mA) in a language memory task like the current one.

This research has clear translational implications. There is evidence that patients with motor
disorders (e.g., Cardona et al., 2013; Garcia et al., 2017; Kargieman et al., 2014), especially those
with Parkinson's disease (Abrevaya et al., 2017; Birba et al., 2017; Garcia & Ibafiez, 2018; Herrera
& Cuetos, 2012; Melloni et al., 2015), have a selective impairment in the processing of action-related
language. Here we reported that a-tDCS applied over M1 in healthy participants selectively improved
their performance in an action-related language task. This opens the possibility of applying a-tDCS
or other excitatory brain stimulation protocols to help Parkinson’s patients to overcome their specific
language deficits.

In conclusion, our study demonstrates that a-tDCS administrated over the left M1 improves
the recall of manual action sentences, but not of attentional sentences. This improvement appears
specific to a-tDCS, as it was not shown following c-tDCS. However, both protocols induced variable
physiological changes, and action-specific memory improvements were not only predicted by the
stimulation protocol (larger improvements following a-tDCS than following c-tDCS) but also by the
induced physiological changes, with greater excitatory modulations of the motor cortex associated
with larger behavioral improvements and relative inhibitory modulations associated with reduced
action language performance. These findings provide causal evidence that the motor system is
essential for efficient memory of action language.
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Objectives and hypotheses of Experiment 2
Obijective 1: Provide further evidence of the “disembodied” effect of negation in the motor system.

Hypothesis: Processing negative action language will reduce motor excitability compared to the
affirmative action sentences.

Objective 2: Assess the crucial role of the inhibitory mechanism of response in the “disembodied”
effect of negation.

Hypothesis: Disrupt the activity of a key region of the inhibitory control network, will suppress the
effect of negative action language in the motor system.

Objective 3: Investigate at what phase of meaning process the negation effect occurs.

Hypothesis: The negation effect will take place at the initial stage of semantic sentences process, that
is the integration with the verb.
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Chapter 4: Experiment 2

The neural inhibition network is causally involved in

the disembodiment effect of linguistic negation

Submitted:
Vitale, F., Monti, I., Padrén, ., Avenanti, A., & de Vega, M. The neural inhibition network is causally
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Chapter 4: The neural inhibition network is causally involved in the disembodiment effect of linguistic
negation

Abstract

Negation applied to action contexts reduces the activation of the motor system. According to the
Reusing Inhibition for Negation (RIN) hypothesis, such “disembodiment” effect occurs because
understanding negations engages the reuse of inhibitory control mechanisms. Here, we investigated
whether the right inferior frontal gyrus (rIFG) — a key area of the inhibitory control system —
contributes to primary motor cortex (M1) processing of negated action-sentences. Using a perturb-
and-measure paradigm, we applied off-line low-frequency repetitive TMS (rTMS) over the rIFG,
before performing a reading task involving action and attentional sentences presented in both
affirmative or negative form. During the reading task, motor excitability was assessed by recording
motor-evoked potentials (MEPS) induced by single-pulse TMS (spTMS) over the left M1, at two loci
in the sentence: the verb or the object. Results show that after sham stimulation (baseline), motor
excitability measured on the verb, was reduced for negative, compared to affirmative action
sentences. Crucially, neuromodulation of rIFG suppressed this inhibitory effect of negation, since
motor excitability was equaled for negative and affirmative action sentences. As expected, no effect
of negation was observed for attentional sentences or when the pulse was delivered over the object.
Our study confirms that understanding negative action sentences inhibits M1. This effect took place
at an early stage of semantic processing (i.e., while processing the verb in our task), and faded at a
later time-point. Critically, by highlighting a causal role of rIFG in this motor inhibition, we provide
direct neurophysiological support to the RIN hypothesis.

Keywords: Embodied cognition, negation, action-language, inhibition, transcranial magnetic

stimulation
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4.1 Introduction

Embodied cognition theories of meaning postulate that the comprehension of action-related
language involves the same sensory-motor circuit activated during the execution of the action being
described (Barsalou et al., 2008; Fischer & Zwaan, 2008; Garcia & Ibafiez, 2016; Glenberg et al.,
2008). Notably, extensive empirical evidence from behavioral (de Vega et al., 2013; Glenberg &
Kaschak, 2002; Zwaan & Taylor, 2006), neuroimaging (Aziz-Zadeh et al., 2006; de Vega et al., 2014;
Raposo et al., 2009; Tettamanti et al., 2005), EEG (Moreno et al., 2013, 2015; van EIK et al., 2010)
and brain stimulation studies (Buccino et al., 2005; Oliveri et al., 2004; Papeo et al., 2009; Vitale et
al., 2021) have shown that action-related words or sentences activate sensory-motor brain regions to
simulate the referred action. However, negation seems to block the conceptual representation of the
language meaning, leading to a “disembodiment” effect, which is reflected by the reduction of the
motor system activation.

Neuroimaging studies, supporting the disembodiment effect of negation, first reported that
processing negative action-language reduced the activation of motor and premotor circuits compared
to affirmative action-language (Tettamanti et al., 2008; Tomasino et al., 2010). The negation effect
on motor system was confirmed by subsequent behavioral studies with dual task paradigms like
sentence-action interference (Aravena et al., 2012; Bartoli et al., 2013) and word typing paradigms
(Garcia-Marco et al., 2019), reporting less involvement of motor cortex activation for negative action
sentences than for their affirmative counterpart. Moreover, physiological measures obtained with
non-invasive brain stimulations techniques revealed that negation selectively modulated motor cortex
excitability for the sentences with manual content, but no for the sentences with an abstract content
(Liuzza et al., 2011; Papeo et al., 2016). Additionally, Papeo et al. (2016), by means of chronometric
TMS, reported the difference in motor excitability between affirmative and negative sentences occurs
as soon as 250 ms after the verb onset, corroborating the disembodied idea whereby the access to the
simulation of a negated meaning is detained.

Which is the neural mechanism underlying the processing of negation and leading to the
reported reduction of motor activity? Recently, the Reusing Inhibition for Negation (RIN) hypothesis
has been proposed, which states that the comprehension of negation reuses the neural circuits of the
inhibitory control mechanism (Beltrén et al., 2018; de Vega et al., 2016; Liu et al., 2020). Indirect
evidence supporting the RIN hypothesis comes from studies with EEG measures recorded in dual
task paradigms in which a Go/No Go task is inserted in a sentence comprehension tasks. The results
showed reciprocal effects between inhibition (NoGo trials) and negation; that is, negated action
sentences reduced power of fronto-central theta oscillations, a robust index of neural inhibitory
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activity, in subsequent NoGo trials (de Vega et al., 2016), while pre-setting an inhibitory state in
preceding NoGo trials affected the modulation of the subsequent waveform for negated action
sentences compared to their affirmative counterparts (Liu et al., 2020). In the same way, Beltran et
al. (2018) reported that, the comprehension of negative manual-action sentences, combined with a
Stop-Signal task leads to enhancement of the inhibition-related N1 component and increment of stop
reaction time in comparison with their affirmative counterparts. Critically, the common estimated
source of such effects was found in the right inferior frontal gyrus (rIFG), a core region of the
inhibitory control mechanism (Zhang et al., 2017; see Aron et al., 2014; Chambers et al., 2009 for
review). Compatibly, negation imbedded in a manual-action context delayed typing execution of
manual action verbs, suggesting the effector-specificity influence of the inhibitory mechanism
(Garcia-Marco et al., 2019). Furthermore, in the Experiment 2 of Papeo et al. (2016), the cortical
silent period, an index of GABAergic inhibitory neurons activity, increased for negative action-verbs
processing relative to affirmative action-verbs.

As mentioned above, rlFG — particularly, the pars opercularis — seems to play a crucial role in
response inhibition. It has been demonstrated that patients with damage of rIFG and “virtual lesion”
induced in healthy participants through repetitive TMS (rTMS) presented slower stop reaction time
compared to the control group (Aron et al., 2003; Chambers et al., 2006, 2007). Based on these results,
Aron proposed that rIFG is the key component of a brain network, mainly lateralized in the right
hemisphere, which orchestrates the balance between excitation and inhibition, sending inhibitory
signals to the motor cortices through fronto-striatal-thalamic circuit during tasks demanding response
inhibition (Aron, 2011; Chambers et al., 2009). Then, it is appropriate to hypothesize that rIFG might
be responsible for the motor cortex inhibition typically observed for negative action-related sentences,
compared to their affirmative counterparts. However, although the aforementioned studies strongly
support the RIN hypothesis, they only provide correlational evidence, failing to demonstrate the
functional connection between the inhibitory system and the reduction of activation in the motor
system during the process of negative action sentences.

One way to directly assessing whether the inhibitory control area is causally involved in the
comprehension and motor mapping of negated action-language is through a perturb-and-measure
stimulation protocol combining offline low-frequency rTMS and recording motor evoked potential
(MEP) induced by single pulse TMS (spTMS) on M1 (Avenanti et al., 2007; Avenanti, Annella, et
al., 2013; Papeo et al., 2015). The rationale of this refined method is to transiently inhibit neural
activity in a target area and test the remote effects of such perturbation on task-related modulations
of M1 excitability, demonstrating in this way a causal link between the targeted area and the
functional (e.g., language-related) modulation of M1. Here, we employed this method for the first
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time to provide evidence for the causal role of the inhibitory system in negation processing, thereby
providing unprecedented neurophysiological evidence supporting the RIN hypothesis. To this aim,
we perturbed the activity of the rIFG, a key region of the response inhibition mechanism, to assess
the consequent modulation of the M1 corticospinal excitability during comprehension of affirmative
and negative action sentences. In a group of participants, we administered low-frequency rTMS over
the rIFG to transiently inhibit this region, whereas in another groups of participants we administered
off-line sham stimulation on vertex, as a control (baseline) condition. In both groups, following the
stimulation session, we recorded electromyographic (EMG) activity of a target hand muscle in
response to spTMS over M1 during a reading task in which participants were presented with
affirmative and negative action and attentional sentences. In normal physiological conditions (i.e.,
following sham rTMS) we expect to find a reduction of MEP amplitudes for negative action sentences
compared to affirmative action sentences and to attentional sentences (Papeo et al., 2016). Crucially,
we expect that active rTMS on rIFG would prevent the inhibitory effect of negative action sentences
to emerge. That is, we expected no difference between sentence types following rIFG-rTMS, a result
that would provide direct evidence of functional role of rIFC in the M1 modulation associated with
the comprehension of negated action sentences. If so, this would support a strong prediction of the
RIN hypothesis.

Additionally, in the sham group we were interested in verifying whether the inhibitory effects
of negation were strictly linked to the verb, or if they were prolonged to a later stage of sentence
processing, namely, in the integration of final object noun. Therefore, we used relatively more
complex sentences than in previous studies (i.e, Ahora no agarraras un cascanueces / Now you will
not catch a nutcracker), and delivered the spTMS either over the verb or over the noun. If the negation
induces a disembodied effect in the motor system at an initial stage of meaning construction, then we
hypothesized to find a selective effect of negation on motor excitability for action contents when the
spTMS is applied at the verb locus. On the contrary, if the disembodied effect of negation for action
contents is observed when the spTMS pulse is delivered over the noun, this would indicate that the
negation effect lasts until the final stage of the semantic integration process.

To summarize, this study aims to: 1) replicate the disembodiment effects reported by Papeo et
al. (2016, Exp.1); 2) examine the time course of the negation effect, testing two loci in the sentences:
the verb and the noun; 3) and more importantly, assess for the first time if the inhibitory system (rIFG)

is causally involved in the processing of negative action sentences, acting on M1.

4.2 Method
4.2.1 Participants
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Sixty-four healthy participants took part in this study. They were randomly assigned to two
stimulation groups: 32 participants (8 men, mean age + SD: 20.6 years + 2.7) were assigned to the
sham rTMS group and 32 participants (6 man, mean age + SD: 23.5 years + 4.0) were assigned to the
active rTMS group. All participants were right-handed, had Spanish as their mother tongue, and did
not report any neurological disease, visual problems, or drug intake. All students gave informed
consent and received course credit for volunteering. The Research Ethics Committee of the University
of La Laguna approved this study and the experiment was conducted according to the principles
expressed in the Declaration of Helsinki. One participant belonging to the sham rTMS group was
discarded from the analysis due to recording failure.

4.2.2 Linguistic Material

Verbal stimuli were presented on a 23-inch screen located about 80 cm away from the
participant. Two sets of 240 Spanish sentences were used. The lexical material was adapted from a
previous study (Vitale et al., 2021), and included 30 manual action verbs, 30 attentional verbs, and
120 nouns referring to manipulable objects. Every sentence (displayed with character height of 36pt
in Courier New font size) started with the temporal adverb “ahora” (now) followed by the polarity
word, then the verb appeared followed by the article and finally by the noun. Each sentence was
presented in an affirmative and a negative version (Table 4.1), resulting in a total of 60 affirmative
action sentences, 60 negative action sentences, 60 affirmative attentional sentences and 60 negative
attentional sentences for each set. Within each set, each verb appeared in two sentences combined
with different objects, and the sentences in the two sets differed in the combination of nouns and
verbs in such a way that if a given noun appeared with a manual verb in set 1 (e.g., Ahora si apretaras
un tornillo / now you will [yes] tighten a screw), it was associated with an attentional verb in set 2
(e.g., Ahora si distinguiras un tornillo / now you will [yes] distinguish a screw) and vice versa. The
material was previously validated using lexical values downloaded from the EsPal database and
testing a group of 30 participants not taking part to the present study (see Vitale et al., 2021 for
details), ensuring no differences in frequency, length and familiarity between the action and
attentional verbs (See Table 4.2).

Action sentences
Affirmative: Ahora si agarraras una tenaza / now you will [yes] grab a pliers

Negative: Ahora no agarraras una tenaza / now you will not grab a pliers

Attentional sentences
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Affirmative: Ahora si apreciaras un libro / now you will [yes] appreciate a book

Negative: Ahora no apreciaras un libro / now you will not appreciate a book

Table 4.1. Example linguistic material

Manual action verbs Attentional verbs t p-level
Frequency 23.83+54.91 56.84 + 93.87 -1.66 0.10
Length 6.67 +1.37 7.27+1.87 -1.41 0.16
Familiarity 6.24 +0.52 5.97 +0.76 1.55 0.13

Table 4.2. Values of linguistic variable: frequency and length values were obtained from the EsPal database. To evaluate
the familiarity of the verbs, a behavioural study of 30 participants were conducted where they had to evaluate on a 7-
point Likert scale the familiarity of each verb. Mean values were calculated, and t-tests were conducted for every

variable, ensuring no differences between the two type of verbs.

4.2.3 TMS and electromyography recordings

To assess language-related modulation of M1 excitability we administered spTMS over the left
M1 using a Magstim 200 magnetic stimulator (Magstim, Whiteland, Dyfed, UK) connected to a
figure-of-eight magnetic coil (70 mm outer diameter; peak magnetic field 2.2 Tesla) and recorded
TMS-induced MEPs from the contralateral right first dorsal interosseous (FDI) using a Biopac MP-
35 (Biopac, U.S.A.) electromyography (EMG) system. Surface EMG was recorded from the right
FDI with Ag-AgCl electrodes placed in a belly-tendon montage with the ground electrode on the right
wrist. EMG signals were band-pass filtered (30-500 Hz), sampled at 5 kHz, digitized and stored on a
computer for offline analysis. The TMS coil was held tangentially to the skull, with the handle
pointing backward and laterally at 45° from the midline, resulting in a posterior—anterior direction of
current flow in the brain. The optimal coil position on left M1 was defined as the point where
stimulation consistently evoked the largest MEPs in the right FDI. During the experimental session,
TMS intensity was set at 120% of the resting motor threshold (rMT), which was defined as the lowest
intensity of output that evoked five small responses (~50uV) in the relaxed FDI muscle in a series of
10 stimuli (Rossini et al., 2015). Mean motor thresholds (+ standard deviation) were 37.3% + 5.8 and
38.8% + 4.4 of the maximum stimulator output in sham and active rTMS groups, respectively, and
did not differ between groups (t 1= -1.51, p = 0.14).

4.2.4 rTMS parameters and site localization
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To perturb rIFG we administered image-guided rTMS using a figure-of-eight coil (70 mm
diameter) connected to a Magstim Rapid2 stimulator (Magstim, Whiteland, Dyfed, UK). During
active stimulation, the coil was placed tangentially over vertex with the handle in an upward vertical
orientation. During sham rTMS, the coil was tilted at 90° over the vertex, in order to provide some
scalp sensations and a similar “clicking” sound, without inducing a current in the brain. Before each
SpTMS session, 15 minutes of offline repetitive low-frequency (1Hz) stimulation at an intensity of
90% of the rMT (see above) was administered. Stimulation site were localized using the BrainSight
frameless stereotaxic system (Rogue Research, Canada) with a Polaris (NorthernDigital, Canada)
infrared tracking system to measure the position of anatomical landmarks on each participant's head.
Prior to the neuronavigation session, for each participant, high-resolution T1 weight anatomic images
were acquired with a 3T GE Sigma Excite MRI scanner at the Magnetic Resonance Service for
Biomedical Research, at the University of La Laguna (TR = 4.768 ms, Tl = 650, TE = 1, 9,
flipangle:20, voxelsize;1.02 x 1.02 x 1, matrix 228 x 228, FOV26 x 26, slice order: sequential, gap:
0) and prepared for the neuronavigator. Then, for each magnetic resonance image (MRI) scan, several
anatomical landmarks were marked (tip of nose, left and right intra-tragus notches). Another infrared
tracker was placed over the TMS coil to identify the scalp point where the target was selected in the
MRI image and to mark the point on the cap. Each participant's MRI was compared to a normalized
space so that TMS coordinates used were identified in a standard space. The rIFG target location was
based on previous fMRI meta-analysis (Zhang et al., 2017) exploring the activation of inhibitory
control on action withholding and action cancellation and rTMS studies (Chambers et al., 2007;
Verbruggen et al., 2010) that provide consisting evidence of the crucial role of rIFG in cancelling a
motor response. The stimulation site, set on the following MNI coordinates: x =53, y = 16, z = 17,
corresponded to the rIFG pars opercularis, and it was targeted in a locus anterior to the precentral
sulcus, between the lateral sulcus and inferior frontal sulcus (Chambers et al., 2007; Verbruggen et
al., 2010).

4.2.5 Procedure

The experiment consisted of two separated sessions. In session 1, the structural MRI images
from each participant were acquired. In session 2, coil position for M1 and stimulation intensity was
established by determining participants’ M1 hotspot and rMT, and coil position for the target rTMS
site (rIFG) was localized by means of individual anatomical images fed in the neuronavigation (see
above). Afterwards, participants received 15-minutes of sham or active rTMS over the target site,
immediately followed by the language comprehension task combined with the spTMS stimulation.
The task consisted of 4 blocks of 30 trials taking ~ 15 minutes, thus falling within time window where
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rTMS effects can be observed (Avenanti et al., 2007, 2012; R. Chen et al., 1997; Miinchau et al.,
2002; Serino et al., 2011). After a 5-min rest period, a second 15-min application of sham or active
rTMS stimulation — identical to the one previously received — was administered (Goldsworthy et al.,
2015; Nyffeler et al., 2006; Terranova et al., 2019). Then, the participants executed 4 additional
blocks of 30 trials of the language task and spTMS. Two blocks of 20 MEPs - which served as
baseline - were collected using spTMS, before and after the stimulation session. The structure of the
sessions is shown in Figure 4.1A.

The experiment was programmed using E-Prime software to control sentences presentation
and to trigger TMS pulses. Each trial consisted of a sentence, with verbal material presented word by
word which started with a 200-ms fixation cross, followed by the temporal adverbial appearing for
200 ms. After that, the polarity operator was presented for 200-ms and then the manual or attentional
verb was shown for 300 ms. Successively, the article appeared for 200 ms followed by the noun
showed for 300 ms. The words presentation was separated by an interval of 200 ms (see Figure 4.1B).
In half the trials, the spTMS pulse was delivered at 250 ms of verb onset, while the remaining trials
the pulse was delivered at 250 ms of noun onset. Finally, a whole sentence was displayed on the
screen that could be the same of the one presented previously one word a time, or differed in some
segment of the sentence (e.g., the polarity operator, the verb or the object). Participants had to verbally
respond “yes” when the sentence matched the previous one, and “no” when the sentences differed
from each other. An experimenter collected the answers by pressing a computer key. In order to avoid
changes in motor excitability due to verbal response (Meister et al., 2003; Tokimura et al., 1996),
participants were instructed to answer 2-3 seconds after the final sentence was presented. Moreover,
to avoid changes in motor excitability due to TMS per se, after the response a white screen appeared

for 3-5 sec thus ensuring an inter-pulse interval of about 10 sec (R. Chen et al., 1997).
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Session1 Session 2
activelsham Language task activelsham Language task
MRI Neuronavigation | | Baseline MEPs TMS |} (<oTMS stimula- |-»|  Rest Break mMs [{(spTMS stimula- || Baseline MEPs
acquisition session Pre-stimualtion (900 :J'jls)es at tion) (5 minutes) (%00 m‘s)es at tion) Post-stimualtion
2) z
15 minutes 15 minutes
200 ms
* 200 ms
Ahora 200 ms

200 ms

no

200 ms

300 ms

Figure 4.1. Structure of experimental procedure. (A) Schematic representation of the experimental sessions. (B) Example

of a trial sequence (translation: Now you will not press a thumbtack).

4.2.6 Data analysis

Neurophysiological and behavioral data were processed offline. To corroborate that there was
no difference in the accuracy between the groups, a four-way mixed factors ANOVAs with Group
(sham rTMS and active rTMS) as between subjects’ factor and Locus of stimulation (verb and object),
Type of sentence (action and attentional) and Sentence polarity (affirmative and negative) was
conducted on the percentage of corrected answers. One participant was eliminated from further

analysis due to the high percentage of incorrect responses, which deviated from the mean by 2SD.

apretaras

250 ms

200 ms

200 ms 250 ms

una 200 ms

300 ms

chincheta
Ahora si
apretaras
una chincheta (((
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MEPs were measured in mV and computed as the median peak-to-peak amplitude for each
condition. MEPs associated with an incorrect answer, were excluded from the analysis (less than 5%
in both group). Additionally, MEPs preceded by background EMG deviating from the mean by more
than 2 SD were removed from the analysis (less than 5% in both group), since it is known that EMG
background can affect motor excitability (Devanne et al., 1997). To normalize the data distribution,
a logarithmic transformation was applied to the MEP values [log (median MEP amplitude value +1)].
Normalized MEPs were analyzed by means of a four-way mixed factors ANOVA with Group (sham
rTMS and active rTMS) as between subjects’ factor, and Locus of stimulation (verb and object), Type
of sentence (action and attentional) and Sentence polarity (affirmative and negative) as within subject
factor. In all ANOVAs, post-hoc comparisons were performed using the Duncan’s test. Partial eta?
(175%) was computed as a measure of effect size for the main effects and interactions, whereas repeated
measures Cohen’s d was computed for post-hoc comparisons (J. Cohen, 1992). To detect the presence
of outlier, two Cluster analysis were conducted separately in each Group. The Cluster analysis
revealed the presence of four outliers (2 for the sham rTMS group and 2 for the active rTMS), which

were removed from all the analysis.

4.3. Results and Discussion
4.3.1 Accuracy

Task accuracy was high in both groups (percentage of mean correct answers + S.D.: sham
rTMS: 96% =+ 3; active rTMS: 97% + 2). The Group x Locus of stimulation x Type of sentences x
Polarity ANOVA conducted on accuracy showed no main effect or interaction (all F <2.04; p > 0.16),
confirming similar accuracy on performance across the two groups and all the experimental

conditions.

4.3.2 MEPs

The ANOVA Group x Locus of stimulation x Type of sentences x Polarity conducted on
normalized MEPs, showed a significant Locus of stimulation x Type of sentences interaction (Fy56 =
4.74, p = 0.03, np? = 0.08) and a marginally significant 4-way interaction (F1,s6 = 2.80, p = 0.099, #p?
= 0.05). Because of the theoretical relevance of such marginal trends, to better investigate the
temporal dynamics of negation effect we performed separate Group x Type of sentences x Polarity
analyses for the verb and for the object locus. In keeping with previous studies (Buccino et al., 2005;
Liuzza et al., 2011), the ANOVA performed in the verb locus showed a strong main effect of Type
of sentences (Fiss = 7.14, p < 0.01, #,® = 0.11), accounted for by higher MEPs amplitude for the
attentional sentences (mean MEP amplitude + SD: 0.354 + 0.153) compared to action sentences
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(0.345 £ 0.150), confirming the embodiment prediction, according to which sensory-motor
simulations contribute to action-language processing (Barsalou et al., 2008; Fischer & Zwaan, 2008;
Garcia & Ibafez, 2016; Glenberg et al., 2008). More importantly, the three-way Group x Type of
sentences x Polarity interaction was also significant (Fyss = 4.54, p = 0.04, 52 = 0.08). To further
explore such interaction, separate Type of sentences x Polarity ANOVAs were performed for the
sham rTMS group and for the active rTMS group. The ANOVA on the sham group maintained the
main effect of Type of sentences (F12s = 5.35, p = 0.03, % = 0.16), indicating a decrease in motor
excitability for manual action sentences (0.360 + 0.124) relative to attentional sentences (0.372 +
0.125). Most relevant, the interaction Type of sentences x Polarity was also significant (F1,2s = 6.05,
p = 0.02, 5, = 0.18), driven by a reduction in MEPs when processing negative action sentences.
Indeed, post hoc analysis showed lower MEPs amplitude recorded while reading negative action
sentences (0.354 + 0.121) compared to affirmative action sentences (0.367 + 0.129, p = 0.046,
Cohen’s d = 0.11), to affirmative attentional sentences (0.36 + 0.134, p = 0.045, Cohen’s d = 0.11)
and to negative attentional sentences, (0.377 + 0.119, p < 0.01, Cohen’s d = 0.19) (see Figure 4.2A).
The decrease of MEPs amplitudes for negative action sentences in the sham group is in line with
previous studies (Aravena et al., 2012; Bartoli et al., 2013; Beltran et al., 2018; de Vega et al., 2016;
Garcia-Marco et al., 2019; Liu et al., 2020; Liuzza et al., 2011; Papeo et al., 2016; Tettamanti et al.,
2008; Tomasino et al., 2010), reporting a reduction of motor brain activity associated with negative
action-related language. Particularly, we replicated the results of Papeo et al. (2016), showing that
the polarity context (affirmative or negative), already modulates the motor cortex excitability at the
time of verb presentation. Taken together, these findings confirm that the disembodiment effect of
negation occurs at the initial stage of sentence integration processing (see Papeo et al., 2015); that is,
once the negation is semantically integrated with the verb, it immediately interferes with the
embodied representation, leading to the observed disembodiment.

Nonetheless, the major novelty of our study was to test how the intervention on the inhibition
system affects the processing of negative action sentences. We found that the disturbance of the rIFG
activity by means of active low-frequency rTMS resulted in the absence of significant effects of
polarity or its interaction (all F < 2.06; all p > 0.16), which confirms that rIFG plays a crucial influence
on the deactivation of the motor system during the processing of negative action sentences. In fact,
according to our prediction, inhibiting of rIFG disrupts the reduction of motor excitability in negative
action sentences as reflected by the null effects on MEPs. By showing that rTMS hindered the
functional modulation of M1 excitability when processing negative action sentences, we provided the
first neurophysiological evidence that the brain inhibition system is causally involved in the
disembodiment effect of negation, thus supporting the RIN hypothesis. These findings go beyond the
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correlational evidence provided elsewhere by the results of behavioral studies (Garcia-Marco et al.,
2019), spTMS (Liuzza et al., 2011; Papeo et al., 2016) and EEG studies (Beltran et al., 2018; de Vega
et al., 2016; Liu et al., 2020).

Finally, the ANOVA conducted on the object locus did not show any significant result (all F <
1.93; all p>0.17) (Figure 4.2B), indicating that the negation effect was bounded to the verb, and did
not extend to the next stage of the semantic process.

The inhibitory circuit is constituted by several brain regions — including the rIFG, dorsolateral
prefrontal cortex, pre-supplementary motor area, anterior cingulate cortex and the striatum-
subthalami nuclei. According to the model proposed by Aron (2011), the rIFG plays a major role in
this network, implementing stopping signals to the motor system through the striatum-subthalamic
nucleus pathways (Aron, 2011; Chambers et al., 2009), or, possibly, directly to M1 (Neubert et al.,
2010). Our results suggest that this neural inhibition model can be extended to linguistic negation,
consistently with the RIN hypothesis. That is, in brain normal states (in sham rTMS) the rIFG would
be recruited by negative action statements to inhibit, through direct cortico-cortical or striatum
pathways, the motor cortex, resulting in the disembodiment effects of negation obtained here and
elsewhere (Aravena et al., 2012; Bartoli et al., 2013; de Vega et al., 2016; Garcia-Marco et al., 2019;
Liuzza et al., 2011; Papeo et al., 2016; Tettamanti et al., 2008; Tomasino et al., 2010). However, the
disturbance of rIFG activity (in active rTMS) blocks the inhibitory signals at M1, and the motor
excitability for negative action sentences becomes similar to that of affirmative sentences.

Although our study clearly indicates a functional influence of rIFG on M1 during the
comprehension of negated action sentences, future studies are needed to further test the RIN
hypothesis by focusing on the causal involvement of other key nodes of the neural network supporting
inhibitory control such as the pre supplementary motor area (pre-SMA) (Borgomaneri et al., 2020;
Zhang et al., 2017). Moreover, to address neuroanatomical specificity of the findings, further studies
will need to include active rTMS on control areas outside the inhibitory control network (e.g., the
occipital cortex). In the latter case, a physiological effect similar to that observed for our sham group
would be expected, and this would provide supplementary support to the hypothesis that inhibitory

control mechanism is responsible for the reduction of motor activity for negated action-languages.
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Figure 4.2. MEPs modulation as a function of type of sentence (action vs. attentional) and polarity (affirmative

vs. negative) for the verb locus (A) and for the object locus (B).

4.4 Conclusion

In conclusion, our study shed new light on the effect of negation on the motor system. In
keeping with the disembodied view, we showed that negation, imbedded in an action context, blocked
the simulation of the meaning representation expressed in the sentences (de Vega et al., 2013; Papeo
et al., 2016). More relevant, we found that this “disembodiment” effect of negation is caused by the

activation of the inhibitory system, supporting the RIN hypothesis.
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Chapter 5: General discussion

The basic tenet of the embodiment approach to language is that the comprehension of words
and sentences may require internal sensory-motor simulations of the referred objects or events. Such
assumption implies that to understand action-related language, the activation of the motor cortices is
necessary. An objective of this thesis was to provide direct empirical evidence that the embodied
simulations are functionally involved not only in the comprehension of action language, but also in
long-term memory. A second objective was to shed light on the neural mechanisms responsible for
the disembodiment effects of linguistic negation on action language. In two experiments, we used
different non-invasive brain stimulation protocols which are particularly appropriate for drawing
causal conclusion on the neural mechanisms underlying embodiment and disembodiment effects.

The first experiment demonstrated the causal role of M1 in the memory for action language. In
two different groups, we applied offline active (anodal or cathodal) or sham tDCS over left M1, before
participants performed an action language memory task. The memory performance selectively
improved for the action sentences after receiving a-tDCS, compared to sham stimulation, while no
difference was shown for the attentional sentences. No similar effects were observed in the cathodal
group. Moreover, to assess the effectiveness of the stimulation, we measured the physiological
changes induced by the tDCS. Although the effect was variable in both groups, the increase of MEPs
after a-tDCS was almost significative, while no net changes were detected after c-tDCS. Remarkably,
across group, the increase in motor excitability positively correlated with the improvement in the
memory performance. In other words, participants who showed bigger MEPs amplitude after active
stimulation, reflecting an enhancement of motor activity, also showed higher action language memory
performance.

The chapter 1 of the present dissertation extensively discusses data in favour of the EC approach
to action language. As mentioned before, these studies predominantly contributed to assess how
understanding of action language is associated with the activation of the motor cortex, but they did
not answer the “necessity question”, that is, to what extent this activation is necessary for meaning.
Indeed, only few studies used neuromodulation tools to investigate this issue (Gerfo et al., 2008;
Gijssels et al., 2018; Kuipers et al., 2013; Liuzzi et al., 2010; Niccolai et al., 2017; Repetto et al.,
2013; Vukovic et al., 2017; Willems et al., 2011), perturbing the activity in motor areas to observe
behavioral effect on the understanding of action language. The current Experiment 1 contributes to
verify the functional role of M1 in action meaning comprehension, adding some important novelties.
First, rather than observing the impact of “virtual lesions” in M1 by means of an inhibitory protocol
aiming to impair performance, we found that an excitatory stimulation protocol improved
performance in memory for action-language. The result is compatible with previous studies that
demonstrated how the enhancement of M1 activity improves the performance in implicit motor
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learning tasks (L6pez-Alonso et al., 2015; Nitsche, Schauenburg, et al., 2003; Reis & Fritsch, 2011)
and also in the speech domain (Buchwald et al., 2019). Here, the improvement of performance was
observed in a long-term memory task that followed the processing of linguistic meaning. With these
premises and considering the large literature supporting the EC view, the enhancement of M1 activity
seems to reinforce the simulation of the action referred to in the sentence, which presumably occurs
during the encoding stage (e.g., learning phase of the sentences), resulting in a stronger memory trace
of the sentence. Still, we cannot exclude that the motor simulation also takes place in other stages of
the task, such as recall.

Second, the performance measure employed here consisted of a cue-based memory test of
simple sentences previously memorized, instead of online activation measures involving
morphological, syntactic or semantic tasks. Therefore, this study has shown a specific long-term
effect of the embodied mechanism, while most of the previous research focussed on embodiment
effects during online comprehension of action language. Actually, it should be noted that the present
task did not directly evaluate the involvement of M1 in action comprehension; however, enhancing
action simulation (see above) is likely to lead not only to better performance on the memory task, but
also to improved understanding of manual action sentences, since the two process are functionally
related. This is especially true in a memory task like the one used here, in which the possible use of
memory strategies was minimized by means of a distractive task preceding recall, and the
performance in this task may be derived primarily from comprehension of sentences. Yet, there is
still the possibility that some memory strategy takes place beyond the comprehension process and,
therefore, additional investigation is necessary on the temporal dynamics of the motor system across
the different stages of the task.

Finally, since the tDCS induced effects were measured not only on the behavioral performance,
but also at physiological level, we have demonstrated for the first time that increased motor
excitability is a predictor of improvements in action language memory. As regression analysis showed
a higher increase in MEPs was associated with better memory performance. Importantly, another
predictor of memory performance was the stimulation group, that is, the a-tDCS induced larger
memory improvement compared to the c-tDCS. As expected, in the anodal group the increment of
motor excitability was detected in the majority of participants (18 of 25), while the c-tDCS induced
more variable results (13 of 25 showed MEPs decrease). Then, although the a-tDCS seems to be more
effective compared to c-tDCS, the enhancement of motor activity induced by the stimulation predicts
the consequent change in the behavioral performance. This result confirms the idea that when the

active stimulation (especially anodal) enhances the activation of motor cortex, as measured by the
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increase of motor excitability, it reflects a mechanism that reinforces action simulation of the
sentences, resulting in a better memory for action language.

Taking together, these results provide, for the first time, strong evidence for a causal link
between the motor cortex and the memory for action related language, clearly supporting the
embodied view on linguistic meaning. Against this claim, the critics of the EC approach to language
suggest that the motor activation observed for action language is the consequence of the interface
between the conceptual system, where all concepts are processed, and the sensory-motor system
(Chatterjee, 2010; Mahon, 2015; Mahon & Caramazza, 2008). These theorists accept that the motor
system is activated by action language, but they consider such effect as an epiphenomenal
downstream activation occurring after the amodal representation, which constitutes the “real”
meaning, was generated by the conceptual system. This proposal clearly opposes the idea of a
necessary and functional role of motor network in the comprehension of action related language. The
results of the first experiment of this dissertation contrast with this view, because they demonstrate
the functional involvement of M1 in memorizing manual action sentences, suggesting that the motor
system has a key role in action language and its activation is not merely collateral.

Experiment 2 of this dissertation aimed to investigate the paradoxical effect of negation
reported in the embodiment literature: unlike in affirmative action sentences, which induce sensory-
motor simulations, negation inserted in action sentences produces a “disembodied” effect, reflected
in a reduction of activity on the motor areas (see chapter 2 for an extensive review). The RIN
hypothesis posits that such effect occurs because the understanding of negation recruits the neural
mechanisms of response inhibition (Beltran et al., 2018; de Vega et al., 2016; Liu et al., 2020). To
date, data supporting the RIN hypothesis come from correlational studies, confirming that the
inhibitory system is activated during the processing of negated action sentences. However, these
studies do not allow to conclude that the inhibitory mechanism plays a functional role in negation.
For this reason, the second experiment aimed to directly test this assumption, by employing an
innovative perturb-and-measure stimulation protocol. This method consists of disrupting the activity
of a given area through offline low-frequency rTMS and evaluate the effect of this perturbation on
motor excitability, recording MEPs amplitude using sp-TMS. Specifically, in our second study we
induced a “virtual lesion” on rIFG, a crucial region of the inhibition network (Aron et al., 2014;
Chambers et al., 2009), and evaluate the consequence on the excitability of the left M1 while
participants read action and attentional sentences, presented in both affirmative and negative form. In
this way, we expected to demonstrate a causal relation between the activity of the inhibitory system
and the processing of negative action sentences. In two stimulation groups, sham or active low
frequency rTMS was delivered over rIFG before performing the linguistic task, during which MEPs
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were recorded in the left M1corresponding to the right hand FDI muscle. In addition, to verify the
temporal dynamics of negation effect, sp-TMS pulses were delivered in two loci of the sentences: the
verb and the object. In the sham group (baseline), the MEPs recorded for the verb loci were smaller
during negative action sentences, relative to their affirmative counterpart and relative to both
affirmative and negative attentional sentences. Crucially, perturbing rIFG activity via rTMS
suppressed the disembodied effect of negation on the motor system, as shown by the absence of
significant differences between affirmative and negative action sentences, confirming our prediction
that the disembodied effect of negation in M1 is causally related to the activity of the rIFG.

The reduction in CSE specifically associated with negative action sentences observed in our
sham condition was consistent with previous findings revealing “disembodied” effects of negation
inserted in action sentences on the motor area activity (Aravena et al., 2012; Bartoli et al., 2013;
Foroni & Semin, 2013; Garcia-Marco et al., 2019; Liuzza et al., 2011; Papeo et al., 2016; Tettamanti
etal., 2008; Tomasino et al., 2010). In particular, our sham condition replicated the study of Papeo et
al. (2016) that showed a reduction in motor excitability, measure as MEPs amplitude, in response to
sp-TMS, in negative compared to affirmative action sentences already at the initial phase of semantic
integration processing (Papeo et al., 2015). In other words, there is evidence that as soon as negation
marker is integrated with the action verb meaning, it reduced or blocked the simulation of the negated
action, as reflected by the deactivation of motor activity.

However, the main objective of this second study was to test a radically new proposal, trying
to reveal the neural mechanism causally responsible for the disembodied effect of negation. Our
finding showed that perturbing rIFG abolished the inhibitory effect of negative action sentences on
M1 activity, providing for the first time clear evidence on the functional role of the inhibition system
in the processing of negation, and offering strong support to the RIN hypothesis, beyond previous
correlational data (Beltréan et al., 2018; de Vega et al., 2016; Garcia-Marco et al., 2019; Liu et al.,
2020; Liuzza et al., 2011; Papeo et al., 2016). In the present experiment we chose the disruption of
the rIFG activity, which is one of the main nodes of the inhibitory network. However, it is likely that
the stimulation of other key regions of the inhibitory mechanism (e.g., SMA, see chapter 2) could
also suppress the disembodied effect of negation. Future study should be conducted to investigate this
aspect, in order to provide additional support for the RIN hypothesis.

The last point of this experiment to consider is the lack of significant effects for the MEPs when
the spTMS was delivered during the object presentation. As we discussed before, this result suggests
that the negation effect is linked to the initial stage of semantic process (the verb) and does not extend
to the final phase of sentences comprehension.
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It should be noted that this study presents one limitation. To definitely affirm that the negation
effect relies exclusively on the inhibitory mechanism of response, another control area outside the
inhibitory circuit should be perturbed and then evaluate its effect on motor excitability during the
comprehension of negative action language. In the case of active stimulation of an additional control
area, a similar modulation of CSE to the ones observed in our sham condition would be expected.

In conclusion, the novelty of the present dissertation, is the empirical demonstration of neural
causality in two aspect of the embodied cognition approach to language:

1. The first study showed the crucial role of M1 in the memory for action language
2. The second study demonstrated the functional link between the inhibitory mechanism and the

disembodied effect of negation.
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Chapter 6: Conclusion

The main conclusions of Experiment 1 (E1) and Experiment 2 (E2) in this thesis can be

summarized as follows:

1) Enhancing the primary motor cortex (M1) activity, using offline anodal tDCS, improves
performance on a memory task for action-related sentences, whereas no effect was observed

for the attentional sentences (E1).

2) This selective improvement of memory for action sentences demonstrates that the motor
cortex plays a functional (causal) role in the motor simulation of meaning of these sentences
(EL).

3) The above results demonstrate for the first time that embodied representations have long term

consequences, beyond the online effects frequently reported in the literature (E1).

4) The selective improvement in memory performance for action sentences is associated with
the increased motor excitability induced by tDCS (E1).

5) Processing negative action sentences, compared to affirmative action sentences, reduced the
activity of the motor system, by blocking the motor simulation of the sentence meaning (E2).

This disembodiment effect of negation confirms other results reported in the literature.

6) The effect of negation is strictly bounded to the initial stage of sentences comprehension,
during the semantic integration of the negation marker and the verb (E2).

7) Most important, the disembodiment effect of negation in action sentences was entirely
suppressed when the inhibitory network activity was disrupted by offline rTMS targeting rIFG
(E2).

8) The suppression of the disembodiment effect resulting from disturbing the rIFG is a strong

evidence of the causal role of the response inhibition mechanism in the processing of negation.
This supports and reinforces the RIN hypothesis (E2).
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Appendix 1: List of verbs and the correspondent linguistic variables used in the

first and second study

MANUAL ACTION VERBS Frequency Length Familiarity Concreteness
Abrir / to open 49,075 5 6,800 6,429
Agarrar / to hold 4,692 7 6,600 6,357
Agitar / to shake 1,456 6 5,867 5,429
Apagar / to turn off 4,598 6 6,700 6,500
Apretar / to tighten 2,843 7 6,167 6,143
Coger / to take 11,271 5 6,520 5,889
Colgar / to hang 2,798 6 5,967 5,857
Colocar / to place 17,441 7 6,433 5,714
Dar / to give 301,281 3 6,733 5,429
Depositar / to deposit (put) 3,395 9 5,200 5,571
Doblar / to fold 4,000 6 6,133 6,143
Empujar / to push 2,940 7 6,200 6,071
Encender / to turn on / to light 5,309 8 6,533 5,429
Enjuagar / to dry 0,107 8 5,467 6,071
Guardar / to put away 17,259 7 6,733 5,429
Levantar / to raise 22,913 8 6,700 6,143
Limpiar / to clean 7,350 7 6,833 6,357
Llenar / to fill 11,814 6 6,733 6,000
Manejar / to handle 12,902 7 5,800 5,500
Manipular / to manipulate 4916 9 5,367 4,929
Mover / to move 16,275 5 6,900 5,714
Ponerse / to put on 25,054 7 6,167 5,000
Recoger / to pick up 21,610 7 6,400 5,714
Registrar / to search 8,110 9 5,200 4,786
Retirar / to remove 19,540 7 5,233 4,429
Sacar / to take out 46,840 5 6,300 5,429
Sujetar / to grab 2,502 7 5,967 6,071
Tirar / to throw 11,327 5 6,667 6,000
Utilizar / to use 73,502 8 6,400 5,286
Vaciar / to empty 1,826 6 6,333 5,857
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ATTENTIONAL VERBS Frequency Length Familiarity Concreteness
Admirar / to admire 6,641 7 5,767 4,071
Adorar / to adore 2,382 6 5,100 3,929
Apreciar / to appreciate 18,046 8 5,567 3,500
Conocer / to know 104,155 7 6,533 3,786
Contemplar / to contemplate 16,074 10 5,200 4,429
Desear / to desire 22,071 6 6,367 3,643
Despreciar / to despise 2,339 10 5,000 3,714
Distinguir / to distinguish 21,513 10 5,433 4,143
Divisar / to spot 1,738 7 3,967 3,857
Encontrar / to find 131,860 9 6,467 5,571
Extraviar / to mislay 0,240 9 4,500 4,357
Gustar / to like 66,621 6 6,600 4,071
Imaginar / to imagine 16,106 8 6,267 3,357
Mirar / to look at 39,952 5 6,867 5,571
Necesitar / to need 8,025 9 6,467 3,786
Observar / to observe 40,293 8 6,233 5,286
Oir / to listen to 75,702 3 6,733 5,000
Olvidar / to forget 34,698 7 6,300 4,071
Pedir / to ask for 64,142 5 6,367 5,214
Percibir / to perceive 12,551 8 5,233 3,500
Perder / to lose 65,597 6 6,500 4,714
Preferir / to prefer 4,367 8 6,033 4,286
Querer / to want 31,708 6 6,867 3,857
Rechazar / to reject 17,971 8 5,700 3,714
Reclamar / to demand 11,333 8 5,333 4,429
Reconocer / to recognize 49,446 9 6,033 4,214
Recordar / to remember 58,563 8 6,733 4,500
Solicitar / to request 17,984 9 5,300 3,714
Tener / to have 368,360 5 6,767 5,000
Ver / to see 394,697 3 6,967 5,000
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Appendix 2: Sets of sentences and the co-occurrence values used in the first study

Set 1:
ATTENTIONAL
ACTION SENTENCES | Co-occurence SENTENCES Co-occurence
Abrir un cuaderno / to 24100 Adm_lrar un cartel / to 3900
open a notebook admire a poster
Abrir un paraguas / to Admirar una pulsera/ to
50200 - 3
open an umbrella admire a bracelet
Agarrar un cascanueces / Adorar un cinturén / to
to hold a nutcracker ! adore a belt 2590000
Agarrar la tenaza / to hold 823 Adorar un jarron / to adore 8490
the pliers avase
Agitar una coctelera / to Apreciar una pistol / to
shake a shaker 862 appreciate a gun 12500
Agitar una castafiuela / to Apreciar un libro / to
0 - 88100
shake a castanet appreciate a book
Apagar un video / to turn Conocer una mochila/ to
off a video 34400 know a backpack 228000
Apagar un mlcrofono /to 3920 Conocer una cgrtera /to 29300
turn off a microphone know a portfolio
Apretar un tornillo / to Contemplar una olla/ to
- 32400 9
tighten a screw contemplate a pot
Apretar un nudo / to 8980 Contemplar una cacerola / 68100
tighten a knot to contemplate saucepan
Coger una regla/ to take a 28800 Desear una carpeta/ to 5
ruler desire a folder
Coger una cafetera / to Desear una aceitera / to
take a coffee maker 6200 desire an oil can 23000
Colgar un colador / to 7 Despreciar un frasco / to 1
hang a strainer despise a jar
Colgar un bastdn / to hang Despreciar la llave / to
3080 - 1
acane despise a key
Colocar un estuche / to Distinguir un mechero / to
: 19800 Lo O . 5
place a pencil case distinguish a lighter
Colocar un compas / to 10600 Distinguir un fésforo / to 670000
place a compass distinguish a match
Dar una billetera / to give 26000 Divisar un rotulador / to 12600
a wallet spot a marker
Dar un billete / to give a Divisar un biberén / to
ticket 322000 spot a baby bottle 14500
Depositar un rastrillo / to 111000 Encontrar una pala/to 78100
deposit a rake find a shovel
Depositar un mando / to Encontrar un fusil / to find
> 1 - 55700
deposit a controller arifle
Dablar una almohada / to 5890 E)_(trawar una pinza/ to 10300
fold a pillow mislay a clamp
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Doblar una_serwlleta /to 56300 E)_(trawar un alfiler / to 5
fold a napkin mislay a pin
Empujar una gaveta / to 92000 Gustar una libreta / to like 1
push a drawer an agenda
Empujar un carrito / to 13000 Gustar un plato / to like a 7010
push a cart plate
Encender una lampara / to 59100 Imaginar un reloj / to 44000
turn on a lamp imagine a watch
Encender I_a radio / to turn 265000 !mag!nar un pincel / to 7040
on the radio imagine a brush
Enjuagar una ensaladera / 44400 Mirar un mapa / to look at 167000
to dry a salad bowl amap
Enjuagar una cuchara/ to 403 Mirar una taza / to look at 30400
dry a spoon a mug
Guardar una guitarra / to Necesitar una grapadora /
h 7200 521

put away a guitar to need a stapler
Guardar una flauta / to put 10 Necesitar un tenedor / to 13400
away a flute need a fork
Levantar una palanca/ to 29800 Observar un cepillo / to 15900
lift a lever observe a brush
Levantar una bandeja / to 29900 Observar un borrador / to 15900
lift a tray observe an eraser
Limpiar una sartén / to Oir un micréfono / to
clean a pan 19000 listen to a microphone 10500
Limpiar un tarro / to clean 4800 Oirun video / to listen to a 17800
acan video
Llenar una caja/ to fill a 20500 Olvidar un paquete / to 16000
box forget a package
Llenar una botella / to fill 81000 Olvidar un cuaderno / to 8820
a bottle forget a notebook
Manejar un peine / to 5010 Pedir una escoba / to ask 12800
handle a comb for a broom
Manejar un abrelatas / to 1700 Pedir un salero / to ask for 3110
handle a can opener a salt shaker
Manipular una sierra / to Percibir una jarra / to

1840 - - 3
handle a saw perceive a jug
Manipular un afilador / to 5 Percibir una campanilla / 1
manipulate a sharpener to perceive a bell
Mover un lapiz / to move a Perder una gorra / to lose a
pencil 39200 cap 12000
Mover un boligrafo / to 10500 Perder un trapo / to lose a 29300
move a pen rag
Ponerse un sombrero / to Preferir un cortatfas / to

70700 I, 2
puton a hat prefer a nail clipper
Ponerse un anillo / to put 33200 Preferir un cajon /to 8
on aring prefer a cabinet
Recoger una ficha / to pick 13300 Querer unatiza / to want a 2
up a token chalk
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Recoger un clavo / to pick 9640 Querer un zapato / to want 3820
up a nail a shoe
Registrar una maleta / to 10100 Rechazar una esponja / to 3
search (in) a suitcase reject a sponge
Registrar un armario / to Rechazar una chincheta /
search (in) a closet 5580 to reject a thumbtack 18200
Retirar una toalla / to Reclamar unas tijeras / to
8310 - 6
remove a towel demand a scissors
Retirar un mévil / to Reclamar un cuchillo / to
- 13200 . 8
remove a mobile demand a knife
Sacar un jarrdn / to take 11600 Reconocer una pombllla/ 4830
out a vase to recognize a light bulb
Sacar un cinturén / to take 47400 Reconqcer un martillo / to 9610
off a belt recognize a hammer
Sujetar una lupa / to grab Recordar una papelera / to
o 1230 1
a magnifying glass remember a waste basket
Sujetar una goma/ to grab Recordar un sillén / to
2360 - 4
a rubber remember an armchair
Tirar un papel / to throw a 67400 Solicitar un teclado / to 25100
paper request a keyboard
Tirar un dardo / to throw a 7560 Solicitar un _taladro /to 10
dard request a drill
Utilizar una raqueta / to Tener una batidora / to
use a racket 14800 have a blender 130000
Utilizar un hacha / to use 30900 Tener una afeitadora / to 17100
an axe have a shaver
Vaciar un tazén / to empty 1310 Ver unos auriculares / to 2990
a large cup see a headphones
Vaciar un balde / to empty 2100 Ver un sobre / to see an 2920000
a bucket envelope

Set 2:
ATTENTIONAL

ACTION SENTENCES | Co-occurence SENTENCES Co-occurence
Abrir una bolsa / to open a 367000 Adm_lrar una flauta / to 1
bag admire a flute
Abrir un paquete / to open 383000 Admlrar una guitarra/ to 10
a package admire a guitar
Agarrar un martillo / to Adorar un collar / to adore

9370 8
hold a hammer a necklace
Agarrar un cepillo / to 7850 Adorar un bolso / to adore 323
hold a brush a purse
Agitar un salero / to shake Apreciar un mdvil / to

217 - . 8310
a salt shaker appreciate a mobile
Agitar una escoba / to 673 Apreciar una toalla/ to 8120
shake a broom appreciate a towel
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Apagar un interruptor / to 17500 Conocer un armario / to 59700
turn off a switch know a closet
(o oft avacuumcleaner | 7% | |ioow asuitcase 10
Apretar una chincheta / to 0 Contemplar una cuchara / 6
tighten a thumbtack to contemplate a spoon
Apretar una esponia / to Contemplar una ensaladera

P pony 1830 / to contemplate a salad 10500
tighten a sponge

bowl

gl(;%:r un plato / to take a 137000 (?eisiizraugoﬁgzgs /to 764000
anagenda e | w0 | il case :
Colgar un trapo / to hang a 8220 Despreciar un boligrafo / 184000
rag to despise a pen
Colgar una gorra / to hang Despreciar un tarro / to

2610 . 162000

acap despise a can
tcr:]zligsr la llave / to place 421000 (I;)itss:[tilr:]ézjuuilsrhugstgrrgxlo /to 4880
dhceatoiger | T80 || Gdingushatamp | 14590
Dar unos auriculares / to 2970 Divisar un pastel / to spot 3
give a headphones a cake

Dar una pinza/ to give a Divisar una cafetera / to
claml:) e " 80100 spI(\JItI Sa C(lJJffee maker 106000
(lj)eepp(%silttgrdur?”taladro /to 364000 ;Eirr]lgo;ggry una bandeja / to 167000
degositakeypoard | 2530000 | |G e | o600
Doblar un sobre / to fold 7460 Extraviar un tazén / to 7920
an envelope mislay a large cup

Doblar un cartel / to fold a 4410 Extraviar una billetera / to 6
poster mislay a wallet

Empujar un sillon / to push 2400 Gustar la radio / to like the 19700
an armchair radio

Empujar una papelera/ to 3 Gustar un sombrero / to 5
push a waste basket like a hat
o || [jragreregeme e | oo
e I | e
Enjuagar una cacerola/ to 3 Mirar un anillo / to look at 24300
dry a saucepan aring
Enjuagar una olla/ to dry 9 Mirar una regla / to look at 29300
a pot aruler
Guardar un cuchillo / to Necesitar un peine / to
put away a knife 35900 need a comb 6160
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Guardar unas tijeras /to 295 Necesitar una sierra/ to 6800
put away a scissors need a saw
Levantar un fusil / to raise Observar un hacha/ to
arifle 14000 observe an axe 10100
Le_vantar una pala/to 17300 Observar un nudo / to 25000
raise a shovel observe a knot
Limpiar un collar / to 7510 Oir la aspiradora / to listen 6630
clean a necklace to a vacuum cleaner
Limpiar una jarra/ to Oir un interruptor / to
: 5180 - . 4
clean a jug listen to a switch
Llenar un bolso / to fill a 18800 Olvidar un paraguas / to 3590
purse forget an umbrella
Llenar una taza/ to fill a 54400 Olvidar una bolsa / to 15800
mug forget a bag
Manejar una grapadora / to Pedir una castafiuela / to
6 106000
handle a stapler ask for a castanet
Manejar un pincel / to 13500 Pedir una _Iupa/ to ask for 10000
handle a brush a magnifying glass
Manipular una campanilla Percibir un clavo / to
: 78000 - - 2
/ to manipulate a bell perceive a nail
Manipular un cortatfas / L .
to manipulate a nail 73200 Peruk_)lr un carrito / o 1
. perceive a cart
clipper
Mover un rotulador / to 4 Perder un bastdn / to lose a 26900
move a marker cane
Mover un tenedor / to Perder un colador / to lose
9770 - 4
move a fork a strainer
Ponerse una pulsera / to 9890 Preferir un abrelatas / to 35900
move a bracelet prefer a can opener
Ponerse un reloj / to put on 54900 Preferir un afilador / to 103000
awatch prefer a sharpener
Recoger un mapa / to pick Querer un dardo / to want
up a map 40400 adard 3
Recog_er un alfiler / to pick 11100 Querer un papel / to want 46100
up a pin a paper
Registrar una cartera / to Rechazar un rastrillo / to
. . 21800 - 6
search (in) a portfolio reject a rake
Reglstra_r una mochila / to 11100 Rgchazar una coctelera / to 142000
search (in) a backpack reject a shaker
Retirar un libro / to 48200 Reclamar un Ia_plz /to 7
remove a book demand a pencil
Retirar una bombilla / to 4500 Reclamar una caja / to 27400
remove a light bulb demand a box
Sacar una aceitera / to take 131000 Reconoce_r una a}lmohada / 6320
out an oil can to recognize a pillow
Sacar un frasco / to take Reconocer la tenaza / to
out a jar 40200 recognize a pliers 218000
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Sujetar un borrador / to

Recordar una gaveta / to

4 546000
grab an eraser remember a drawer
Sujetar una pistol / to grab Recordar una raqueta / to
agun 3900 remember a racket 603000
Tirar un zapato / to throw 6620 Solicitar un balde / to 6130
a shoe request a bucket
Tirar unatiza/ to throw a 1340 Solicitar un mando / to 19300
chalk request a controller
Utilizar una afeitadora / to 4510 Tener una botella / to have 3030000
use a shaver a bottle
Utilizar una batidora/ to 33700 Tener un cascanueces / to 4570
use a blender have a nutcracker
VaC|a_r un cajon / to empty 3390 \_/er un billete / to see a 166000
a cabinet ticket
Vaciar un biberén / to 428 Ver una sartén / to see a 71100
empty a baby bottle pan
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Appendix 3: Sets of sentences used in the second study.

Setl

ACTION SENTENCES

ATTENTIONAL SENTENCES

Ahora si/no abriras un cuaderno

Ahora si/no admiraras un cartel

Ahora si/no abriras un paraguas

Ahora si/no admiraras una pulsera

Ahora si/no agarraras un cascanueces

Ahora si/no adoraras un cinturén

Ahora si/no agarraras la tenaza

Ahora si/no adoraras un jarrén

Ahora si/no agitaras una castafiuela

Ahora si/no apreciaras un libro

Ahora si/no agitaras una coctelera

Ahora si/no apreciaras una pistola

Ahora si/no apagaras un micréfono

Ahora si/no conoceras una cartera

Ahora si/no apagaras un video

Ahora si/no conoceras una mochila

Ahora si/no apretaras un nudo

Ahora si/no apretaras un tornillo

Ahora si/no contemplaras una olla

Ahora si/no cogeras una cafetera

Ahora si/no desearas una aceitera

Ahora si/no cogeras una regla

Ahora si/no desearas una carpeta

Ahora si/no colgaras un bastén

Ahora si/no despreciaras un frasco

Ahora si/no colgaras un colador

Ahora si/no despreciaras la llave

Ahora si/no colocaras un compas

Ahora si/no distinguiras un fosforo

Ahora si/no colocaras un estuche

Ahora si/no distinguirds un mechero

Ahora si/no daras un billete

Ahora si/no divisaras un biberén

Ahora si/no daras una billetera

Ahora si/no divisaras un rotulador

Ahora si/no depositaras un mando

Ahora si/no encontraras un fusil

Ahora si/no depositaras un rastrillo

Ahora si/no encontraras una pala

Ahora si/no depositaras una servilleta

Ahora si/no extraviaras un alfiler

Ahora si/no doblaras una almohada

Ahora si/no extraviaras una pinza

Ahora si/no empujaras un carrito

Ahora si/no gustaras una libreta

Ahora si/no empujaras una gaveta

Ahora si/no gustaras un plato

Ahora si/no encenderas una lampara

Ahora si/no imaginaras un pincel
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Ahora si/no encenderas la radio

Ahora si/no imaginaras un reloj

Ahora si/no enjuagaras una cuchara

Ahora si/no miraras un mapa

Ahora si/no enjuagaras una ensaladera

Ahora si/no miraras una taza

Ahora si/no guardaras una flauta

Ahora si/no necesitaras una grapadora

Ahora si/no guardaras una guitarra

Ahora si/no necesitaras un tenedor

Ahora si/no levantaras una bandeja

Ahora si/no observaras un borrador

Ahora si/no levantaras una palanca

Ahora si/no observaras un cepillo

Ahora si/no limpiaras una sartén

Ahora si/no oiras un video

Ahora si/no limpiaras un tarro

Ahora si/no oiras un micréfono

Ahora si/no llenaras una botella

Ahora si/no olvidaras un cuaderno

Ahora si/no llenaras una caja

Ahora si/no olvidaras un paquete

Ahora si/no manejaras un peine

Ahora si/no pedirés una escoba

Ahora si/no manejaras un abrelatas

Ahora si/no pediras un salero

Ahora si/no manipularas un afilador

Ahora si/no percibiras una campanilla

Ahora si/no manipularas una sierra

Ahora si/no percibirés una jarra

Ahora si/no moveras un boligrafo

Ahora si/no perderas una gorra

Ahora si/no moveras un lapiz

Ahora si/no perderas un trapo

Ahora si/no pondréas un anillo

Ahora si/no preferiras un cajon

Ahora si/no pondréas un sombrero

Ahora si/no preferirds un cortaufias

Ahora si/no recogeras un clavo

Ahora si/no querras una tiza

Ahora si/no recogeras una ficha

Ahora si/no querras un zapato

Ahora si/no registraras un armario

Ahora si/no rechazaras una chincheta

Ahora si/no registraras una maleta

Ahora si/no rechazaras una esponja

Ahora si/no retiraras un movil

Ahora si/no reclamaras un cuchillo

Ahora si/no retiraras una toalla

Ahora si/no reclamaréas unas tijeras

Ahora si/no sacaras un cinturén

Ahora si/no reconoceras una bombilla

Ahora si/no sacaras un jarron

Ahora si/no reconoceras un martillo

Ahora si/no sujetaras una goma

Ahora si/no recordaras una papelera

Ahora si/no sujetaras una lupa

Ahora si/no recordaras un sillén
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Ahora si/no tiraras un dardo Ahora si/no solicitaréas un taladro
Ahora si/no tiraras un papel Ahora si/no solicitaréas un teclado
Ahora si/no utilizaras un hacha Ahora si/no tendras una afeitadora
Ahora si/no utilizaras una raqueta Ahora si/no tendrés una batidora
Ahora si/no vaciaras un balde Ahora si/no veras unos auriculares
Ahora si/no vaciaras un tazon Ahora si/no veras un sobre
Set2

ACTION SENTENCES ATTENTIONAL SENTENCES
Ahora si/no abriras una bolsa Ahora si/no admiraras una flauta
Ahora si/no abriras un paquete Ahora si/no admiraras una guitarra
Ahora si/no agarraras un cepillo Ahora si/no adoraras un collar
Ahora si/no agarraras un martillo Ahora si/no adoraras un bolso
Ahora si/no agitaras una escoba Ahora si/no apreciaras un movil
Ahora si/no agitaras un salero Ahora si/no apreciaras una toalla
Ahora si/no apagaras un interruptor Ahora si/no conoceras un armario
Ahora si/no apagaras una aspiradora Ahora si/no conoceras una maleta
Ahora si/no apretaras una chincheta Ahora si/no contemplaras una cuchara
Ahora si/no apretaras una esponja Ahora si/no contemplaras una ensaladera
Ahora si/no cogeras una libreta Ahora si/no desearas un compas
Ahora si/no cogerés un plato Ahora si/no desearas un estuche
Ahora si/no colgaras una gorra Ahora si/no despreciaras un boligrafo
Ahora si/no colgarés un trapo Ahora si/no despreciaras un tarro
Ahora si/no colocaras una carpeta Ahora si/no distinguiras una lampara
Ahora si/no colocarés la llave Ahora si/no distinguiras un tornillo
Ahora si/no darés unos auriculares Ahora si/no divisaras una cafetera
Ahora si/no darés una pinza Ahora si/no divisaras un pastel
Ahora si/no depositaras un taladro Ahora si/no encontraras una bandeja
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Ahora si/no depositaras un teclado

Ahora si/no encontrards una palanca

Ahora si/no doblaras un cartel

Ahora si/no extraviaras una billetera

Ahora si/no doblaras un sobre

Ahora si/no extraviaras un tazén

Ahora si/no empujaras una papelera

Ahora si/no gustaras la radio

Ahora si/no empujaras un sillén

Ahora si/no gustards un sombrero

Ahora si/no encenderas un fésforo

Ahora si/no imaginaras una ficha

Ahora si/no encenderas un mechero

Ahora si/no imaginarads una goma

Ahora si/no enjugaras una cacerola

Ahora si/no miraras un anillo

Ahora si/no enjugaras una olla

Ahora si/no miraras una regla

Ahora si/no guardaras un cuchillo

Ahora si/no necesitaras un peine

Ahora si/no guardaras unas tijeras

Ahora si/no necesitaras una sierra

Ahora si/no levantaras un fusil

Ahora si/no observaras un hacha

Ahora si/no levantaras una pala

Ahora si/no observaras un nudo

Ahora si/no limpiaras un collar

Ahora si/no oiras la aspiradora

Ahora si/no limpiaras una jarra

Ahora si/no oiras un interruptor

Ahora si/no llenaras un bolso

Ahora si/no olvidaras una bolsa

Ahora si/no llenaras una taza

Ahora si/no olvidaras un paraguas

Ahora si/no manejaras un pincel

Ahora si/no pedirés una castafiuela

Ahora si/no manejaras una grapadora

Ahora si/no pediras una lupa

Ahora si/no manipulards una campanilla

Ahora si/no percibirés un carrito

Ahora si/no manipularas un cortaufias

Ahora si/no percibirés un clavo

Ahora si/no moveras un rotulador

Ahora si/no perderas un baston

Ahora si/no moveras un tenedor

Ahora si/no perderas un colador

Ahora si/no pondras una pulsera

Ahora si/no preferirds un abrelatas

Ahora si/no pondras un reloj

Ahora si/no preferirés un afilador

Ahora si/no recogeras un alfiler

Ahora si/no querras un dardo

Ahora si/no recogerds un mapa

Ahora si/no querras un papel

Ahora si/no registraras una cartera

Ahora si/no rechazaras una coctelera

Ahora si/no registraras una mochila

Ahora si/no rechazaras un rastrillo
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Ahora si/no retiraras una bombilla Ahora si/no reclamaras una caja
Ahora si/no retirarés un libro Ahora si/no reclamarés un lapiz
Ahora si/no sacaras una aceitera Ahora si/no reconoceras una almohada
Ahora si/no sacaras un frasco Ahora si/no reconoceras la tenaza
Ahora si/no sujetaras un borrador Ahora si/no recordarés una gaveta
Ahora si/no sujetaras una pistola Ahora si/no recordaras una raqueta
Ahora si/no tiraras una tiza Ahora si/no solicitaras un mando
Ahora si/no tiraras un zapato Ahora si/no solicitaras un balde
Ahora si/no utilizaras una afeitadora Ahora si/no tendras una botella
Ahora si/no utilizaras una batidora Ahora si/no tendras un cascanueces
Ahora si/no vaciaras un biberén Ahora si/no veras un billete
Ahora si/no vaciaras un cajon Ahora si/no veras una sartén
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