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Abstract

Controversy persists regarding the representation of negated actions, specifically concerning
activation and inhibitory mechanisms in the motor system, and whether this occurs in one or
two steps. We conducted two experiments probing corticospinal excitability (CSE) and short-
interval intracortical inhibition (SICI) in the primary motor cortex at different latencies while

reading affirmative and negative action sentences.

Twenty-six participants read action and non-action sentences in affirmative or negative forms.
Using transcranial magnetic stimulation, we probed CSE in hand muscles at rest and at several
latencies after verb presentation. We observed a greater CSE for action sentences compared to

non-action sentences, regardless of verb form.

In experiment two, nineteen participants read affirmative and negative action sentences. We
measured CSE and SICI at short and long latencies after verb presentation. CSE was greater for
affirmative and negative action sentences at both latencies compared to rest. SICI did not

change at the short latency but increased at longer latencies, regardless of verb form.

Our results lend partial support for a two-step model, as negated actions showed the same motor
excitability as affirmed actions with no additional inhibition at early latencies. Later neural
differences between affirmative and negative actions may occur outside the primary motor

cortex.
Significant statement

In two TMS experiments, we probed corticospinal excitability and short-interval intracortical
inhibition in the primary motor cortex at different latencies while subjects read affirmative and
negative action sentences. Consistent with an embodied view of language comprehension, our
results demonstrate that reading about actions indeed activates the motor system, and this for
both negative and affirmative sentences. Our results lend partial support for a two-step model
of negation, as negated actions showed the same increase in motor excitability as affirmed
actions, with no additional inhibition at early latencies. This suggests that the motor system
contributes to comprehension by simulating the negated or affirmed action. Later neural
differences between affirmative and negative actions may occur outside the primary motor

cortex.
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Introduction

Over the past few decades, a growing body of research has established a clear link between
perceptual-motor and language processes (Barsalou 1999, 2008; Barsalou et al. 2003; Gallese
and Lakoff 2005; Decety and Grezes 2006; Zwaan and Taylor 2006; Fischer and Zwaan 2008;
Jeannerod 2008; Glenberg and Gallese 2012). Such research suggests that language, along with
other cognitive functions, is processed in a distributed manner that includes areas of the brain
that were thought to be reserved for perception and action. Corroborating this recent distributed
view of language processing, the involvement of the motor system during the comprehension
of action language has been reported by a variety of methodologies, such as fRMI (Hauk et al.
2004; Van Dam et al. 2010), EEG (Pulvermiiller et al. 2001; Kellenbach et al. 2002; Xu et al.
2016; Beres 2017), psychophysics (Pulvermiiller et al. 2001; Rababhi et al. 2012, 2013; Andres
et al. 2015; Klepp et al. 2019), and Transcranial Magnetic Stimulation (TMS) (Papeo et al.
2009, 2015; Labruna et al. 2011; Innocenti et al. 2014).

While it is clear that action language engages the motor system, this involvement seems to
depend on various experimental elements, such as temporal factors (Borreggine and Kaschak
2006; Kaschak and Borreggine 2008), choice of stimuli (Papeo et al. 2009), and contextual
factors (Raposo et al. 2009; van Dam et al. 2010; Zwaan et al. 2010; Van Dam et al. 2012, 2014;
Gilead et al. 2013; Beauprez et al. 2018). One contextual factor that may modulate the activation
of the motor system during action reading is negation. Negation is a linguistic operator used to
reject, deny or express non-existence. Processing negation seems to require additional
resources, as negated sentences yield longer processing times and higher error rates than
affirmative sentences (Clark 1974; Carpenter and Just 1975; Liidtke 2006; Kaup, Zwaan, et al.
2007). Traditional (amodal, non-distributed) theories of language comprehension could easily
explain these results in terms of the negation operator as an extra-linguistic processing step.
Distributed theories of language comprehension have also offered explanations for negation
processing in terms of a simulation of the negated situation. Some researchers posit that this
can be done in a single step (Mayo et al. 2004; Nieuwland and Kuperberg 2008), whereas others
postulate a two-step process to account for the negated information (Kaup, Yaxley, et al. 2007;

Liidtke et al. 2008).

According to one-step models, the negated action representation is immediately obstructed, as

reflected in decreased behavioral performance and reduced activation of the primary motor and


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513652; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

premotor cortices for negative compared to affirmative sentences (Carpenter et al. 1999;
Tettamanti et al. 2008; Christensen 2009; Tomasino et al. 2010; Aravena et al. 2012; Bartoli et
al. 2013; Foroni and Semin 2013; Garcia-Marco et al. 2019). Two-step models stipulate that
both affirmative and negative representations are engaged after reading negative sentences.
Specifically, the representation of the action to be negated is engaged in the first step (as in
affirmed actions), whereas the representation of the actual situation with the negated action is
engaged in a second step. For instance, “not smoking” would first activate a simulation of
smoking, and then a simulation without smoking. The initial representation of the to-be-negated
information allows comprehension of what has been negated. Without this step, it would be
difficult to comprehend the difference between, for example, “not smoking” and “not
swimming”. This idea is based on studies reporting initial faster reaction times for the negated
content, followed later by faster reaction times for the actual situation described in the sentence
(Kaup et al. 2005, 2006; Kaup, Yaxley, et al. 2007; Liidtke et al. 2008; Anderson et al. 2010;
Scappini and Delfitto 2015).

The high temporal resolution of TMS provides a relevant tool to probe the involvement of the
motor system in language processing, and it may help to shed light on the neural mechanisms
underlying negation. TMS studies showed that corticospinal excitability, a marker of the motor
system’s activation, increases during affirmative action verb reading (Papeo et al. 2009;
Labruna et al. 2011; Innocenti et al. 2014). Furthermore, Papeo et al. (2016) reported that action
verbs presented in the affirmative form elicited greater corticospinal excitability than their
negative counterparts at 250, 400, and 550 milliseconds after presentation. These findings
suggest early inhibitory mechanisms during the reading of negative action sentences, extending

previous EEG studies (De Vega et al. 2016; Beltran et al. 2019, 2021; Liu et al. 2020).

While the literature on negation processing suggests that inhibitory mechanisms modulate the
motor system’s involvement, it remains unclear whether this occurs in one or two steps within
the primary motor cortex (M1), and how facilitatory and inhibitory mechanisms might interact.
In the current study, we performed two TMS experiments to investigate the neural modulation
along the corticospinal track and within M1 during the reading of affirmative and negative
action sentences. In a first experiment, we measured MEP amplitude, by means of single-pulse
TMS, at different latencies after verb presentation to determine whether the corticospinal
excitability increased or/and temporally shifted for negated compared to affirmed action

sentences. In a second experiment, we probed the modulation of corticospinal excitability and
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short-interval intracortical inhibition (SICI), by means of single and paired-pulse TMS
respectively, delivered at short and long latencies after verb presentation. In the case of one-
step processing, we would expect an immediate inhibition for negated sentences compared to
affirmed sentences, i.e., greater SICI. In the case of two-step processing, we would expect the
negated sentences to show an increase of corticospinal excitability in comparison to rest at early

latencies, followed by an inhibition only at longer latencies.

Material and method

Experiment 1

Participants

Twenty-six healthy right-handed individuals (13 women; mean age = 22.8 years-old; range 18-
28) participated in experiment 1. Participants’ handedness was assessed by the Edinburgh
inventory (range 0.25-1; Oldfield 1971). All participants were French native speakers and had
normal or corrected-to-normal vision, without neurological, physical or psychiatric pathology.
The experimental protocol and procedures were in accordance with the Declaration of Helsinki
and were granted ethics committee approval (excluding pre-registration, CPP SOOM III,

ClinicalTrials.gov Identifier: NCT03334526).

Stimuli

One hundred and sixty (n=160) French sentences were generated; half (n=80) referring to hand
actions (e.g., “The potato is cooked, I peel it”) and half (n=80) describing non-actions (e.g.,
“The potato is cooked, I leave it”) or actions not implicating the hand (e.g., “I kick it”),
corresponding to the experimental conditions Action and Non-Action, respectively. All
sentences were presented in the first-person present tense and were created so that the target
verb appeared at the end of the sentence. The final pronoun-verb segment was presented alone
on a subsequent screen (Figure 1). The target verbs were presented either in affirmative form
(n=40) (e.g., “The potato is cooked, I peel it”) or in negative form (n=40) (e.g., “The potato is
cooked, I don’t peel it”), corresponding to the experimental conditions Affirmative and

Negative form, respectively. All stimuli order was randomized and counterbalanced.
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Various psycholinguistic factors (e.g., written frequency, number of letters and syllables,
spelling neighbors and semantic analysis) were controlled for the verb conditions using the
Lexique.org database (New et al., 2004). The statistical tests carried out showed no significant
difference between the conditions for all the psycholinguistic factors (See Supplementary

section).

Procedure

Participants sat in an armchair and read the sentences on a 19-inch LCD monitor. A custom-
made software synchronized the presentation of the stimuli, the TMS pulses, and the
electromyographic (EMG) recording. Participants were instructed to stay still while they
silently read the sentences. Corticospinal excitability was assessed at rest and during the reading
tasks at various stimulation latencies (200, 300, 400, 500 or 600 ms after the verb onset). These
latencies were chosen based on previous electroencephalogram and TMS studies showing
200ms to 400ms as latencies for action semantic processing in parietal and frontal regions
(Pulvermiiller et al. 2001; Kellenbach et al. 2002; Hauk et al. 2006; Beres 2017). The latest
latencies (500 and 600ms) were added to catch a potential late shift in the activation latency for

negative compared to affirmative sentences.

A familiarization session was conducted before the experimental session, in which participants
saw four trials, each starting with a fixation cross (500ms), followed by a sentence (3000ms),
the pronoun-verb target (2000ms), then a break before the next trial (5000ms). Once the
participant understood this procedure, four new practice trials were presented, now including

TMS pulses after the appearance of the target verb.

The experimental session was divided into 8 blocks of 43 trials each, yielding 344 trials in total
during the experiment. Among the 43 trials in each block, 3 trials included only TMS pulses at
rest (upon presentation of the fixation cross), which served as reference stimulations and
allowed for comparisons across experimental conditions in that block. For the 40 remaining
trials, the TMS pulses were delivered after the verb presentation. In each block, the number of
stimulations was equally distributed across all conditions (Action vs. Non-action and Negative
vs. Affirmative), and also across the five different stimulation latencies. Moreover, to avoid
mental fatigue and lack of concentration, we introduced a two-minute break between each

block.
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Randomly stimulated at 200ms, 300ms,

400ms, S00ms or 600ms
The potato is cooked\

I peel it

Randomly stimulated at 200ms, 300ms,
400ms, 500ms or 600ms
The contract is ready, 5

® . .
Rest stimulation

I don’t sign it

Figure 1. Experimental procedure showing an affirmative, a negative and a rest trial. Sentences were presented in a Negative
or Affirmative form. Single-pulse TMS was triggered over the left hemisphere at rest or at various delays after the verb
presentation, yielding motor-evoked potentials that were recorded in the right index finger.

EMG recording and TMS set-up

The EMG signal was recorded using 10mm-diameter surface electrodes (Contrdle Graphique
Médical, Brice Comte-Robert, France) placed over the right first dorsal interosseous (FDI)
muscle. Before placing the electrodes, the skin was shaved and cleaned to reduce EMG signal
noise (<20uV). EMG signals were amplified and bandpass filtered on-line (10-1000 Hz, Biopac
Systems Inc.) and digitized at 2000 Hz for off-line analysis. We calculated the EMGrms for
further analysis. Single-pulse TMS was delivered with a figure-eight coil (70 mm in diameter)
connected to a Magstim 200 stimulator (Magstim Company Ltd, Whitland). The coil was
positioned over the motor area controlling the right FDI muscle. The coil rested tangential to
the scalp with the handle pointing backward and laterally at a 45° angle from the midline.
Mappings of each participant's motor cortex determined the optimal coil position (hotspot),
where stimulation evoked the highest and most consistent MEP amplitude for the FDI muscle.
We measured the resting motor threshold, which is the minimal TMS intensity to induce a peak-
to-peak MEP amplitude of 50 pV in the right FDI muscle for 5 trials out of 10 (Rossini et al.
2015). During the experimental session, the TMS intensity was set at 130% of individual resting
motor threshold.

Data and statistical analysis
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The EMG signal was extracted with Matlab (The MathWorks, Natick, Massachusetts, USA)
and the peak-to-peak MEP amplitude was measured for all conditions. Before analysis, we
removed data falling 2 standard deviations (SDs) above or below individual means for each
condition (4.40% of all trials). Then, the individual mean MEP amplitude for each condition
was normalized to rest (% to rest). Two participants were excluded due to extreme values (i.e.,
over 2 SDs from the group mean), leaving 24 participants in the final analysis. Statistics and

data analyses were performed using the Statistica software (Stat Soft, France).

Data normality and sphericity were verified using Shapiro-Wilk and Mauchly tests. In order to
assess a general shift in the increase of corticospinal excitability during negated action
processing, we first performed a repeated measures ANOVA with Action (Action vs. Non-
Action), Polarity (Affirmative vs. Negative) and Latency (200, 300, 400, 500, vs. 600ms) as
within-subject factors. The semantically-driven increase in corticospinal excitability that we
were interested in measuring would likely be ephemeral, and therefore not present at all
latencies. As this increase would likely vary across conditions and participants, we then selected
the latency for which the MEP amplitude was at its peak. More specifically, we isolated the
highest increase in MEP amplitude among the five stimulation latencies for each participant in
each condition. This subject-specific peak method accommodates individual variability in the
latency of action semantic processing, and affords probing the motor system when the action
representation is active. We submitted these peaks to a repeated measures ANOV A with Action
(Action vs. Non-Action) and Polarity (Affirmative vs. Negative) as within-subject factors.
Then, one-sample t-tests were used to compare condition MEPs to zero (rest). Finally, to be
certain that our results were not biased by muscular activity preceding the TMS pulse, a
Friedman ANOVA was used to compare the EMGrms (100ms-window prior the artifact)
between rest and our experimental conditions (See Supplementary section). The data are

presented as mean values (+standard deviation) and the alpha value was set at 0.05.

Experiment 2

Participants

Nineteen healthy right-handed individuals (7 women; mean age = 22.05 years-old; range 18-
27) participated in the experiment. Participants’ handedness was assessed by the Edinburgh
inventory (range 0.2-1; Oldfield 1971). All participants were French native speakers with

normal or corrected-to-normal vision, without neurological, physical or psychiatric pathology.
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The experimental protocol and procedures were in accordance with the Declaration of Helsinki
and were granted ethics committee approval (excluding pre-registration; CPP SOOM 111,

ClinicalTrials.gov Identifier: NCT03334526).

Procedure and stimuli

Stimuli and task were identical to Experiment 1, except for two features. First, we only
presented affirmative and negative action sentences (no non-action sentences). Second, we
assessed corticospinal excitability and short-interval intracortical inhibition (SICI) at rest or at
short and long latencies after verb presentation. For the short latencies, we determined which
of 3 latencies (200, 300 and 400 ms) yielded the highest MEP amplitude (single-pulse TMS)
on a set of practice trials at the beginning of the experiment for each participant, and we used
this peak latency as their short latency to probe CSE and SICI during the experiment. For the
long latency, we stimulated at 700, 800 and 900ms after verb presentation for single- and
paired-pulse TMS during the experiment, then chose the latency that induced the greatest
increase of corticospinal excitability (single-pulse TMS) and the greatest SICI (paired-pulse

TMS) for each individual and each condition for analyses.

Twenty single and twenty paired TMS pulses were delivered per condition (rest, affirmative
verb, negative verb) at 4 latencies: one individualized short latency, and 3 long latencies (700,

800 and 900 ms).

EMG recordings and TMS set-up

The EMG recordings and TMS set-up were almost identical to Experiment 1, except for the
TMS parameters and measurements described just above. TMS responses were measured via
an adaptive threshold-tracking technique. We used an available online freeware (TMS Motor
Threshold Assessment Tool, MTAT 2.0) based on a maximum-likelihood Parameter Estimation
by Sequential Testing. We first determined the individual MepTarget amplitude, which is half
of the individual maximum MEP amplitude at rest. We set the conditioning stimulation (CS) at
60% of resting motor threshold. Then, we modulated the TMS stimulation intensity of the test
stimulation (TS) to match the MepTarget amplitude for each condition. Therefore, we did not
analyze the MEP amplitude as in Experiment 1, but rather the intensity of the TS stimulation,
namely the percentage of Maximal Stimulator Output (%MSO). This approach avoids the

recurrent problem of a floor effect in SICI protocols, where inhibitory networks are excessively
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powerful and the MEPs are occluded, preventing any analysis (Cirillo and Byblow 2016; Cirillo
et al. 2018).

Data and statistical analysis

Statistics and data analyses were performed using the Statistica software (Stat Soft, France).
For corticospinal excitability, we normalized the single-pulse TS intensity of each experimental
condition to the single-pulse TS intensity at rest (%). The amount of SICI (expressed in INH%)

was quantified for each condition using the following equation (Fisher et al., 2002):

conditioned TS intensity- unconditioned TS intensit
INH (%) = Y Y X 100

unconditioned TS intensity

This ratio for the experimental condition was then normalized to the ratio at rest (A). Data
normality and sphericity were verified using Shapiro-Wilk and Mauchly tests. As in the first
experiment, we selected the timing for which the average corticospinal excitability was highest
for an individual, and compared MEPs for each condition at zero (rest) using one-sample t-
tests. Then, to assess the influence of Latency and Polarity on corticospinal excitability, we
realized a 2 by 2 repeated-measures ANOVA with Latency (Short vs. Long) and Polarity
(Affirmative vs. Negative) as within-subject factors. Using the same peak latency that was
selected in the corticospinal excitability measure, we performed the same statistical design on
SICI. Finally, to be certain that our results were not biased by muscular activity preceding the
TMS pulse, we compared the EMGrms (100ms-window prior to TMS artifact) between rest
and our experimental conditions with Friedman ANOVA (See Supplementary section). The

data are presented as mean values (+ standard deviation) and the alpha value was set at 0.05.

Results

Experiment 1

We observed a main effect of Latency (Fs92=9.928, p<0.000, np*>=0.301) and an interaction
between Action and Latency (Fi92=2.984, p=0.022, np*=0.114), with greater corticospinal
excitability for action compared to non-action sentences only at 300ms (p=0.009). However,
we did not observe a main effect of Action (F123=1.545, p=0.226, np>=0.062) or Polarity
(F1.23=0.034, p=0.564, np*=0.014), and there were no interactions between Polarity and Latency
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(F4,92=0.650 p=0.628, np*=0.027) nor among Action, Polarity and Latency (F49,=0.391
p=0.814, np*=0.016) (See Figure 2).
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Figure 2: Corticospinal excitability for action and non-action sentences in affirmative and negative forms. Lines represent
mean amplitude and shaded areas denote the standard deviation.

Moreover, we qualitatively observed that all conditions exhibited a MEP amplitude peak and
crucially that the latencies preceding and/or following this peak yielded a decrease in
corticospinal excitability. This suggests that the involvement of the motor system is punctual

(See Figure 3).
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Figure 3: Temporal dynamics of the corticospinal excitability surrounding the peak MEP amplitude. Bar plots denote the mean
and vertical bars represent the standard deviation.

Using individual peaks (i.e., only the one of the three latencies yielding the highest MEP for a
condition), normalized MEPs for affirmative and negative action sentences were different from
rest (affirmative: p=0.007; t=2.938; negative sentences: p=0.044; t=2.121), but non-action
sentences were not (affirmative: p=0.453; t=0.762; negative: p=0.290; t=1.081). Moreover, a
main effect of Action was observed (Fi, 23=4.865, p=0.037, np*=0.174), with larger MEP
amplitude for Action (8.77 £14.87%) than Non-action sentences (3.31 +15.75%, Cohen’s
d=0.36). However, we did not observe any Polarity effect (Fi,23=0,031, p=0.860, np*=0.001)
nor interaction between Action and Polarity (Fi,23=0,134, p=0.717, np?>=0.005) (Figure 4).
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Figure 4: Box plots represent normalized MEPs (% rest). Circles represent individual data. The rmANOVA yielded a main
effect of action. *=p<0.05. §= difference from rest.

These findings demonstrate greater corticospinal excitability for action sentences compared to
non-action sentences and rest. Nevertheless, this state of excitability does not seem to be
polarity-dependent, meaning that action verbs in the affirmative and negative form do not

induce different modulations of the corticospinal pathway at these latencies.
Experiment 2

In this second experiment, we only presented affirmative and negative action sentences (no

non-action sentences) at short and long latencies.
Corticospinal excitability

Due to inter-subject variability of latencies, we selected individual peak MEP increase, as in
Experiment 1. We found that corticospinal excitability increased for all conditions in
comparison to rest (all p’s <0.05). However, we did not find any significant main effect of
Polarity (F;,18=0.146, p=0.706, np>=0.008), Latency (Fi,1s=1.867, p=0.188, np®=0.093), nor
Latency by Polarity interaction. (F1,1s=0.006, p=0.936, np*=0.000) (See Figure 5).
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Figure 5: Corticospinal excitability (CSE) at short and long latencies in Experiment 2. Box plots represent corticospinal
excitability (percentage rest). Circles represent individual data.

These findings show that affirmative and negative action sentences led to a greater peak of
corticospinal excitability in comparison to rest, but this increase did not differ from early to late
latencies. In summary, both affirmative and negative action sentences engage the motor system

at both latencies tested in the current study.
Short-interval intracortical inhibition (SICI)

First, we found a higher TS intensity to reach the target MEP amplitude for paired-pulse in
comparison to single pulse stimulation at rest, reflecting inhibition within M1 (25.64%;
p<0.001; t=10.243). Next, using the same peak latency from the corticospinal excitability
results, we found a larger inhibition at the long latency than at rest (for affirmative sentences,
p=0.005; t=3.160 and for negative sentences, p=0.002; t=3.637), whereas the short latency
yielded no supplementary inhibition (for affirmative sentences, p=0.218; t=1.276 and for
negative sentences, p=0.234; t=1.231). Moreover, we observed a main effect of Latency
(F1,18=12.968, p=0.002, np*=0.418) with greater inhibition at long (12.057 £15.723%) than
short latencies (4.455 +15.542%, Cohen’s d=0.50). However, we did not observe any
significant main effect of Polarity (F1,18=0.499, p=0.488, np>=0.027), nor Latency by Polarity
interaction. (F1,18=0.756, p=0.395, np*=0.040) (Figure 6).
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Figure 6: SICI ratio for affirmative and negative action sentences at short and long latencies in Experiment 2. Box plots
represent intracortical inhibition (delta to rest intracortical ratio). Circles represent individual data.

Taken together, these results suggest that negative action sentences do not immediately lead to
greater intracortical inhibition in comparison to affirmative action sentences within M1. At later

latencies, inhibition is augmented for both negated and affirmed actions.

Discussion

The present study describes two original findings regarding the comprehension of negated
actions. The first result of interest is the increase of corticospinal excitability for both
affirmative and negative action sentences at short and long latencies following verb
presentation. The second result is the increase of SICI within M1 at longer latencies, regardless

of sentence polarity.

Increased corticospinal excitability at early latencies for both affirmative and negative

actions

The increase of corticospinal excitability observed in this study suggests that even negative
action sentences may be simulated in a way that engages the motor system. This finding
supports the initial step of the two-step theory of negated language processing (Beltran et al.

2021; Kaup et al. 2005, 2006; Kaup, Yaxley, et al. 2007; Liidtke et al. 2008; Anderson et al.
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2010; Scappini and Delfitto 2015). The idea in this two-step theory is that negated actions are
mentally simulated in a first step, and afterward suppressed in a second step. At the same time,
our failure to observe a later difference between negated and affirmed actions contradicts recent
research showing a decrease of corticospinal excitability after reading negative compared to
affirmative action verbs (Papeo et al. 2016) or adverbs (Papitto et al. 2021). There are various
potential reasons for this discrepancy. First, there are differences in the linguistic stimuli and
the method of presentation between these studies. In the current study, we employed complex
sentences presented in two clauses, whereas Papeo et al. (2016) and Papitto et al. (2021) used
minimal context (short verb phrases, e.g. “now I write””) and a rapid serial visual presentation,
respectively. The richer context and more natural reading presentation may lead to a stronger
motor simulation. Secondly, measurement timing is a factor of significant interest in action
reading literature (Buccino et al. 2005; Borreggine and Kaschak 2006; Kaschak and Borreggine
2008; Papeo et al. 2009), which could also explain discrepancies. In our study, we probed a
wider variety of TMS stimulation latencies, and addressed individual variability in activation
of the action representation by performing a novel peak analysis. If we hadn’t considered
individual latencies of corticospinal excitability increase, we may have missed the motor system
involvement during the processing of negative action verbs. The combination of these factors
may explain that we observed an increase of corticospinal excitability after reading a negative

sentence.

A late peak in corticospinal excitability for both affirmative and negative actions

The increase of corticospinal excitability for both negative and affirmative action sentences at
long latencies was unexpected. While the early increase of corticospinal excitability can be
explained by a facilitation within M1, arising from the motor representations evoked during the
reading of action sentences, the origins of the later peak are more difficult to pinpoint. The later
increase in corticospinal excitability could arise from a second, later stage of processing of the
described action (or a re-processing) within the motor system. On the other hand, it could also
reflect inputs from other facilitatory processes originating in regions external to M1. This latter
facilitation may be transmitted from regions such as premotor or parietal areas, or even from
subcortical or spinal levels of processing (Reis et al. 2008). If this second peak indeed arises
from regions external to the motor system, the delay could be driven by the time needed for
initial processing within these regions, as well as the time to transmit signals through direct or

indirect pathways between these regions and M1 or the corticospinal pathway.
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Increased inhibition for both affirmative and negative actions at long latencies

We observed an increase in intracortical inhibition within M1 for negated sentences at longer
latencies (compared to rest and shorter latencies), which would seem to support the two-step
processing theory during negative reading ( Beltran et al. 2021; Kaup et al. 2005, 2006; Kaup,
Yaxley, et al. 2007; Liidtke et al. 2008; Anderson et al. 2010; Scappini and Delfitto 2015).
However, the fact that the same inhibitory pattern was observed for affirmative action sentences
was unexpected. One hypothesis for these inhibitory mechanisms during the reading of action
sentences could be to limit motor system activation in order to impede unwanted movements.
This hypothesis has been put forth for motor imagery (Jeannerod and Decety 1995; Jeannerod

2001), yielding similar results for corticospinal excitability and SICI (Neige et al. 2020).

The increase of corticospinal excitability at long delays, combined with the simultaneous
increase of SICI for both negated and affirmed sentences might be explained by the fact that
corticospinal excitability comprises inhibitory and excitatory processes inside the corticospinal
tract including both cortical and spinal contributions (Neige et al. 2020). As discussed above,
corticospinal facilitation at long latencies could potentially originate outside M1 and exert its
influence through direct or indirect pathways (Reis et al., 2008). By contrast, the modulation of
SICI observed in our study reflects cortical inhibitory interneurons within M1. Given that
inhibition within M1 is greater at long than short latencies, it is possible that late inhibition is
required to counter increases in corticospinal excitability arriving from other premotor, parietal

or subcortical regions.

The idea of two-step processing of negated actions specifies that negated actions are mentally
simulated and afterward suppressed by recruiting general action inhibitory mechanisms (e.g.,
Beltran et al. 2021). In our study, while the predicted increase in cortical excitability for negated
sentences was observed at the earlier latencies, no difference in cortical excitability nor
inhibition between negated and affirmed sentences was observed at longer latencies, at least not
within M1 and along the corticospinal pathway. Nevertheless, we must be mindful that the
observed lack of difference in inhibition refers specifically to the inhibitory mechanism within
MI1. Negated concepts may well be inhibited in other systems in the brain such as the
dorsolateral prefrontal cortex (dIPFC), the pre-supplementary motor area (pre-SMA), the
inferior parietal or the inferior frontal gyrus. Recent evidence from EEG studies supports

distinct inhibitory mechanisms in the inferior frontal gyrus/pre-SMA during negated and
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affirmative action reading (De Vega et al. 2016; Beltran et al. 2018, 2019, 2021; Liu et al. 2020;
Vitale et al. 2021). These findings permit the speculation that various brain regions and systems
contribute differentially to the two stages of processing for negated actions. It is possible that
some regions, such as M1, would contribute to the initial processing step; engaging a
representation or simulation of the negated action. This is essential for the ability to understand
what has been negated, and can be likened to a sort of motoric lexical access of the negated
concept. It is possible that this information is then relayed to other regions or multi-sensory

integration areas where this concept can be inhibited to capture the intended negation.

Perspectives and limitations

There are several limitations of the present research. First, there were a limited number of
experimental trials per participant. As it remains impossible to know exactly when the motor
representation will occur and reach its maximum for each subject and each trial, we had to
probe several latencies on separate trials, and select the peak afterwards, discarding the trials
that missed the motor facilitation. This could be considered a strength of the current study in
that individual differences in processing time are taken into account, but it can also be a
limitation in that we reduce the number of experimental trials. We attempted to overcome this
limitation in Experiment 2 by calibrating each subject's individual processing time prior to the
test session, and then using that latency during the experimental trials. This procedure was used
only for the short latencies, as we considered the facilitation and inhibition at longer latencies
to be more susceptible to variations, and thus less stable. We are looking into continuous

measures, such as EEG, to further investigate these issues.

A second limitation is the restriction of our measurements to the motor system. Given the
study’s focus on action language processing and our interest in the motor simulation, this is a
deliberate and suitable choice. However, our results raise questions that implicate regions
outside of M1, and further research will indeed be necessary to address the possible inhibition
of the negated actions at other brain sites. It would also be interesting to determine whether the
increase in corticospinal excitability in the long latencies originates from the motor simulation
in M1 or from other brain regions. For example, double-site TMS might be useful in
investigating the interaction between M1 and the inferior parietal lobule, which plays a role in

comprehension as well as action inhibition.

Conclusions
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In conclusion, the present study provides relevant information about the processing of negated
actions within M1 and along the corticospinal track. The augmentation in corticospinal
excitability observed at early latencies suggests that even negative action sentences may be
simulated in a way that engages the motor system. This finding is consistent with the initial
step of the two-step theory of negated language processing, specifying that negated actions are
mentally simulated in a first step. The second step of this theory postulated the suppression of
this simulation. At later latencies, we indeed observed increased SICI, but this was the case for
both negated and affirmed sentences. Therefore, it is more likely that this inhibition process
serves to counter motor facilitation and impede movement during motor cortex activation, as
postulated in motor imagery, rather than to annul the negated concept. It remains possible that
a distributed multimodal network is required to capture the semantic nature of a negated
concept, such that the motor system helps to represent an action to be negated, and a subsequent
inhibitory process comes to play on this representation in a separate brain region. While the
current study lends support for the motor system’s role in the initial stage of the two-step theory
of negation processing, further research is clearly needed to better specify the second step and

the contribution of other brain regions to this process.

Author Contributions

Experiment design: WD, CML, FL; Data collection: WD, LL; Statistical analysis: WD, CML,
FL; Manuscript preparation: WD, CP, CML, FL

Declaration of competing interest

None declared.


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513652; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

References

Anderson S, Huette S, Matlock T. 2010. On the temporal dynamics of negated perceptual
simulations. In: Meaning, Form and Body. p. 1-20.

Andres M, Finocchiaro C, Buiatti M, Piazza M. 2015. Contribution of motor representations to
action verb processing. Cognition. 134:174—184.

Aravena P, Delevoye-Turrell Y, Deprez V, Cheylus A, Paulignan Y, Frak V, Nazir T. 2012.
Grip Force Reveals the Context Sensitivity of Language-Induced Motor Activity during
“Action Words” Processing: Evidence from Sentential Negation. PLoS ONE. 7.

Barsalou LW. 1999. Perceptual symbol systems. Behavioral and Brain Sciences.

Barsalou LW. 2008. Grounded Cognition. Annual Review of Psychology. 59:617-645.

Barsalou LW, Simmons WK, Barbey AK, Wilson CD. 2003. Grounding conceptual knowledge
in modality-specific systems. Trends in Cognitive Sciences.

Bartoli E, Tettamanti A, Farronato P, Caporizzo A, Moro A, Gatti R, Perani D, Tettamanti M.
2013. The disembodiment effect of negation: Negating action-related sentences
attenuates their interference on congruent upper limb movements. Journal of
Neurophysiology. 109:1782—1792.

Beauprez SA, Toussaint L, Bidet-Ildei C. 2018. When context modulates the influence of action
observation on language processing. PLoS ONE. 13.

Beltran D, Liu B, de Vega M. 2021. Inhibitory Mechanisms in the Processing of Negations: A
Neural Reuse Hypothesis. Journal of Psycholinguistic Research. 50:1243—-1260.
Beltran D, Morera Y, Garcia-Marco E, De Vega M. 2019. Brain inhibitory mechanisms are
involved in the processing of sentential negation, regardless of its content. Evidence

from EEG theta and beta rhythms. Frontiers in Psychology. 10.

Beltran D, Mufetén-Ayala M, de Vega M. 2018. Sentential negation modulates inhibition in a
stop-signal task. Evidence from behavioral and ERP data. Neuropsychologia. 112:10—
18.

Beres AM. 2017. Time is of the Essence: A Review of Electroencephalography (EEG) and
Event-Related Brain Potentials (ERPs) in Language Research. Applied
Psychophysiology Biofeedback.

Borreggine KL, Kaschak MP. 2006. The action-sentence compatibility effect: It’s all in the
timing. Cognitive Science. 30:1097-1112.

Buccino G, Riggio L, Melli G, Binkofski F, Gallese V, Rizzolatti G. 2005. Listening to action-
related sentences modulates the activity of the motor system: A combined TMS and
behavioral study. Cognitive Brain Research. 24:355-363.

Carpenter PA, Adam Just M, Keller TA, Eddy WF, Thulborn KR. 1999. Time Course of fMRI-
Activation in Language and Spatial Networks during Sentence Comprehension,
Elsevier.

Carpenter PA, Just MA. 1975. Sentence comprehension: A psycholinguistic processing model
of verification. Psychological Review. 82:45-73.

Christensen KR. 2009. Negative and affirmative sentences increase activation in different areas
in the brain. Journal of Neurolinguistics. 22:1-17.

Cirillo J, Byblow WD. 2016. Threshold tracking primary motor cortex inhibition: the influence
of current direction. European Journal of Neuroscience. 44:2614-2621.

Cirillo J, Semmler JG, Mooney RA, Byblow WD. 2018. Conventional or threshold-hunting
TMS? A tale of two SICIs. Brain Stimul. 11:1296—-1305.

Clark HH. 1974. Semantics and comprehension. In T A Sebeok (Ed),Current trends in
linguistics (pp 1291-1428) DenHaag: Mouton. 139.


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513652; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

De Vega M, Morera Y, Leén I, Beltran D, Casado P, Martin-Loeches M. 2016. Sentential
negation might share neurophysiological mechanisms with action inhibition. Evidence
from frontal theta rhythm. Journal of Neuroscience. 36:6002—6010.

Decety J, Grezes J. 2006. The power of simulation: Imagining one’s own and other’s behavior.
Brain Research. 1079:4-14.

Fischer MH, Zwaan RA. 2008. Embodied language: A review of the role of the motor system
in language comprehension. Quarterly Journal of Experimental Psychology. 61:825—
850.

Foroni F, Semin GR. 2013. Comprehension of action negation involves inhibitory simulation.
Frontiers in Human Neuroscience. 7.

Gallese V, Lakoff G. 2005. The brain’s concepts: The role of the sensory-motor system in
conceptual knowledge. Cognitive Neuropsychology.

Garcia-Marco E, Morera Y, Beltran D, de Vega M, Herrera E, Sedefio L, Ibafiez A, Garcia AM.
2019. Negation markers inhibit motor routines during typing of manual action verbs.
Cognition. 182:286-293.

Gilead M, Liberman N, Maril A. 2013. The language of future-thought: An fMRI study of
embodiment and tense processing. Neurolmage. 65:267-279.

Glenberg AM, Gallese V. 2012. Action-based language: A theory of language acquisition,
comprehension, and production. Cortex. 48:905-922.

Hauk O, Davis MH, Ford M, Pulvermiiller F, Marslen-Wilson WD. 2006. The time course of
visual word recognition as revealed by linear regression analysis of ERP data.
NeuroImage. 30:1383—1400.

Hauk O, Johnsrude I, Pulvermiiller F. 2004. Somatotopic Representation of Action Words in
Human Motor and Premotor Cortex. Neuron. 41:301-307.

Innocenti A, De Stefani E, Sestito M, Gentilucci M. 2014. Understanding of action-related and
abstract verbs in comparison: a behavioral and TMS study. Cognitive processing.
15:85-92.

Jeannerod M. 2001. Neural simulation of action: A unifying mechanism for motor cognition.
In: Neurolmage. Academic Press Inc.

Jeannerod M. 2008. Motor Cognition: What Actions Tell the Self, Motor Cognition: What
Actions Tell the Self.

Jeannerod M, Decety J. 1995. Mental motor imagery: a window into the representational stages
of action. Current Opinion in Neurobiology. 5:727-732.

Kaschak MP, Borreggine KL. 2008. Temporal dynamics of the action-sentence compatibility
effect. Quarterly Journal of Experimental Psychology. 61:883—895.

Kaup B, Liidtke J, Zwaan R. 2005. Effects of negation, truth value, and delay on picture
recognition after. Proceedings of the Annual Meeting of the Cognitive Science Society.
1114-1119.

Kaup B, Liidtke J, Zwaan RA. 2006. Processing negated sentences with contradictory
predicates: Is a door that is not open mentally closed? Journal of Pragmatics. 38:1033—
1050.

Kaup B, Yaxley RH, Madden CJ, Zwaan RA, Ldtke J. 2007. Experiential simulations of
negated text information. Quarterly Journal of Experimental Psychology. 60:976-990.

Kaup B, Zwaan RA, Liidtke J. 2007. The experiential view of language comprehension: How
is negated text information represented? In F Schmalhofer & C A Perfetti (Eds), Higher
level language processes in the brain: Inference and comprehension processes (pp 255—
288) Mahwah, NJ: Erlbaum.

Kellenbach ML, Wijers AA, Hovius M, Mulder J, Mulder G. 2002. Neural differentiation of
lexico-syntactic categories or semantic features? Event-related potential evidence for
both. Journal of Cognitive Neuroscience. 14:561-577.


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513652; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Klepp A, van Dijk H, Niccolai V, Schnitzler A, Biermann-Ruben K. 2019. Action verb
processing specifically modulates motor behaviour and sensorimotor neuronal
oscillations. Scientific reports. 9:15985.

Labruna L, Ferndndez-Del-Olmo M, Landau A, Duqué J, Ivry RB. 2011. Modulation of the
motor system during visual and auditory language processing. Experimental Brain
Research. 211:243-250.

Liu B, Gu B, Beltrdan D, Wang H, de Vega M. 2020. Presetting an inhibitory state modifies the
neural processing of negated action sentences. An ERP study. Brain and Cognition. 143.

Lidtke J. 2006. Context Effects when Reading Negative and Affirmative Sentences. In R Sun
(Ed), Proceedings of the 28th Annual Conference of the Cognitive Science Society (pp
1735-1740) Mahwah, NJ: Erlbaum.

Lidtke J, Friedrich CK, De Filippis M, Kaup B. 2008. Event-related potential correlates of
negation in a sentence-picture verification paradigm. Journal of Cognitive
Neuroscience. 20:1355-1370.

Mayo R, Schul Y, Burnstein E. 2004. “I am not guilty” vs “I am innocent”: Successful negation
may depend on the schema used for its encoding. Journal of Experimental Social
Psychology. 40:433-449.

Neige C, Rannaud Monany D, Stinear CM, Byblow WD, Papaxanthis C, Lebon F. 2020.
Unravelling the Modulation of Intracortical Inhibition During Motor Imagery: An
Adaptive Threshold-Hunting Study. Neuroscience. 434:102—110.

Nieuwland MS, Kuperberg GR. 2008. When the truth is not too hard to handle: An event-related
potential study on the pragmatics of negation. Psychological Science. 19:1213-1218.

Oldfield RC. 1971. The assessment and analysis of handedness: The Edinburgh inventory.
Neuropsychologia. 9:97-113.

Papeo L, Hochmann JR, Battelli L. 2016. The default computation of negated meanings. Journal
of Cognitive Neuroscience. 28:1980—1986.

Papeo L, Lingnau A, Agosta S, Pascual-Leone A, Battelli L, Caramazza A. 2015. The origin of
word-related motor activity. Cerebral Cortex. 25:1668—1675.

Papeo L, Vallesi A, Isaja A, Rumiati RI. 2009. Effects of TMS on different stages of motor and
non-motor verb processing in the primary motor cortex. PloS one. 4:e4508.

Papitto G, Lugli L, Borghi AM, Pellicano A, Binkofski F, G P, L L, AM B, A P, F B. 2021.
Embodied negation and levels of concreteness: A TMS study on German and Italian
language processing. Brain research. 1767.

Pulvermiiller F, Hirle M, Hummel F. 2001. Walking or talking?: Behavioral and
neurophysiological correlates of action verb processing. Brain and Language. 78:143—
168.

Rabahi T, Fargier P, Rifai Sarraj A, Clouzeau C, Massarelli R. 2013. Effect of Action Verbs on
the Performance of a Complex Movement. PLoS ONE. 8:e68687.

Rabahi T, Sarraj AR, Fargier P, Clouzeau C, Massarelli R. 2012. Action verb and motor
performance. Kinesitherapie. 12:42—46.

Raposo A, Moss HE, Stamatakis EA, Tyler LK. 2009. Modulation of motor and premotor
cortices by actions, action words and action sentences. Neuropsychologia. 47:388-396.

Reis J, Swayne OB, Vandermeeren Y, Camus M, Dimyan MA, Harris-Love M, Perez MA,
Ragert P, Rothwell JC, Cohen LG. 2008. Contribution of transcranial magnetic
stimulation to the understanding of cortical mechanisms involved in motor control.
Journal of Physiology.

Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, Di Lazzaro V, Ferreri F,
Fitzgerald PB, George MS, Hallett M, Lefaucheur JP, Langguth B, Matsumoto H,
Miniussi C, Nitsche MA, Pascual-Leone A, Paulus W, Rossi S, Rothwell JC, Siebner
HR, Ugawa Y, Walsh V, Ziemann U. 2015. Non-invasive electrical and magnetic


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513652; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

stimulation of the brain, spinal cord, roots and peripheral nerves: Basic principles and
procedures for routine clinical and research application. An updated report from an
LF.C.N. Committee. Clinical neurophysiology : official journal of the International
Federation of Clinical Neurophysiology. 126:1071-1107.

Scappini M, Delfitto D. 2015. On the non-incremental processing of negation: A pragmatically
licensed sentence-picture verification study with Italian (dyslexic) adults. Cahiers de ....
32:45-58.

Tettamanti M, Manenti R, Della Rosa PA, Falini A, Perani D, Cappa SF, Moro A. 2008.
Negation in the brain: Modulating action representations. Neurolmage. 43:358—-367.

Tomasino B, Weiss PH, Fink GR. 2010. To move or not to move: Imperatives modulate action-
related verb processing in the motor system. Neuroscience. 169:246-258.

Van Dam WO, Brazil 1A, Bekkering H, Rueschemeyer SA. 2014. Flexibility in embodied
language processing: Context effects in lexical access. Topics in Cognitive Science.
6:407-424.

Van Dam WO, Rueschemeyer SA, Bekkering H. 2010. How specifically are action verbs
represented in the neural motor system: An fMRI study. Neurolmage. 53:1318-1325.

van Dam WO, Rueschemeyer SA, Lindemann O, Bekkering H. 2010. Context effects in
embodied lexical-semantic processing. Frontiers in Psychology. 1.

Van Dam WO, Van Dijk M, Bekkering H, Rueschemeyer SA. 2012. Flexibility in embodied
lexical-semantic representations. Human Brain Mapping. 33:2322-2333.

Vitale F, Monti I, Padrén I, Avenanti A, de Vega M. 2021. The neural inhibition network is
causally involved in the disembodiment effect of linguistic negation. Cortex.

Xu X, Kang C, Guo T. 2016. Imageability and semantic association in the representation and
processing of event verbs. Cognitive Processing. 17:175—184.

Zwaan RA, Taylor LJ. 2006. Seeing, acting, understanding: Motor resonance in language
comprehension. Journal of Experimental Psychology: General. 135:1-11.

Zwaan RA, Taylor LJ, de Boer M. 2010. Motor resonance as a function of narrative time:
Further tests of the linguistic focus hypothesis. Brain and Language. 112:143—-149.


https://doi.org/10.1101/2022.10.25.513652
http://creativecommons.org/licenses/by-nd/4.0/

	Reading negative action verbs: one or two-step processing within the primary motor cortex?
	Abstract
	Introduction
	Material and method
	Discussion
	Author Contributions
	Experiment design: WD, CML, FL; Data collection: WD, LL; Statistical analysis: WD, CML, FL; Manuscript preparation: WD, CP, CML, FL

