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Abstract

Previous studies showed that motor information related to tool use (i.e., functional actions) could affect processing of objects
semantic properties, whereas motor information related to grasping or moving tool (i.e., structural actions) cannot. How-
ever, little is known about the neural correlates mediating such interaction between motor and semantic information. Here,
healthy participants performed a semantic judgment task requiring identification of semantic relations among objects, after
observing a functional, a structural or a pointing action prime. In a within-subject design, during prime presentation the
participants underwent repetitive transcranial magnetic stimulation (rTMS) over the left supramarginal gyrus (SMG), the left
posterior middle temporal gyrus (pMTG) or received sham stimulation. Results showed that in the sham condition observing
functional actions (vs. structural and pointing actions) favoured processing of semantic relations based on function similar-
ity (i.e., taxonomic relations), but not of relations based on co-occurrence within an event schema (i.e., thematic relations).
Moreover, stimulation of both left SMG and pMTG abolished the effect of functional action primes worsening subsequent
judgment about taxonomic relations, and this effect was greater after pMTG stimulation. rTMS did not affect processing of
thematic semantic relations. We suggest that action observation triggers activation of functional motor information within
left inferior parietal cortex, and that integration between functional motor and conceptual information in left temporal cortex
could impact high-level semantic processing of tools.

Introduction & Shallice, 1984). Indeed, neuroimaging studies show that

manipulable artefact objects (hereafter, tools) and their

Sensory-motor, action-related information seems to be cru-
cial for categorization and identification of manipulable
artefact objects (Beauchamp & Martin, 2007; Buxbaum &
Saffran, 2002; Cree & McRae, 2003; Farah & McClelland;
1991; McRae, Hare, Elman, & Ferretti, 2005; Warrington
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related actions share a large part of neural correlates within
a wide left fronto-parietal and occipito-temporal network
(Beauchamp & Martin, 2007; Boronat et al., 2005; Canessa
et al., 2007; Chao & Martin, 2000; Creem-Regehr & Lee,
2005; Grafton, Fadiga, Arbib, & Rizzolatti, 1997; Ishibashi,
Pobric, Saito, & Lambon Ralph, 2016; Kellenbach, Brett, &
Patterson, 2003; Lewis, 2006).

Within this network, several features of actions and
tools seem to be processed (Binkofski & Buxbaum, 2013;
Buxbaum & Kalénine, 2010; Hoeren et al., 2013, 2014,
Rizzolatti & Matelli, 2003): (i) tools’ and actions’ seman-
tic features (Binkofski & Buxbaum, 2013; Kalénine,
Buxbaum, & Coslett, 2010; Lewis, 2006); (ii) configura-
tion of prehensile movements intended to grasp and move
objects (i.e., structural actions; e.g., grasping a pen with a
whole-hand prehension to put it in a drawer), and skilled
actions required to use objects according to their typi-
cal function (i.e., functional actions; e.g., holding a pen
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between index and thumb fingers with the learned hand
posture suited for writing; Bub, Masson, & Cree, 2008;
Bub & Masson, 2010; Buxbaum & Kalénine, 2010).

Sensory-motor information related to actions and
lexical-semantic information about manipulable objects
(including tools) affect each other in a variety of motor or
semantic tasks. For instance, visual presentation of manip-
ulable objects and object-related names and verbs can
prime congruent functional or structural grasping actions
during motor tasks (Bub et al., 2008; Bub & Masson,
2006, 2010; Creem & Proffitt, 2001; Glover, 2004; Tucker
& Ellis, 1998, 2001). Conversely, activation of motor rep-
resentations linked to functional actions can prime visual
and lexical processing of tools (Helbig, Graf, & Kiefer,
2006; Helbig, Steinwender, Graf, & Kiefer, 2010; Jax &
Buxbaum, 2010; Lee, Mirman, & Buxbaum, 2014; Myung,
Blumstein, & Sedivy, 2006; Myung et al., 2010).

Recently, some studies (Borghi, Flumini, Natraj, &
Wheaton, 2012; De Bellis et al., 2016; Pluciennicka,
Wamain, Coello, & Kalénine, 2016a) explored the effects
of motor activation in high-level semantic tasks tapping
two kinds of semantic relations among objects: thematic
relations (i.e., relations based on co-occurrence of objects
within the same event schema: e.g., “hammer-nail”; Estes,
Golonka, & Jones, 2011; Lin & Murphy, 2001; Nelson,
1983; Kalénine et al., 2009; Kalénine & Bonthoux, 2008;
Mirman, Landrigan, & Britt, 2017; Mirman & Graziano,
2012) and taxonomic relations (i.e., relations among
objects belonging to the same category; e.g., “cat-dog”,
“apple-orange”, “chair-couch”). Since tools can be catego-
rized on the basis of their typical function (e.g., “for cut-
ting”, “for cleaning” and so on; Garcea & Mahon, 2012),
taxonomic relations among tools usually imply similarity
of function (e.g., “cup-glass”; “saw-axe”, “pen-pencil”;
Buxbaum & Saffran, 2002; Kalénine, Mirman, Middleton,
& Buxbaum, 2012; Mirman et al., 2017; Yee, Drucker, &
Thompson-Schill, 2010).

Borghi et al. (2012) observed that elaboration of the-
matic tool-object pairs evoking the functional use of tool
(e.g., knife-bread) was slowed down when the visual scene
included a hand performing a structural grasping of the tool
(e.g., grabbing the blade of the knife); conversely, elabora-
tion of unrelated tool-object pairs not evoking tool use (e.g.,
knife-nail) was slowed down when observing functional
grasping of tools (e.g., grabbing the handle of the knife).
According to the authors, these findings could be accounted
for by interference between observed and evoked action dur-
ing semantic processing. A subsequent study employing the
same task and stimuli showed that the interference of struc-
tural grasp on processing of thematic pairs was associated
to an eye-fixation bias towards tool-hand interaction, likely
in relation to decoding of intention of observed structural
gestures (Natraj, Pella, Borghi, & Wheaton, 2015).

In another study (Pluciennicka et al., 2016a), participants
observed prime videos displaying functional or meaning-
less actions and then performed a visual search paradigm
in which they had to identify a target (i.e., a tool) pre-
sented along with other semantically related or unrelated
items. It was found that prior observations of functional
gestures (compared with meaningless gestures) increased
eye-fixations towards objects associated with the target for
a thematic (but not for a taxonomic) relation. Such find-
ings showed that observing others’ functional actions can
facilitate elaboration of thematic relations among objects.
According to the authors, these results also supported the
idea that thematic associations between tools and related
objects are largely based on neural representation of action,
since action provides the most common context linking tools
and related objects (Pluciennicka et al., 2016a). Partially
divergent findings have been reported in a study (De Bellis
et al., 2016) in which participants observed prime images
depicting hands grabbing a tool with a functional or a struc-
tural grasping, and then were required to decide whether
pairs of tools (including the one previously shown in the
prime stimulus) shared common function (Experiment 1),
or whether tools—objects pairings were thematically related
(Experiment 2). The results showed that observing func-
tional (compared to structural) actions speeded up semantic
judgments about taxonomic relations in Experiment 1 but
not in Experiment 2, where judgments concerned thematic
relations. These findings suggested that representation of
functional (but not of structural) actions necessarily implies
access to semantic information and is tightly linked to rep-
resentation of tool function, in agreement with other studies
(Bub et al., 2008; Bub & Masson, 2006; Creem & Proffitt,
2001). It is important to underline that the above-mentioned
studies are not directly comparable due to important dif-
ferences in aims and methods. For example, Pluciennicka
et al. (2016a) inferred activation of semantic knowledge
from analysing eye movements in a visual search paradigm,
whereas De Bellis et al. (2016) and Borghi et al. (2012)
required participants to produce explicit semantic judgments
on relatedness of object pairs. Moreover, Borghi et al. (2012)
assessed the effect of functional versus structural actions on
elaboration of thematic associations only, whereas De Bellis
et al. (2016) and Pluciennicka et al. (2016a) assessed both
thematic and taxonomic relations. Notwithstanding their
divergences, these studies demonstrated that observation
of functional actions could prime semantic relations among
objects, thus supporting the notion that motor information
can affect high-order semantic processing.

Some cues about the neural bases of such ‘motor-to-
semantic’ priming effects have been provided by Natraj
et al. (2013) in an EEG study employing the same behav-
ioural task as in Borghi et al. (2012). The authors found
that observing hands approaching a tool with a functional
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grasp was associated to an early activation (100—400 ms
after stimulus onset) of left parieto-frontal regions involved
in processing of familiar tool-hand interactions, whereas
observing structural grasps in the presence of thematically
related tool-object pairs elicited a late increase of activa-
tion (400-600 ms after stimulus onset) in homologous right
parieto-frontal areas. Thus, a set of parieto-frontal regions
seem to be involved in the interplay between tool-related
motor and semantic information, but the causal role of these
regions has not been addressed yet.

In the present study, we used repeated transcranial mag-
netic stimulation (rTMS) to investigate the possible neural
substrates mediating the priming effect of action observation
on processing of taxonomic and/or thematic relations among
objects. We focused on the left supramarginal gyrus (SMG)
and on the left posterior middle temporal gyrus (pMTG),
that are considered two core regions within the fronto-
temporo-parietal network for action representation. The
left SMG is deemed to be involved in storage of acquired
gestures for functional use of tools (Binkofski & Buxbaum,
2013; Buxbaum, Kyle, & Menon, 2005; Buxbaum, Kyle,
Tang, & Detre, 2006; Buxbaum, Kyle, Grossman, & Cos-
lett, 2007; Frey, 2007; Johnson & Grafton, 2003; Johnson-
Frey, Newman-Norlund, & Grafton, 2004; Kalénine et al.,
2010; Lewis, 2006; Osiurak et al., 2008; Vingerhoets, 2014;
Vingerhoets, Acke, Vandemaele, & Achten, 2009) and is
activated in tasks requiring both execution and recognition
of motor aspects of tool actions (Caspers et al., 2011; Oost-
erhof et al., 2010). It is possible to hypothesize that the dif-
ferential effect of functional versus structural action primes
is related to activation of motor representations in this area.
The left pMTG has been linked to representation of semantic
aspects of functional actions (Binkofski & Buxbaum, 2013;
Buxbaum et al., 2005; Buxbaum & Kalénine, 2010; Kalé-
nine et al., 2010; Lewis, 2006) as well as to representation
of higher semantic features of tools (Andres, Pelgrims, &
Olivier, 2013; Canessa et al., 2007; Ishibashi et al., 2016;
Yee et al., 2010). It is possible to hypothesize that this area
is involved in elaboration of semantic relations, regardless
of prior activation of motor representations.

To test the above hypotheses, in a within-subject design,
healthy participants received online stimulation over left
SMG or left pMTG (or received a sham stimulation), dur-
ing an explicit semantic judgment task, in which participants
were required to identify thematic or taxonomic relations
among objects, after having been exposed to structural, func-
tional or pointing action primes. All primes depicted one
reference object and one acting hand, but differed for the
action depicted; online rTMS was delivered during prime
presentation.

As regards the sham stimulation condition, we expected
that observing functional actions (vs. observing pointing
actions, considered as a sort of baseline) could facilitate
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explicit identification of taxonomic associations between
objects, whereas observing structural actions were not
expected to exert any facilitation on elaboration of either
taxonomic or thematic relations (thus replicating De Bel-
lis et al., 2016). Moreover, since we used a time interval
between prime onset and stimulus presentation shorter than
that used by De Bellis et al. (2016), we could expect to
observe an effect of functional action observation on pro-
cessing of thematic relations too. Indeed, it has been shown
that elaboration of distinct semantic features follows spe-
cific time courses, with early activation of thematic proper-
ties, rapidly fading out (around 500-1000 ms from stimulus
onset), and a late and long lasting elaboration of object func-
tion (from 700 to 1200 ms; Kalénine et al., 2012; Mirman &
Graziano, 2012; Wamain, Pluciennicka, & Kalénine, 2015).
Hence, the delay in De Bellis et al.’s study (700 ms) might
have been too long to detect an effect of functional action
observation on processing of thematic relations.

As regards the effect of rTMS, we expected that stim-
ulation of the left SMG, by impeding activation of func-
tional motor representation, could selectively abolish the
effect of functional action primes on taxonomic (and pos-
sibly thematic) relations. Moreover, we expected that left
pMTG stimulation could not modulate the effect of action
primes, but might hinder general semantic processing (i.e.,
unchanged facilitation of functional action primes and rela-
tive slowing of semantic judgments).

Last, in the sham condition and in the rTMS conditions,
we expected to observe significantly faster and more accu-
rate responses in processing thematic versus taxonomic
semantic relationships. Indeed, it is well known that healthy
individuals are faster and more accurate in associating
objects according to a thematic rather than to a taxonomic
relation (Kalénine et al., 2009; Tsagkaridis, Watson, Jax, &
Buxbaum, 2014), since age 7 (Kalénine & Bonthoux, 2008;
Pluciennicka, Coello, & Kalénine, 2016b).

Materials and methods
Participants

We enrolled a convenience sample including 27 undergradu-
ate students (12 males; mean age =24.0; SD=1.7 years),
without history of neurological or psychiatric disease. All
the volunteers were right-handed healthy subjects with nor-
mal or corrected-to-normal vision. They were naive to the
purposes of the study and provided their written informed
consent, after having received information about the stimu-
lation techniques. All procedures were run in accordance
with the Declaration of Helsinki and approved by the local
ethics committee.
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Experimental stimuli

Experimental stimuli consisted in coloured images depicting
object triads including a reference object (n=54), an item
semantically related to the reference one, and an unrelated
item (distractor). Figures (300 X 350 pixels each, subtending
a visual angle of about 5.7° at a viewing distance of 80 cm)
were aligned along the horizontal axis against a 1100 X 600
pixel white frame subtending a visual angle of about 11°
at a viewing distance of 80 cm. The reference object was
located in the centre of the frame at a distance of 100 pix-
els from upper and lower borders, and at a distance of 400
pixels from side borders. The other two items were placed
on each side of the reference object, separated from it and
from vertical borders by 50 pixels. The semantically related
item was on the left of the reference one in half of the triads
(see Fig. 1 a).

Starting from the 54 reference objects, 108 triads were
generated: in half triads reference and related items had the
same function (taxonomic triads, i.e., hammer and jack-
hammer); in the remaining triads the related item was the
recipient of the action typically carried out with the refer-
ence object (thematic triads, i.e., hammer and nail). In all the
triads, both the related item and the distractor did not share
type of grasping required for functional use with the refer-
ence object (see “Appendix” for a complete list of stimuli,
Table 2).

To ascertain that objects in the triads met the above crite-
ria, we made three preliminary normative studies in which
all pairs containing reference and semantically related items

a
P N
Taxonomic / A
Triad r
© \e
—N
Thematic e
Triad
e

Fig. 1 a Examples of object triads used as experimental stimuli: each
triad included a central “reference” object, presented along with a
semantically related item (circled for illustrative purposes) and a dis-
tractor item. In the taxonomic triads, the semantically related item
had a function similar to that of the reference object; in the thematic
triads, the semantically related item was an appropriate recipient for

(matched pairs, 54 taxonomic and 54 thematic), or reference
and distractor items (unmatched pairs, 54 from taxonomic
and 54 from thematic triads) were submitted to three differ-
ent evaluations, each performed by an independent group of
undergraduate students who did not participate to the main
experiment. In Evaluation 1, we established that the refer-
ence objects were more associated with semantically related
items than with distractors. In Evaluation 2, we ensured that
related items expressed a truly taxonomic relationship in
taxonomic triads and a truly thematic relationship in the-
matic triads. In Evaluation 3, we ascertained that the refer-
ence object in a triad did not share functional grasping with
either the related or the distractor item (see Supplementary
Material).

Action prime stimuli were coloured pictures portraying a
hand grabbing the reference object with a functional grasp-
ing (functional prime) or a structural grasping (structural
prime), or pointing to the reference object without touching
it (pointing prime). Action primes (950 % 350 pixels each,
subtending a visual angle of about 7.5° at a viewing distance
of 80 cm) were centred on 1100 X 600 pixel white back-
ground frames and had a visual angle of about 11° at a view-
ing distance of 80 cm. Three prime stimuli were arranged for
each reference object (see Fig. 1 b).

Procedure
Stimuli randomization and presentation, online TMS admin-

istration, as well as data collection (accuracy and response
times, RTs) were performed using MATLAB software.

Functional
prime

Structural
prime

Pointing
prime

the action typically carried out with the reference object; b Examples
of action prime stimuli. For each reference object, three action primes
were produced in which a hand grabbed the object with a grasping
suitable for using it (functional prime), for moving/holding it (struc-
tural prime), or simply pointed at it (pointing prime)
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The experiment was conducted in three weekly experi-
mental sessions; each session corresponded to a different
stimulation condition (SMG, pMTG, sham stimulation).
In each session, two blocks of trials were administered,
one including taxonomic triads, and one including the-
matic triads. In each block, 54 triads were presented, for
a total of 108 trials per session; one-third of triads (36)
were preceded by a functional prime, one-third by a struc-
tural prime and one-third by a pointing prime. Order of
stimulation conditions and of experimental blocks was
counterbalanced across participants; order of trials within
each block was randomized. A break of about 10 min was
allowed between the experimental blocks. The total dura-
tion of a session was of about 50 min.

Participants sat on a comfortable chair facing a 17"
monitor screen, holding their chin on a chinrest, their
hands with palms facing down on their legs and with
their feet resting on a two-pedal foot-keyboard. Each
trial started with a fixation point (a cross) presented in
the centre of a blank screen for 800 ms, followed by an
inter-stimulus interval (ISI, blank screen) of 20 ms. Sub-
sequently, an action prime was presented for 500 ms. A
rTMS train was delivered (see below) 100 ms after prime
onset. Immediately after prime offset, an object triad
appeared and remained on the screen until participants’
response. Finally, there was an inter-trial interval (ITI,
blank screen) lasting 4500 ms (see Fig. 2 a).

For each object triad, the participants were asked to
judge which object was more associated to the one placed
in the centre of the screen, and to provide their responses
by foot keyboard to avoid any response compatibility
effect (Tucker & Ellis, 1998). Participants responded
“right” or “left” by pressing, respectively, the right or
left pedal.

Before each session, participants performed a short
training session with no rTMS, in which triads and primes
not included in the experiment were presented.

65%; 10Hz

R

100 l 400 ms

800 ms

+

until participant’s response

FIXATION

TMS protocol and neuronavigation

Online trains of rTMS (5 pulses, 10 Hz; duration: 400 ms)
were delivered by means of a 70-mm-diameter figure-
of-eight coil connected to a Magstim Rapid 2 stimulator
(Magstim Company) producing a maximum output of 1.2 T
at the coil surface (type of output: biphasic; pulse width
400 ps). In keeping with safety recommendations (Rossi,
Hallett, Rossini, & Pascual-Leone, 2009), two consecutive
stimulation trains were separated by at least 5.3 s and the
total number of pulses per session was 540 (270 per block).
Stimulation intensity was fixed at 65% of the machine out-
put (after Andres et al., 2013). The brain targets (left SMG
and left pMTG) and the corresponding stimulation sites on
the participants’ scalp were localized by means of Softaxic
Optic (EMS) neuronavigation system. Neuronavigation
was performed on estimated-MRI stereotaxic templates of
participants’ brains based on a sampling of 65 scalp points
digitized by means of a Polaris Vicra (Northern Digital)
digitizer. Mean Talairach coordinates of stimulated brain
targets were as follows: left SMG: x=—-158, y=—34, z=38;
left pMTG: x=—-61, y=—49, z=—1 (see Fig. 2b). In the
sham stimulation condition, the coil was positioned at a 90°
angle on the Vertex, resting on the scalp with only one edge,
so that the coil focus was directed away from participant’s
head. In the SMG and pMTG stimulation conditions, coil
positioning on the stimulation site was checked online by
means of the neuronavigator system during the entire experi-
mental session; in all conditions, a mechanical arm attached
to a tripod hold a coil.

Data analysis

On participants’ correct RTs, we run a 2 X3 X3 repeated-
measures ANOVAs with semantic relationship (taxonomic,
thematic), stimulation condition (SMG, pMTG, Sham) and
action prime (functional, structural, pointing) as within-sub-
ject factors. The same analysis was performed on accuracy

4500 ms

ITI - Blank screen

Fig.2 a Sequence of events within an experimental trial; b stimulation targets (see text for mean Talairach coordinates) marked on a 3D stand-
ard chi2bet template. pMTG left posterior middle temporal gyrus, SMG left supramarginal gyrus
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data after applying Logit transformation for each experi-
mental condition.

These analyses were followed up by means of Bonferroni
post hoc comparisons that imply correction of ‘raw’ p values
as a function of the number of comparisons, to reduce the
risk of type 1 errors; corrected p values are then compared
with the conventional alpha threshold set at 0.05.

Trials with RTs beyond the 95th and below the 5th per-
centile were discarded from analyses. Data analysis was
performed by SPSS v.20 IBM).

Results

ANOVA on correct RTs revealed a significant main effect
of the semantic relationship [F(; ,5,=287.524; p<0.001;
;12:0.917], due to faster responses on thematic triads
(mean=_861.874; SD=31.296 ms) than on taxonomic tri-
ads (mean=1102.159; SD=39.321 ms). Main effects of

stimulation condition [F' 2.52)= 0.458; p=0.635; 172 =0.017],
and action prime [F|, 55,=0.564; p=0.573; n*=0.021] were
not significant. No first order interaction reached significance
(»p>0.1). There was a significant second order interaction
between semantic relationship, stimulation condition and
action prime [F' @.100)= 2.607; p=0.040; 712 =0.091]. Bonfer-
roni-corrected post hoc comparisons (Fig. 3) revealed that
in the sham condition, participants’ responses on taxonomic
triads were faster when preceded by functional action prime
(mean=1046.367; SD=239.320 ms) than by either structural
(mean=1096.904; SD=45.272 ms; corrected-p=0.033)
or pointing (mean=1093.565; SD =45.182 ms; corrected-
p=0.040) action primes. Instead, the type of action prime did
not modulate participants’ responses on thematic triads. The
favouring effect of the action prime on taxonomic judgements
was abolished by rTMS over SMG. Moreover, participants’
responses on taxonomic triads preceded by a functional prime
were slower in pMTG stimulation condition (mean=1143.573;
SD=52.931 ms) than in the sham condition (mean=1119.752;

Taxonomic triads Thematic triads
1250 ° i ) 1250 -
1200 - 1200 -
1150 1150
2 1100 - —~ 1100
g g
& 100 Y, 1050
= =
= 1000 & 1000
950 4 950
900 900 1
800 - 800 4
pPMTG SMG Sham pMTG SMG Sham
B Functional prime
B Structural prime
3000 N Pointing prime 3%
2500 2500
z 2000 @ 2000
g g
o 1500 o 1500
= [
& 1000 T
500 500
0 0 , ,
pMTG SMG Sham pMTG SMG Sham

Fig.3 Upper graphs show mean RTs for taxonomic (on the left)
and for thematic triads (on the right) as a function of the priming
and r'TMS conditions. Error bars display SEM corrected for within-
subject design (Cousineau, 2005). Lower graphs depict violin plots
showing distribution of RTs for taxonomic (on the left) and for the-
matic triads (on the right) among different experimental conditions;

in the embedded box plots, the thick vertical lines indicate the range
between the first and the third quartiles, and the horizontal line marks
the median. *Significant Bonferroni-corrected post hoc comparisons
at p<0.05. pMTG left posterior middle temporal gyrus, SMG left
supramarginal gyrus
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SD=46.417 ms; corrected-p=0.038). No significant differ-
ence emerged between pMTG and SMG, or between SMG
and sham stimulation conditions (see Supplementary Table 1).
The proportion of participants exhibiting a difference between
each active stimulation condition and the sham condition in
the same direction as the whole group is reported in Supple-
mentary Table 2. The highest percentage was associated to the
MTG condition for functional primes.

The proportion of participants’ correct responses
on the different experimental conditions is reported in
Table 1. ANOVA on Logit transformed accuracy data
revealed a significant main effect of semantic condition
[F(126)=16.372; p<0.001; n*=0.386] due to a higher
accuracy on thematic triads (Logit transformed accu-
racy + SEM =1.381 +0.369, corresponding to an accuracy
rate of 94%) with respect to taxonomic triads (Logit trans-
formed accuracy + SEM =0.987 +0.357, corresponding to
an accuracy rate of 88%; odds ratio=1.483, 95% Confidence
Interval = 1.475-1.488); no other main or interaction effect
was significant (all p > 0.05).

Discussion

We used r'TMS to investigate whether left SMG and pMTG,
two key regions within the neural network coding for tools
and action representation, mediate the effect of action obser-
vation on processing of semantic (thematic or taxonomic)
relations. Participants received active rTMS over pMTG or
SMG (or underwent sham stimulation) during observation
of action primes depicting structural, functional or pointing
actions, and then performed semantic judgments on thematic
or taxonomic associations. Overall, our data showed that
processing of thematic relations was faster and more accu-
rate than processing of taxonomic relations (based on func-
tion similarity), in keeping with previous findings (Kalénine
et al., 2009; Kalénine & Bonthoux, 2008; Lin & Murphy,
2001; Mirman et al., 2017). Furthermore, we found that
action observations as well as rTMS modulated elaboration
of taxonomic relations, whereas we failed to observe any
significant effects of both action primes and rTMS condi-
tions on thematic relations. In the absence of active rTMS,
we found that observing functional (vs. structural and point-
ing) actions favoured processing of taxonomic relations
among objects. rITMS delivered on both left SMG and left

pMTG abolished this facilitation, but rTMS on left pMTG
determined a stronger effect, making taxonomic semantic
judgements after functional primes significantly slower than
those observed in the sham condition. This last result did not
match our expectations.

The main finding of the present study was that stimulation
over left SMG and pMTG modulated the effect of functional
(but not structural) action primes on elaboration of taxonomic
(but not thematic) relations among objects. The abolition of
the priming effect on taxonomic judgements after stimula-
tion of left SMG, without significant slowing with respect to
the sham condition, supports a role of this area in processing
observed actions. A number of neuropsychological (Buxbaum
et al., 2005, 2007; Buxbaum, Shapiro, & Coslett, 2014; Gold-
enberg & Spatt, 2009; Hoeren et al., 2014; Kalénine et al.,
2010) and neuroimaging (Buxbaum et al., 2006; Frey, 2007,
Hoeren et al., 2013; Johnson-Frey, 2004; Johnson-Frey et al.,
2004; Randerath, Goldenberg, Spijkers, Li, & Hermsdorfer,
2010; Valyear, Cavina-Pratesi, Stiglick, & Culham, 2007)
investigations point to the left inferior parietal lobule (IPL)
as the brain area storing acquired motor plans for object-
related actions. Within the IPL three neural foci have been
associated to elaboration and long-term storage of acquired
motor schemas: (i) anterior intraparietal sulcus (alPS), whose
activation during visual processing of familiar objects would
be related to elaboration of manual configurations for object
grasping (Filimon, 2010; Kellenbach et al., 2003; Schubotz,
Wurm, Wittmann, & von Cramon, 2014; Valyear et al., 2007;
Yee et al., 2010); (ii) posterior supramarginal gyrus (pSMG,
plus the adjacent angular gyrus, AG), that would hold learned
motor programs for arm and leg movements needed to per-
form appropriate use-gestures (Johnson-Frey et al., 2004;
Rumiati et al., 2004; Vingerhoets et al., 2009); and (iii) ante-
rior supramarginal gyrus (aSMGQG), associated to representa-
tion of specific hand postures best suited to grasp an object
for using it (Hermsdorfer, Terlinden, Miihlau, Goldenberg, &
Wohlschléger, 2007; Johnson-Frey et al., 2004; Rumiati et al.,
2004). Although some evidence suggested that alPS might
contain a neuronal population coding for grasping-for-using
actions (see for example Schubotz et al., 2014), it is often con-
sidered as a neural substrate devoted to representing structural
grasping via visual analysis of object structure (Cavina-Patresi
et al., 2010; Tunik, Frey, & Grafton, 2005; Tunik, Ortigue,
Adamovich, & Grafton, 2008). Moreover, a recent study by
Andres et al. (2017) showed that TMS stimulation over left

Table 1 Percentage of

.. , Stimulation/prime
participants’ correct responses

Taxonomic relations

Thematic relations

across experimental conditions Functional Structural Pointing Functional Structural Pointing
pMTG 89.4 86.8 89.3 95.4 93.5 95.4
SMG 86.4 88.0 87.9 94.9 93.9 93.8
Sham 91.5 90.2 88.1 93.4 96.8 94.2
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SMG impaired explicit judgments about the hand posture
needed to use tools, whereas stimulation over the anterior
intraparietal area had no effect on the task. For this reason,
we focused on SMG that seems to be mostly involved in tasks
requiring real or pantomimed use of tools, i.e., during recruit-
ment of learned motor plans concerning functional gestures
(Rumiati et al., 2004; Vingerhoets, 2014). Our stimulation site
was about in the middle between the anterior and posterior
portions of SMG and had mean coordinates similar to those
of the region stimulated by Andres and colleagues (Andres
et al., 2017: Talairach coordinates: x=—60, y=—41, z=42;
Andres et al., 2013: Talairach coordinates: x=—60, y=—34,
z7=46) for impairing elaboration of functional manipulation
of tools. Furthermore, left SMG is included in the so-called
action observation network and shows consistent activation
during observation of others’ actions (Avenanti, Candidi, &
Urgesi, 2013; Caspers et al., 2011; Gazzola & Keysers, 2008;
Oosterhof et al., 2010). Finally, damages in left SMG/AG are
commonly associated to limb apraxia (Buxbaum et al., 2005,
2007; Goldenberg & Spatt, 2009; Heilman, Rothi, & Valen-
stein, 1982; Hoeren et al., 2014; Rothi, Heilman, & Watson,
1985) as well as to impaired recognition of motor aspects of
observed use of tools (Buxbaum et al., 2005; Kalénine et al.,
2010). Altogether such findings are compatible with the pos-
sibility that observation of a functional action prime leads to
activation of participants’ functional motor plans within the
left SMG, and that such motor activation would in turn impact
semantic processing of taxonomic relations among objects.
Stimulation of SMG would thus hinder the effect of func-
tional action observation on elaboration of specific semantic
features of tools.

Our data are consistent with the idea that left SMG might
store motor programs concerning learned tool actions that
can be accessed via action observation, but the most remark-
able, and somewhat unexpected, result of the present study
was that rTMS over the left pMTG also disrupted the favour-
ing effect on functional action prime on taxonomic process-
ing, leading to significantly slower judgments on taxonomic
relationships compared to the sham condition. The pMTG
site we stimulated was close to neural foci involved in elabo-
ration of biological and non-biological motion (placed in the
superior temporal sulcus and in lateral MTG, respectively;
Beuchamp, Lee, Haxby, & Martin, 2002; Beauchamp, Lee,
Haxby, & Martin, 2003; Beuchamp & Martin, 2007), as well
as close to the medial fusiform region involved in visual
elaboration of object structure (such as shape and colour;
Chao, Haxby, & Martin, 1999; Chao, Weisberg, & Martin,
2002; Martin, 2007). Moreover, our pMTG site was very
close to a region showing fMRI activation in response to
both hand and tool images (x=—48, y=—66, z=—15), thus
exhibiting a special sensitivity to body—object interactions
(Bracci, Cavina-Pratesi, Ietswaart, Caramazza, & Peelen,
2012; Bracci & Peelen, 2013). It has been proposed that

pMTG might integrate information from different modali-
ties into multimodal representation of abstract properties of
objects and object-related actions (Kalénine & Buxbaum,
2016; Tarhan, Watson, & Buxbaum, 2015). Consistently
with such assumption, pMTG was associated with retrieval
of object function as well as with action recognition in a
number of studies. For instance, Yee et al. (2010) reported
fMRI adaptation in a region very close (x=-45, y=—54,
z=-9) to our MTG site when participants had to judge
function similarity between objects. Moreover, I TMS over a
similar region (x=—60, y=—50, z=—1) inhibited elabora-
tion of objects’ context of use (Andres et al., 2013). Finally,
investigation on left brain-damaged patients showed that
posterior temporal cortex was associated with comprehen-
sion of semantic features of tool actions (Kalénine et al.,
2010), and to paired deficits in production and recognition
of tool actions (Tarhan et al., 2015).

The strong and significant detrimental effect of pMTG
stimulation on retrieval of taxonomic information primed
by functional action observation is consistent with the above
literature and suggests a specific role of pMTG in integrating
functional motor information with information from other
modalities during high-order semantic elaboration of tools.
This view would be in line with neuropsychological evi-
dence from brain-damaged patients and with functional neu-
roimaging data, suggesting that neural specificity for tools
in inferior temporal cortex is partially based on sensitiv-
ity to their motor-related properties, shared by both middle
fusiform and inferior parietal tool-specific regions (Mahon
et al., 2007). Thus, tool representation seems to inherently
involve integration of motor information at level of temporal
brain areas and present results suggest to extend this claim
to elaboration of higher order semantic properties of tools,
such as taxonomic semantic relationships.

Besides generating specific hypotheses about the role of
SMG and pMTG in mediating action and semantic process-
ing, our study addressed the issue of which kind of seman-
tic information (taxonomic or thematic) is associated with
motor representations of object use. In the sham condition,
we observed a specific facilitating effect of observing func-
tional (versus structural and pointing) actions on process-
ing taxonomic semantic relations, thus replicating previous
findings (De Bellis et al., 2016), although here we used an
interval between prime onset and response (500 ms) consid-
ered optimal for assessing activation of thematic information
(Kalénine et al., 2012; Mirman & Graziano, 2012; Wamain
et al., 2015). As we carefully excluded communalities in
motor features between related objects (i.e., objects in our
triads did not share the same manipulation patterns), our
findings support the idea that activating functional action
representation implies access to object function.

These results would not be compatible with the idea that
action representations are strictly associated with thematic,
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rather than taxonomic, information about tools. Indeed,
several studies linked thematic knowledge about tools with
action knowledge in either normal or left brain-damaged
participants (Kalénine at al., 2009; Kalénine & Buxbaum,
2016; Pluciennicka et al., 2016a; Tsagkaridis et al., 2014).
However, it must be considered that the present findings
together with a consistent body of evidence (Kalénine et al.,
2009; Tsagkaridis et al., 2014) demonstrated that explicit
elaboration of thematic relationships is significantly eas-
ier (in terms of RTs and accuracy) than that of taxonomic
semantic associations. Therefore, it is possible that our para-
digm was not enough sensitive to detect changes in explicit
elaboration of thematic knowledge as a function of action
primes, presented at the duration used in the present experi-
ment. For these reasons, we could not make strong claims
about the role of functional motor information on thematic
relations, whereas we could clearly demonstrate that activat-
ing functional action representation directly leads to retrieval
of object function, which can be considered the “core”
semantic feature of tool concepts (Garcea & Mahon, 2012).
Our findings would not be consistent with the idea that
semantic processing necessarily depends on sensory and motor
activation; instead, as we observed that sensorimotor, action-
related information (when available) can enhance efficiency
of semantic processing, our results could best fit a “weak”
sensory-motor model claiming that concept representations
imply cross-modal integration of modality-specific informa-
tion (Meteyard, Cuadrado, Bahrami, & Vigliocco, 2012).
The present study has some limitations. First, as in a pre-
vious experiment (De Bellis et al., 2016), our action primes
displayed both the “reference” object and the hand acting
on it. Our prime stimuli thus provided two sources of motor
information, because objects can elicit congruent motor pro-
grams (Bub et al., 2008; Bub & Masson, 2010; Helbig et al.,
2006; Jax & Buxbaum, 2010). We did not hide the objects
in the prime stimuli because it is hard to prompt a struc-
tural grasp in the absence of object but, since objects were
always displayed, any difference between the different prim-
ing stimuli had to be attributed to the observed hand action.
Second, we used single stimulation timing for both pMTG
and SMG sites. For this reason, our experimental procedure
did not allow to ascertain direction and time-course of infor-
mational flow between parietal and temporal areas. Indeed,
the pMTG site could receive motor information from sur-
rounding temporal areas concerned with biological motion
and body-object interaction (Beuchamp & Martin, 2007;
Bracci & Peelen, 2013), as well as from inferior parietal
cortex (Jouen et al., 2018; Ramayya, Glasser, & Rilling,
2009), or from both cortical regions. Here we observed that
both SMG and pMTG stimulation reduced the facilitating
effect of functional action primes, but pMTG stimulation
had a greater impact on semantic taxonomic judgments.
This pattern of results might be compatible with the idea
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that functional motor information was first activated within
SMG and then integrated into pMTG with other kinds of
information. We could not address this hypothesis here, but
it would be consistent with evidence from EEG investiga-
tion, demonstrating an early (100400 ms) enhancement of
left fronto-parietal activity after observation of functional
grasping of tools (Natraj et al., 2013), as well as from an
ERP study showing a modulation of early components (P3a,
200-300 ms) in parietal cortex after observation of object-
related actions (Wamain, Pluciennicka, & Kalénine, 2014).

A third limitation could be related to the fact that we
enrolled a convenience sample without computing sample
size on the basis of previous evidence. However, our sample
size was close to that (n =30, computed on the effect size of
differences in mean RTs, with alpha=0.05 and power=0.8)
required to replicate the significant effects of TMS stimula-
tion on SMG or MTG (versus TMS stimulation on Vertex)
in two tasks very similar to those employed in the current
paper (Andres et al., 2013).

Conclusions

In the present study, we confirmed that activating functional
motor information through action observation could impact
retrieving of objects’ function, and facilitate elaboration of
taxonomic semantic relations among objects. By applying
r'TMS, we could demonstrate that this effect is mediated
by activation of the inferior parietal cortex and of middle
temporal areas where integration of action and semantic
information takes place. Our findings provide new insight
about the dynamic interplay between parietal action-related
regions and temporal regions devoted to multimodal integra-
tion leading to formation of high-level cognitive representa-
tions about tools.
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Table 2 List of objects included in experimental stimuli

Reference object

Taxonomic triads

Thematic triads

Related item Distractor Related item Distractor
Gas lighter Lighter Flashlight Gas cooker Faucet
Needle Sewing machine Electric iron Sewing spool Copper wire

Bottle opener

Rotating-wheel tin opener

Bow

Fist meat pounder
Purse

Pitcher

Percolator

Basic corkscrew
Secateurs

Key

Usb drive
Strainer

Knife

Spray deodorant
Match

Recorder flute
Paper scissors
Fork

Hand electric mixer
Grater

Joypad
Magnifying glass
Lip gloss

Pepper mill

Door handle
Mascara

Rolling pin

Hair clamp

Pc mouse

Comb

Pickaxe

Serving pliers
Tobacco pipe
Bulb pump perfume
Wheel-type pizza cutter
Paint roller
Liquid soap dispenser
Potato ricer
Adhesive tape
Toolbox saw
Epilator

Baking syringe
Toothbrush
Junior stapler
Spray bottle

Nail clipper

Waiter’s corkscrew
Lever-type tin opener
Crossbow
Hammer meat pounder
Money box

Bottle

Coffee maker
Wing corkscrew
Sickle

Remote key

Cd

Colander

Apple slicer

Roll deodorant
Lighter

Pan flute

Cutter

Chopsticks
Liquidiser

Electric grater
Joystick

Field glasses
Make up palette
Lever-type pepper mill
Door knob
Eyelash curler
Pasta maker

Hair clip
Touchpad

Round brush
Chisel

Cake spatula
Cigarette

Perfume bottle
Pizza scissors
Spalter paintbrush
Soap bar

Food mill

Glue stick

Axe

Eyebrow tweezers
Pastry bag

Dental floss

Paper clip

Toilet cleaner bottle
Nail scissors

Ice cream scoop
Knife

Sword

Cake spatula
Keychain

Salt shaker
Stand mixer
Nutcracker
Hose
Snap-hook
Webcam

Pail

Orange juicer
Wall-mounted soap dispenser
Mini flashlight
Tobacco pipe
Stapler

Salt shaker
Coffee maker
Meat slicer
Calculator
Diving mask
Toothbrush
Potato ricer
Door phone
Nail clipper
Meat slicer
Round brush
Remote control
Hair dryer
Screwdriver
Ladle
Toothbrush
Make up brush
Fist meat mallet
Jackhammer
Toothpaste
Wing corkscrew
Eraser

Feather duster
Nail file
Cooking skimmer
Lipstick

Pocket pencil sharpener
Plug-in air freshener
Straight razor

Beer bottle

Tin

Arrow

Meat

Coins

Faucet

Coffee cup

Cork stopper
Leafy branch
Safe-deposit box
Usb port

Pasta

Apple

Armpit
Cigarette

Sheet music
Paper sheets
Spaghetti

Eggs

Parmesan cheese

Video game console

Written sheet
Lips
Peppercorns
Door

Eyelash
Dough

Hair

Personal computer
Woman’s hair
Wall
Profiteroles
Ashtray

Neck

Pizza

Wall

Hands

Potato
Coloured sheets
Stump
woman’s legs
Cake
Toothpaste
Stack of paper
Bathroom sink
Finger nails

Jar

Glass bottle
Grenade
Croissant
Shirt button
Gas cooker
Piece of cake
Plastic cap
Ice cubes
Gym bag
Three-pin socket
Dry-cured ham
Egg

Beard
Lollipop
Traffic sign
Marble sheets
Potato chips
Coffee beans
Salami

Radio

Traffic sign
Foot

Corn kernel
Roller shutter
Lips
Chocolate bar
Fingernails
Tv set
Woman’s eye
Mattress
Meat

Plate

Knee

Soup

Roller shutter
Tongue
Grapes

Rags
Concrete block
Ear

Lettuce

Soap bar
Stack of clothes
Couch

Hair
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Table 2 (continued)

Reference object

Taxonomic triads

Thematic triads

Related item Distractor Related item Distractor
Coffee cup Shot glass Small pot Coffee spoon Ladle
Rotary phone Smartphone Megaphone Ear Knee
Pocket pencil sharpener Hand-cranked sharpener Compasses Pencil Marker
Hand stamp Rubber stamp Letter opener Ink pad Scrub sponge
Bicycle bulb horn Bicycle bell Alarm clock Oar Bicycle handlebar
Steering wheel Bicycle handlebar Car jack Tyre Football ball
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