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Observing Without Acting: A Balance
of Excitation and Suppression in the
Human Corticospinal Pathway?

Ricci Hannah *, Lorenzo Rocchi and John C. Rothwell

University College London Institute of Neurology, London, hited Kingdom

Transcranial magnetic stimulation (TMS) studies of humanrimary motor cortex (M1)
indicate an increase corticospinal excitability during #hobservation of another's action.
This appears to be somewhat at odds with recordings of pyrandal tract neurons in
primate M1 showing that there is a balance of increased and daeased activity across
the population. TMS is known to recruit a mixed population otortical neurons, and
so one explanation for previous results is that TMS tends toecruit those excitatory
output neurons whose activity is increased during action obervation. Here we took
advantage of the directional sensitivity of TMS to recruit ifferent subsets of M1
neurons and probed whether they responded differentiallyot action observation in
a manner consistent with the balanced change in activity in fimates. At the group
level we did not observe the expected increase in corticospil excitability for either
TMS current direction during the observation of a precisiorgrip movement. Instead,
we observed substantial inter-individual variability raing from strong facilitation to
strong suppression of corticospinal excitability that wassimilar across both current
directions. Thus, we found no evidence of any differentiallmnges in the excitability of
distinct M1 neuronal populations during action observatin. The most notable change
in corticospinal excitability at the group level was a genat increase, across muscles
and current directions, when participants went from a baséhe state outside the task
to a baseline state within the actual observation task. We &ibute this to arousal- or
attention-related processes, which appear to have a similaeffect on the different
corticospinal pathways targeted by different TMS current gections. Finally, this rather
non-speci ¢ increase in corticospinal excitability suggsts care should be taken when
selecting a “baseline” state against which to compare changs during action observation.

Keywords: transcranial magnetic stimulation, motor cortex, ¢ urrent direction, mirror neurons, motor resonance

INTRODUCTION

A range of evidence illustrates that some neurons in the meysitem alter their activity not only
during the execution of an action, but also when observing #ctions of othersd( Pellegrino

et al.,, 1992; Gallese et al., 1996; Kraskov et al., 2009, M0kdmel et al., 20)0These so-called
“mirror neurons” were rstidenti ed in primate premotor corex (di Pellegrino et al., 1992; Gallese
et al., 1995 where select neurons that responded during the monkeysgrnasping movement by

increasing their ring rates also increased their ring est when the monkey observed the same

action performed by a human experimenter. Both non-invasind mvasive studies have since
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pointed to the existence of similar, mirror-like activity itné AP currents were di erentially modulated during the warning
human motor system, including in the primary motor cortex period of a reaction time task-Hannah et al., 2008 implying
(M1) (Fadiga et al., 1995; Hari et al., 19@hd supplementary these putative sets of neurons are di erentially modulatedigir
motor area [ukamel et al.,, 2000 Transcranial magnetic action preparation. Here, we predicted that PA- and AP-evoked
stimulation (TMS) studies have shown that the corticospinaMEPs would be oppositely modulated during action observation,
pathway is facilitated during action observatioRaliga et al., in a manner akin to mixture of facilitated/suppressed activity
1995; Gangitano et al., 2001; Maeda et al., 2002; Labrura et ef neurons seen in primate studie¥igneswaran et al., 2013;
2011; Gueugneau et al., 201Wwhich seems consistent with Kraskov et al., 2034 Speci cally, we expected a facilitation of
the increased activity in primate premotor areas Pellegrino  responses to standard PA currents, as is commonly reported
et al.,, 1992; Gallese et al., 1996; Kraskov et al.,) 200t (Naish et al., 2004 and an inhibition of responses with AP
direct cortico-cortical connections to M1, and in M1 itself currents.
(Vigneswaran et al., 2013; Kraskov et al., J0Hbwever, since
some of those neurons in M1 included pyramidal tract neuronspIATERIALS AND METHODS
the majority of which project directly to the spinal cord€mon,
2009, it remains unclear how the increased activity in the motorParticipants
system during observation is prevented from producing overTwenty healthy right-handed volunteers participated (feraflle
movement. 9; mean age: 25 1 years, range 19-32 years) in the study.
One explanation put forward bitraskov et al. (2014 that  All provided their written informed consent and reported no
there is a balance of increased and decreased activitysaitr®s contraindications to TMSRossi et al., 20)1The experimental
population of pyramidal tract neurons that ultimately cancals  protocol was approved by the by University College London
so that no movement occurs. This was based on their ndingsthics Committee.
that whilst 29% of M1 pyramidal tract neurons sampled showed
increased ring rates during both action and observatiog%2 Experimental Design
of neurons exhibited increased ring rates during actiontbu MEPs evoked by TMS applied to M1 were recorded in two
suppressed ring rates during observatiofraskov et al., 2034 intrinsic hand muscles ( rst dorsal interosseous, FDI; abidu
These data were consistent with the mix of facilitation anddigiti minimi, ADM) whilst participants observed video clips
suppression that had previously been observed in neurons iof a hand reaching and using a precision grip (between the
the human supplementary motor area during action observationindex nger and thumb) to pick up and put down a peg. TMS
which also included neurons that responded oppositely duringpulses were applied: (i) during an extra-task baselingr)B
action and observationMukamel et al., 2070 Thus, not only where participants observed a blank screen outside the context
is there a potential balance of facilitated/suppressed #&gtivi of the action observation task; (ii) at an intra-task base(Br),
which could in itself explain the lack of overt movement, butwhere participants were engaged in the task but simply observed
the structure of activity across the population of neurons carthe blue background in-between video clips; and (iii) during
be qualitatively quite di erent during the observation comipd  the observation of video clips showing a precision grip. Two
to execution of movement. These di erent neural states couldblocks of measurements were performed, one with each TMS
also explain why no movement is produced (ekgufman et al., current direction (PA and AP). The order of current directio
2019. But if the balanced facilitation/suppression account isvas randomized between participants and a 5min passive rest
correct, why then is the typical nding in TMS studies of an period separated each block. We were primarily interested in
increase in corticospinal excitability when observing atiocn®  whether MEPs evoked by PA and AP currents were di erentially
Detecting an overall increase in corticospinal excitapitiight modulated by action observation. To verify that any modwati
be possible if TMS favored the recruitment of the sub-populatiorwas a mirror-like e ect speci ¢ to observation of the precision
of corticospinal output neurons whose activity increasethea  grip, it was important to show that the e ects were time-locked
than the sub-population whose activity had decreased. to the observation of the action and that the e ect was specic
To test this idea, we took advantage of the directionato a muscle predominantly involved in actually performing the
sensitivity of TMS-evoked corticospinal activitpdy et al., movement Fadiga et al., 1995; Borroni et al., 2005; Naish et al.,
1989; Di Lazzaro et al., 2001Epidural recordings indicate 2014. To do this we compared responses across time points
that descending corticospinal activity has a lower thredlasid  and muscles, since the FDI is known to be more active during
shorter onset latency when evoked by posterior-anterior)(B& a precision grip than the ADM Davare et al., 2009 Finally,
opposed to anterior-posterior (AP), induced currents acrdss t MEP onset latencies were recorded for PA and AP currents
central sulcusl{i Lazzaro et al., 2001The prevailing hypothesis at the end of the experiment as a proxy for the latency of
is that PA and AP currents recruit distinct excitatory synapt corticospinal activity, which allows us to con rm that the ow
inputs to the same corticospinal neuron®dy et al., 1989; Di current directions recruit distinct populations of neuron®dy
Lazzaro and Rothwell, 20j.4However, it remains a possibility etal., 1989; Di Lazzaro et al., 2001; Hamada et al.)2013
that they each recruit distinct sub-populations of corticospi
neurons, potentially even originating in separate sub-itivis Action Observation Stimuli
of M1 (e.g.,Witham et al., 2016 In a previous study, we Three video clips were presented. Each consisted of the same
showed that motor evoked potentials (MEPS) evoked by PA andand performing a precision grip to manipulate the same object
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on a di erent occasion Figure 1). The video clips were matched Transcranial Magnetic Stimulation (TMS)

for movement duration, by initially selecting from alargeyol of  The FDI representation of the left primary motor cortex was
clips, and edited (via Motion 2 software as part of the Final Custimulated via a TMS device connected to a gure-of-eight coi
Studio application package) to consist of video 100 frames ea¢hlagstim 208, The Magstim Co. Ltd., UK). The coil was held
with a consistent point of contact between hand and object atangentially on the scalp at an angle of 46 the mid-sagittal
the 25th video frame. Each frame was presented 88 ms, i.e., plane to induce a posterior-anterior (PA) current across the
two computer screen refreshes at a rate of 60 Hz, such thab videentral sulcus$akai et al., 199.7The motor hot spot was found
clips lasted 3.3s. Since movement duration was approximatelyy searching for the position where slightly suprathreshotd P
the same, the main di erence between the video clips was inurrents produced the largest and most consistent MEPs in FDI at
the kinematics, for example small di erences in grip shapingrest. The position was marked on a cap worn by the participants.
The model in the videos was female and all actions were Imedhe coil was held to induce either a PA current across the
from the egocentric perspective, since there is some evidbate central sulcus, or an oppositely directed AP current, whetéby
observing actions from the rst person point of view yields theposition of the coil handle was reversed around the intefieact

largest enhancement of MEBRSIéerts et al., 2009 of coil windings Gakai et al., 199.7The inter-pulse interval for
TMS stimuli outside of the action observation task was 6.5 s,
Surface Electromyogram (EMG) and during the task it was 7's.

EMG activity was recorded from the right FDI and ADM Resting motor threshold (RMT) was de ned as the lowest
muscles. Electrodes were placed in a belly-tendon arrangiementensity to evoke an MEP in the FDI of at least 0.05mV in ve of
over the muscles. The ground electrode was over the styloitD consecutive trials while subjects were at rest. Thettestlsis
process of the radius. Signals were ampli ed with a gain ointensity during the task was set low to elicit a small MEP
1000 (Digitimer, UK), band-pass Itered (5-3,000 Hz), digitd  ( 0.5mV) in the FDI and facilitate the selective recruitment
at 5kHz (Power1401; CED, Cambridge, UK), and analyzed withf di erent neuronal populations responsible for early and late
Signal v5.10 software (Cambridge Electronic Design, UK). EM@orticospinal activity. At high stimulus intensities the patial
recordings enabled measurement of MEPs and the detection & recruit distinct neuronal populations with di erent curren
any volitional muscle activity during the task. directions is diminished because pulses tend recruit a mixed

Action observation stimuli showing precision grip movement

Frame 1

FIGURE 1 | Example frames from the three video clips showing a hand redsing and using a precision grip to pick up a peg. Representate frames from the rst half
of each clip, which consisted of 100 frames in total, are show. The 25th frame is shown as this frame re ected the timing of ontact between the hand and the
object, and was also the time at which the TMS pulse was delived. Note that the kinematics are slightly different for edcof the three clips.
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population Oi Lazzaro et al., 2001 Despite the hotspot not during which a single TMS pulse was delivered. After a short
being optimized for eliciting MEPs in the ADM, the hotspot and delay (3 s) another xation cross was then presented for 1 s prior
intensity were still generally su cient to evoke small MERglhe to commencing the second presentation of a video clip, where
ADM. another single TMS pulses was delivered. Within each trial the
MEP onset latencies were determined for the FDI during weakideo presentation could consist of either the same video clip
background muscle activity, again to ensure that low stimul presented twice (50% of trials) or two di erent video clips being
intensities could be used thereby maximizing the likelilad presented once each (50% of trials). Each clip was shown the
selectively recruiting early or late arriving MEPs with PAA®P  same number of times in total and the number of times each clip
currents Qay et al., 1989; Hamada et al., 2013; Hannah andppeared rst or second in a trial was also balanced. Particgpant
Rothwell, 201). Active motor threshold (AMT) was de ned were instructed to carefully observe the grip shaping during
as the lowest intensity to evoke a discernible MEP in the FDbbject manipulation, and were asked after the second video in
in ve of 10 consecutive trials while subjects maintained aa pair to verbally respond to a question presented on the screen
voluntary isometric nger abduction su cientto produce 56 (2 s duration) asking whether the two video clips in a trial were
of maximum voluntary EMG amplitude, and was measured withthe same or di erent. This served two purposes: (1) to ensure
PA and AP currents. Thereafter, 20 MEPs were measured for eaphrticipants paid particular attention to the kinematic featar
current direction during isometric nger abduction at 5-% of the grip; and (2) to maintain their vigilance during the kas
maximum EMG amplitude and with a stimulus intensity equal Responses were recorded throughout the experiment for further

to 110% AMT. analysis. The next trial began after a further 3s delay, durin
) which the blue background was presented. This completed the
Experimental Procedures trial. Each block lasted 8 min, including a short break of 1 min

Participants were seated comfortably in a dimly litroom§0cm  midway through the block to allow participants to rest.

in front of a computer screen with their hands resting on a During the task participants were encouraged to keep their
pillow positioned on their lap, underneath a desk and out ofarms and hands still and their muscles relaxed, and received
view. After a brief familiarization with the task and recard  verbal feedback throughout on the presence of voluntary EMG
of the extra-task baseline MEPs (20 MEPs in total) for a giveactivity from the FDI and ADM in order to minimize the
current direction, participants performed the rst block of¢h presence of volitional muscle activity. TMS pulses were deli/er
action observation taskgure 2). The task which consisted of at the time of contact with the object in each video clip (i.Bti2

24 trials, with TMS pulses being delivered at three separatestimframe) because primate studies have shown that the population
during each trial. Trials started with a single TMS pulse beingctivity of corticospinal mirror neurons is modulated most
delivered whilst participants focused on the blue backgroundtrongly at or just before the time of object displacement, i.e
presented on the screen (intra-task baseline). Followingsa 5very close to the time of object contattgneswaran et al., 2013;
delay, a red xation cross was presented for 1s at the centétraskov et al., 20)4 The task, including the presentation of
of screen and participants were instructed to x their gaze orvideo clips and control of TMS stimuli, was programmed in
it. This was followed by the rst presentation of a video clip, MATLAB R2013b (MathWorks, Natick, USA) with the Cogent

FIGURE 2 | A single trial of the action observation task began with a TM$ulse being delivered whilst participants focused their gee on the blue background of the
screen (intra-task baseline, Br). This was followed by the appearance xation cross, and in ttn the rst presentation of a video clip. A second xation crosspreceded
the second presentation of a video clip. The trial ended witl question presented on the screen regarding the sameness dhe two videos, to which participants
verbally responded. Single TMS pulses were delivered dugrthe presentation of the intra-task baseline period, as wehs at the point of contact with the object during
each of the two video presentations.
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toolbox (UCL LON, UK) used to manage the presentation of thdo test the e ect of time point (B, PG), current direction (PA,
videos. AP) and muscle (FDI, ADM) on absolute MEP amplitudes.
As a further test of any muscle-specic changes in MEP
amplitudes, we calculated the ratio of FDI:ADM MEP amplitudes
N an individual basis for the extra- and intra-task baselin

) ; . . and for the precision grip. Two-way ANOVA was performed
basis, and averaged across all trials for each time pointa(ext . )
to evaluate the changes across baselines [i.e., e ect ofrgurr

task baseline, intra-task baseline, video presentatiord2gand L . : :
o ' . direction (PA, AP) and time point (Br, Bit)] and across time
current direction (PA and AP). To ensure that MEP amp“tUdeSpoints within the task [i.e., e ect of current direction (PA,R

were not contamlnqted by volitional musple activity, the Ipea and time point (Br, PG)].
to-peak EMG amplitude was measured in the 100 ms prior to C .
. } L For each current direction, MEP amplitudes of the FDI
the TMS pulse. Trials were included for analysis if the peak-to- . .
. . : . were normalized to the respective values at the extra-task
peak EMG amplitude in the prior 100 ms w&s0.05mV. This . . . .
. . . . and intra-task baseline by expressing them as a ratio (e.g.,
resulted in the exclusion of 6 1 % of trials (equivalent to 4 out recision gripfintra-task baseline), such that val indicate
of 72 MEPs per block) being removed. The proportion of correc? anp '

responses to the discrimination aspect of the task was cédclila a facilitation of MEPS during obsc_ervatlon of the precision grip
compared to the intra-task baseline, and valgek indicate a

for PA and AP blocks separately and expressed as a percentar%?ative suppression. Normalized data are shown for illuistea
The mean onset latency of MEPs measured during active musclé '

contraction was determined visually from the raw EMG traces f PUTPOSES.

each current direction separatelydy et al., 1989; Hamada et al., Since we did not observe the prototyplt_:a_l faC|I_|tat|on
2013. of MEPs in response to observing the precision grip (see

results), we performed gost hocexploratory analysis of
individual di erences in order to try and characterize indtal
Statistical Analysis responsiveness to the task. To do this the percentage of
Pairedt-tests were used to compare motor thresholds (RMTijndividuals demonstrating facilitation and inhibition of MBS
AMT), test stimulus intensities and MEP onset latencies acrogelative to the intra-task baseline were calculated. Binal
PA and AP current directions. One samph¢ests were used to Pearson's correlation was used to evaluate the relationship
examine whether response accuracy on the discriminationcaspebetween AP and PA MEP amplitudes normalized to the intra-task
of the task was greater than chance for PA and AP blocks. baseline.

Data are reported as group mean standard error of the
mean (SEM). Repeated measures ANOVA (rmANOVA) WaRESULTS
used to evaluate the majority of the daRwalues< 0.05 were
considered signi cant. Where necessary, the Greenhousisser Motor Thresholds and MEP Latencies
procedure was applied to correct for violations of sphericity inRMT [tg) D 8.81,P  0.001], AMT fu9 D 8.41,P
ANOVA. First, a two-way rmANOVA was used to determine the 0.001) and the 0.5mV test stimulus intensity§y D 7.40,P
e ects of current direction (PA, AP) and muscle (FDI, ADM)  0.001] were all signi cantly greater for AP compared to PA
on extra-task baseline MEP amplitudes in order to con rmcurrents [Table 1). MEP latencies were greater for AP compared
similar amplitude of MEPs for PA and AP currents at baselineto PA currents by 2ms on averagetfo) D  11.547,P
We were then interested in evaluating whether there were an.001]. These data are all consistent with previous reparés/
changes in corticospinal excitability from the extra- to theega- et al., 1989; Sakai et al., 1997; Hamada et al.,)2Despite
task baseline, as this could reveal potential changes that wehis di erence in latencies, MEP amplitudes were similar for
not temporally linked to the observation of the precision grip,both current directions during the extra-task baseline. @A
and which might therefore in uence our interpretation of any revealed no main e ect of current directior{; 19)D 0.173,P
changes over time. Two-way rmANOVA was used to evaluat® 0.683] or muscle current direction interaction I, 19y D
the e ects of baseline time point @3, B), current direction 0.153PD 0.700], but there was a signi cant main e ect of muscle
(PA, AP) and muscle (FDI, ADM) on absolute MEP amplitudes which indicated that MEP amplitudes were greater for the FDI
Having established that MEPs in the FDI and ADM werecompared to ADM muscleH, 19D 17.920P < 0.001]. This
signi cantly increased compared to the extra-task basedimply ~ was to be expected given that the motor hotspot used was based
by virtue of being engaged in the task (see results), indigat on the optimal TMS coil position and orientation for FDI, not the
e ects that were not time-locked to observation of the actioe ~ ADM.
decided to exclude data at the extra-task baseline fronhéurt
analysis.

Since we expected no explicit di erences in MEP amp"tudegABLE 1 | Motor thresholds and MEP latencies for each TMS current digion.
between the rstand second presentation of videos duringa, tr

Data Analysis
MEP peak-to-peak amplitude was measured on a trial-by-tri

i X i Current RMT AMT 0.5mV intensity MEP latency
we averaged across the two presentation time points for eaghecion  (%Mso)  (@Ms0) (%MSO) (ms)
current direction and muscle to create a single variable rdhme
“precision grip (PG).” Thus, to evaluate the in uence of acti PA 43 2 33 1 50 2 223 04
observation on PA and AP evoked MEPs, rmANOVA was usedP 54 2 44 2 61 2 244 04
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Discrimination Performance During the The FDI:ADM MEP ratio remained constant over time
Action Observation Task (Figure 4) con rming that the modulation of MEP amplitudes
Participants correctly answered the question regarding th@Cross time points was not speci c to the FDI. In the statisties t
sameness of the video clips on 872% and 86 2% of trials ANOVA showed no main e ect of current directionHy, 19) D
respectively for PA and AP blocks, with performance levelsgei 1-258P D 0.276] or time point F(;, 19D 0.016,° D 0.900], or
greater than chance in each caggd D 23.294P  0.001 and &ny interaction F, 19D 0.123P D 0.729].
t19D 17.8P 0.001].

) Intra-Task Baseline vs. Precision Grip
Extra- vs. Intra-Task Baseline Observation

We rst c(g)mpared lr\]AEPbamplltgdes aLthg ﬁx:}ra-task l?]asgllnel,n light of the seemingly non-speci c increase in MEP size at
measured prior to the observation task, with those at theantr . jng_task baseline, i.e., the increase was not tinckdd to

t"’.‘Sk. basellne! measured durln_g th? task._The data Showedoﬁserving the action nor limited to the movement-relevaimlF
signi cant main e ect of baseline time pointHigures 3A,B

T ; s a reference for comparing MEPs during the observation of
current direction an_d musple. There was also a main e ect ofo precision grip. In this way, any changes ought to be diyectl
muscle Table 1), which indicated that MEP amplitudes on the due to observation of the action. Overall, there was no e ect
whole were greater for the FDI than the ADNP & 0.001). of action observation on MEPs for either current direction or
muscle Figures 3A,Q, as indicated by a lack of a main e ect
or interaction with time point in the rmANOVA {Table 3. The

TABLE 2 | ANOVA on absolute MEP amplitudes comparing muscles (FDI, ADM
current directions (PA, AP) and time point (Br, Bjt).
Effect F-ratio P
Current direction Fa, 19)D 0.129 0.724
Muscle Fa, 19)D 29.428 <0.001
Time point F@, 19)D 5.909 0.025
Current direction muscle Fa, 190D 2.312 0.145
Current direction  time point F@, 19)D 1.798 0.196
Muscle x time point F@, 19)D 3.355 0.083
Current direction muscle time point F(1, 190D 0.014 0.907

FIGURE 3 | Motor evoked potential amplitudes recorded from the FDI and

ADM muscles during the extra-task baseline (Br) and the action observation

task (intra-task baseline, Br; precision grip, PG). Dashed line separates

measurements made outside of the observation task (Br) from those within FIGURE 4 | Ratio of FDI and ADM MEP amplitudes recorded during the

the task (B, PG). Data are shown in absolute termgA) and normalized to extra-task baseline (Bet) and the action observation task (intra-task baseline,

extra-task baseline(B) or intra-task baseline(C). By1; precision grip, PG).
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TABLE 3 | ANOVA on absolute MEP amplitudes comparing muscles (FDI, ADM
current directions (PA, AP) and time point (8, PG).

Effect F-ratio P

Current direction F@, 19)D 0.610 0.444
Muscle F(1, 19)D 20.139 <0.001
Time point Fa, 190D 0.610 0.444
Current direction x muscle Fa, 190D 2.093 0.164
Current direction x time point F@, 19) D 0.000 0.987
Muscle x time point Fa,19)D 0.238 0.632
Current direction x muscle x time point Fa, 19)D 1.199 0.287

only signi cant result was a main e ect of muscle indicatirtgat

MEPs were greater for the FDI than ADM overall. FIGURE 5 | Individual MEP amplitudes for PAA) and AP (B) currents shown
The FDI:ADM MEP ratio again remained constant over time| normalized to the intra-task baseline. MEP responses to ain observation

(Figure 4) con rming that there were no muscle-dependent during the_yide_:os were highly varigble acrosg pa?rt_i(?ipantsrvith some showing

changes in MEPs across time points. In the statistics the ANOVA®™" faciitation and others showing strong inhibition.

showed no main e ect of current directionF{;, 19y D 1.914,

P D 0.183] or time point F(;, 199 D 0.007,P D 0.932], or any

interaction [F(1, 19)D 0.047P D 0.832].

o o Temporally Non-speci ¢ Increase in
Inter-individual Variability of Responses to Corticospinal Excitability

Action Observation A recent review byNaish et al. (2014%uggested that the most
Large inter-individual di erences in response to observiigt common nding in TMS studies of action observation was an
precision grip were found for both PA and AP TMS currentsincrease in corticospinal excitability compared to some lase
(Figures 5A,B. For PA currents, 35% of individuals showed measure taken inside or outside the context of the task. Ast r
a facilitatory e ect of observing the precision grip whilst%5 step toward checking that any increase was speci ¢ to obsgrvi
showed an inhibitory response. For AP currents the resuli®we the precision grip in our videos, we rst compared MEPs at
broadly similar, with 40% of individuals showing facilimtiand the extra- and intra-task baseline. Here simply observing th
60% showing inhibition. Normalized PA and AP MEP amplitudesblue background screen within the task resulted in a fatibin
were moderately correlated with each othebD(0.73,P< 0.001). of corticospinal excitability compared to the extra-taskddme
where participants were not engaged in the action observation
DISCUSSION task and simply observed a black screen. Thus, this increase w
temporally unrelated to the observation of the precision grip.
The current experiment attempted to exploit the directional Since there was no dierence in corticospinal excitability
sensitivity of corticospinal output to TMS in order to test the between the intra-task baseline and precision grip time points,
hypothesis that di erent sub-populations of neurons in the one could argue that the rise in excitability during the task
motor cortex responded di erentially to action observatidthe  compared to the extra-task baseline was due to a non-time
results showed that there was no di erence in the response dbcked e ect of action observation, i.e., a carry-over e ect
MEPs evoked by PA and AP currents at any point during thdasting beyond the observation period and into the intraktas
experiment, and both sets of responses were actually closdlgseline l(abruna et al., 20)1 This seems unlikely, however,
related when observing the precision grip movement. In factas recordings of mirror neurons in primateVigneswaran
at the group level the main nding was of an increase inet al., 2013; Kraskov et al., 201dand human motor areas
corticospinal excitability during the action observatiask that (Mukamel et al., 20J)0ndicate a phasic, rather than sustained,
was not time-locked to the observation of the movement omodulation of the population activity that returns to baseline
speci ¢ to the muscle predominantly involved in performing the levels within a few seconds, coincident with the completion
movement. Thus, the change in corticospinal excitabilityswaof the observed action/cessation of the stimulus. Incidént
not a true mirror-like response. Instead the results point to athis phasic modulation has a broadly similar time course to
top-down modulation of corticospinal excitability, for exgte  that seen when actually performing the action. Furthermore,
by attention- or arousal-related processes, rather thandtipia ~ whilst evidence in TMS studies of humans for a close temporal
observatiorper seThe lack of a true mirror-like e ect meantthat correspondence between observed actions and changes in
we were unable to con rm or reject our hypothesis. Howeveg, th corticospinal excitability is mixedNaish et al., 2014 Borroni
similar increase of excitability exhibited by PA- and ARbked and colleagues have repeatedly demonstrated a clear phasic
MEPs during the task might imply that cognitive states such amodulation of corticospinal and spinal excitability duringeth
arousal have a similar e ect on PA- and AP-sensitive neurons. observation of cyclic wrist movement8drroni et al., 2005;
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Puglisi et al., 2007 Together these studies would seem to argueuring precision grip Davare et al., 200P compared to the
against the notion of carry-over e ects being important here. ~ ADM [minimally active during precision grip Davare et al.,
An alternative explanation for the lack of a change in2009]. In particular there was no evidence of a muscle-speci c
corticospinal excitability when observing the precisionpgri modulation of MEPs during the precision grip observation
could be that the timing of the TMS pulse, at the point of compared to the intra-task baseline. Whilst numerous other
object contact, was sub-optimal. For example, there is ecelenstudies have established muscle-specic e ects during action
that corticospinal excitability rises to a peak a few hundredbservation (e.gAlaerts et al., 2009; Gueugneau et al., 2015;
milliseconds prior to object contact and then begins to retur Bunday et al., 2016; Hilt et al., 2Q5eée alsblaish et al., 201for
to baseline Gangitano et al., 20010thers have also indicated a review), we note that sometimes these results stem froncl@us
a decrease in excitability toward the point of object contacby movement interactions (i.e., comparisons across movement
(Lago and Fernandez-del-Olmo, 2Q11f this were true, our conditions) that do not consider whether there has actuatigm
TMS stimulus may have been too late to detect any potentia change relative to some other time point or baseliagérts
facilitation of corticospinal excitability. However, theowements et al., 2009; Bunday et al., 2016
in those studies were performed very slowly, such that object
contact occurred 3.5-5.4s after video onset. In those dases . . .
is possible that any useful visual information had alreadgrbe COgnitive State Modulates Corticospinal
extracted prior to the point of contact and this could explaireth EXxcitability
relative decrease in excitability thereafter. Howeverweeld The present ndings are consistent with a modulation of
argue that the timing of the TMS pulse in our task was wellcorticospinal excitability by cognitive states such asrditi@
placed to detect any change in excitability. First, precigigp  or arousal Gandevia and Rothwell, 1987; Ruge et al., 014
movements in our videos were performed more quickly, withwhereby attending to a muscle/the skin overlying a muscle ar to
the hand only coming into view 200ms from video onset visual search task can strongly in uence the corticospinapati
and object contact occurring 500 ms later, so that there was pathway even when it does not involve observing or making any
much less time available to extract relevant informatieecéd, movement. Since the e ects of attending to a speci c area of
the discrimination element of our task required participamnés one's body can produce quite focal (i.e., muscle-speci ¢) esect
continue to attend to the hand after the TMS pulse becausésandevia and Rothwell, 1987; Ruge et al., p@nk explanation
the video clips shared broadly similar kinematics until ghor for the non-speci c e ects in our study could be that elevated
after that point. The high level of accuracy in the discrintioa  arousal lead to a general increase in corticospinal exditabil
aspect of the task implies that participants carefully attended Previous research has highlighted the fact that state oofsait
to the kinematic cues in each of the video clips. Finally, ther attention can interact with action observation e ects dmet
population activity of corticospinal mirror-neurons in primat motor system [(laish et al., 2014; Betti et al., 2017; Puglisi et al.,
M1 is modulated such that it builds-up to a peak at or just before2017; Wright et al., 20)8For example, attending to the object to
object displacement (i.e., close to the time of object cdntacbe interacted with can produce a stronger e ect on corticospinal
Vigneswaran et al., 2013; Kraskov et al., 30We are con dent  excitability than freely observing the scene, whilst the eveloen
therefore that the timing of our TMS stimulus was appropriate,attending speci cally to the digits involved in the moveméell
though we acknowledge that the use of only one time point magomewhere in betweei\(right et al., 2013 On the other hand,
have limited our ability to detect potential changes at ottimes  attending to another task (e.g., counting ashes of light)ilst
during the movement. implicitly observing a movement reduces the size of the chang
Issues concerning non-specic eects associated with(Puglisi et al., 2017 Given the heterogeneous responses seen at
“baseline” measurements have been discussed previdusiyh( the individual level in our studyRigure 5), one might speculate
et al., 201}t In line with those considerations the data here urgethat individual di erences in the locus of attention or attéonal
caution against directly comparing corticospinal excitiéypil resources consumed by the discrimination task contributed
during action observation to a baseline measured outside ththe individual responsiveness to observing the precision gmip.
context of the task in order to avoid incorrectly attribugirany  our task, participants were instructed attend to the grip shape
changes to mirror-like activity. and asked to discriminate between video clips in each triak Th
former would be expected to confer a moderate, though perhaps
. . still sub-optimal, bene t over no instructions and thus seem
Lack of Muscle-Speci ¢ Modulation of unlikely to explain the lack of corticospinal modulation dugn
Corticospinal Excitability the task. The latter could conceivably have reduced, butilsho
An alternative criteria for con rming the presence of mirrdike  not have abolished, any mirror-like e ect, as many other sésd
e ects is that any modulation of corticospinal excitabilitysild  have also included attentional components to maintain wigde.
be relatively focal and preferentially target muscles thatild  Finally, participants were explicitly told keep their handf ahd
be involved in performing the action being observeehdiga relaxed prior to each block of the task, and verbally reminded
et al., 1995; Borroni et al., 2005; Naish et al., 20Héwever, during the task to relax their hands when volitional actyvit
in the present study we found no evidence of muscle speci evas detected in either muscle. It is possible that in an attempt
changes in MEP amplitudes. The increase in MEP amplitude® suppress any unwanted volitional movements participants
during the task was not speci c to the FDI muscle [an agonisialso suppressed possible mirror-like activity in the motor
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system, and this could then explain the lack of corticospinaCONCLUSIONS

facilitation.
In conclusion, the present study found no evidence of temporal

or muscle-specic changes in corticospinal excitability that
Corticospinal Output Pathway would indicate mirror-like activity. We were therefore uriab
MEP onset latencies were longer for AP currents comparelp address our original question regarding the nature of
to PA currents by 2ms, consistent with the idea that they corticospinal activity durl_ng _actlon ob_servatl_on. Ipstealule_t_
preferentially recruit at least partly dissociable populatiofis Presénce of a non-specic increase in corticospinal activity

neurons in M1 Day et al., 1989; Hanajima et al., 1998: Di | azzar§ommon to both TMS current directions might indicate that
and Rothwell, 2014; Hannah and Rothwell, 201Fowever attention or arousal facilitate the corticospinal output pattywa

the increase in corticospinal excitability during the aatio directly rather than through a speci c input pathway. Finalige
observation task was similar for both PA and AP TMS currents'€Sults aganconrm Fhat comparison toan gxtra-task ba?‘f"”‘

Di erent TMS current directions could in theory activate disct "0t SU cient to establish speci ¢ e ects of action observation
populations of corticospinal neurons or distinct populations ofcOrticospinal excitability.

excitatory synaptic inputs to the same corticospinal neurdsy(

et al., 1989; Di Lazzaro and Rothwell, 2)Trhe present results AUTHOR CONTRIBUTIONS

could therefore be interpreted in two ways. One is that aftemt

or arousal-related processes have a similar e ect on thendisti R and JR contributed to the design of the work. RH acquired
populations of corticospinal neurons targeted by PA and APyng analyzed the data. RH JR, and LR contributed to the
currents. The other is that those processes do not exertéheat  jnterpretation of data. RH drafted the manuscript. RH, JR, and

via a particular excitatory input pathway to the corticospinal| R contributed to manuscript revision and all read and approved
output neurons, but instead target the corticospinal neuronspe submitted version.

such that input from either pathway is facilitated. On the other

hand, as we did not nd a speci c e ect of action observation

on corticospinal excitability we were unable to address o UACKNOWLEDGMENTS

original hypothesis concerning the possible pathways involved
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