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Abstract

The corticospinal tract excitability is modulated when preparing movements. Earlier to movement execution, the
excitability of the spinal cord increases waiting for supraspinal commands to release the movement. Movement
execution and movement observation share processes within the motor system, although movement observation
research has focused on processes later to movement onset. We used single and paired pulse transcranial magnetic
stimulation on M1 (n = 12), and electrical cervicomedullary stimulation (n = 7), to understand the modulation of the
corticospinal system during the “preparation” to observe a third person's movement. Subjects passively observed a
hand that would remain still or make an index finger extension. The observer's corticospinal excitability rose when
“expecting to see a movement” vs. when “expecting to see a still hand.” The modulation took origin at a spinal level
and not at the corticocortical networks explored. We conclude that expectancy of seeing movements increases the
excitability of the spinal cord.
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THE EXECUTION OF SIMPLE MOTOR TASK involves a stream of processes within our
corticospinal (CS) system before, during and after movement. Movement preparation (MP) involves
changes at both the cortical and spinal levels of the motor system, which have different temporal profiles,
depending on whether the movement is self-generated or externally triggered, and its kinematic and
kinetic profile (Chen et al. 1998; Conrad et al. 1983; Eichenberger and Ruegg 1984; Frank 1986; Riedo
and Ruegg 1988).

In MP processes spinal excitability (SE) is modulated up to 3 s before movement onset (Duclos et al.
2008; Mellah et al. 1990; Requin et al. 1977), and later fine-tuning of corticospinal excitability (CSE)
triggers the action. Reaction time (RT) protocols are basic paradigms in the study of MP. In a RT
protocol, after a waiting period of rest, a preparatory signal starts the preparatory period (Mellah et al.
1990), also termed warning signal and foreperiod (Soto et al. 2010); this preparatory period varies in
duration in different studies and extends to the moment of the response signal (Mellah et al. 1990) (also
called imperative stimulus, go stimulus, etc.); the lag-time from the response signal to movement onset is
called reaction-time period, and within this period is the premotor-time which lasts from response-signal
to the onset of myoelectrical activity (Eichenberger and Ruegg 1984). In RT protocols there are changes
in the CSE after the response-signal and before the motor response (RT period), separate from CSE
changes in the foreperiod to the response-signal (this is the period from warning-signal to response-
signal) (Mellah et al. 1990). Thus, in RT, as in self-generated movement, there is a later phasic SE
increase which advances movement EMG onset (Eichenberger and Ruegg 1984; Frank 1986; van Elswijk
et al. 2007). Changes in CSE during MP are also focused upon the cortex, and there seems to be a period
when the spinal cord is ready (Frank 1986), but the M1 output is inhibited (or lacks facilitation), as if
inhibited until the proper time of movement execution (Aoki et al. 2002; Conrad et al. 1983; Davranche et
al. 2007; Soto et al. 2010).

Movement observation (MO; i.e., a task where the observer watches movements made by another
person, without observer execution) and movement execution share common processes, like modulation
of the neuronal activity at different levels of the motor system (Bonnet et al. 1997; di Pellegrino et al.
1992; Jeannerod and Decety 1995), but the motor system involvement during MO has only been studied
after movement onset (di Pellegrino et al. 1992), not at the preparation phase (i.e., preparation of the
motor system to observe movements). It is of interest to understand if the motor system also prepares to
observe a movement. This might improve our understanding of the physiological processes occurring in
later phases of observation, when the movement is actually observed; during this phase there is a
modulation in the CSE of the observer (Baldissera et al. 2001; Fadiga et al. 1995). It is, however,
important to consider that a modulation of the CSE of the observer might also be present prior to the start
of the expected movement; in such case the dynamics of the modulation present during MO, and its
meaning, should take account of the changes in the CSE induced by movement expectation prior to actual
observation of any movement.

Here we test a preliminary hypothesis to explain motor system preparation for MO. Since an increase
in the SE before movement initiation has previously been reported (Frank 1986; Mellah et al. 1990),
perhaps serving to prepare the CS tract prior to discharge at cortical command (Conrad et al. 1983;
Mellah et al. 1990; Soto et al. 2010), we predict that, in a process involving the observation of
movements, there will be an adaptation of the motor system of the observer prior to the onset of the
movement observed; this adaptation will involve a spinal preparation for a possible motor response to the
movement subsequently observed.

We evaluated CSE and SE by means of single and paired pulse transcranial magnetic stimulation
(TMS) on the motor cortex, and electric cervicomedullary stimulation (CMS) in subjects passively
observing a movie of a third person's hand which would remain still or make a movement (an index finger
extension). We used TMS to evaluate the cortical excitability because it is able to activate the CS system
transynaptically at cortical level, evoking multiple descending volleys (I-waves) originated at cortical
level (Di Lazzaro et al. 1998). Contrarily, electric CMS activates the CS axons at brain stem level, and it
is not influenced by changes of the cortical excitability (Ugawa et al. 1991). For this reason, electric CMS
is suitable to evaluate the SE virtually at any spinal level. Subjects were made aware of whether the hand
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would move or would stay still, but, in the cases where movement was expected, the stimulus was
delivered before movement was seen, during the movement preparatory phase.

MATERIALS AND METHODS

All experiments presented here were approved by the University of A Corufia Ethics Committee.
Subject's consent was obtained according to the Declaration of Helsinki.

We performed two blocks of experiments. In experiment 1 we explored CSE and corticocortical
excitability by means of single and paired-pulse TMS. In experiment 2 we explored SE by means of
CMS.

Experiment 1

Subjects. Twelve healthy volunteers participated (4 men and 8 women, age range 24 to 37 yr). All were
right-handed according to the Edinburgh Handedness Inventory (Oldfield 1971), with normal or
corrected-to-normal vision and were medication-free in the week prior to testing. Subjects were seated
comfortably on a chair with their left forearm resting on a table and both hands covered from view, while
observing a PC monitor 1 m in front of them, which was used to display all the movies shown. The
movies would show several repetitions of three different kinds of stimuli: 1) a black screen; 2) a movie
showing hand which remains still throughout its presentation; and 3) a movie showing the same hand as
before but executing a movement, an index finger extension (with return to the initial position) in a cycle
lasting 720 ms.

Preparation of the movie stimuli. All movies were prepared/assembled using Pinnacle System Software.
Initially, the operators hand was filmed and a single slow finger movement recorded at 25 frames per
second (fps).

From this 25 fps recording, 10 frames were selected to create the movie stimuli (Fig. 1): one Still
frame (the last frame preceding index finger extension during recording), and nine “Movement” frames
[frames showing finger position at maximum extension (MAX), ~1/9 MAX and ~2/9 MAX . .. ~8/9
MAX].
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Fig. 1.Construction of the stimuli and the experimental paradigm. A: the final set of stimuli shown to the subject was a
concatenation of several smaller movies, depicting either a single finger movement of 720-ms duration (movie video stimulus)
within an 8-s movie, or an 8-s movie with the hand shown but no movement (still movie stimulus). The text identifying frames was
not part of the actual stimulus. The black rectangle in the upper left corner of each frame was changed to white on the second frame
before the movement began, but was not visible to the subject. It was used to activate a photocell which in turn triggered the
transcranial magnetic stimulation (TMS) pulses. B: a black masking frame covered a randomized period at the junctions of the short
movies. Prior to every still video stimulus (except one per series, used as a test for maintained attention, see text) the word “Quieta”
(STILL) was displayed in the middle of this black frame; this allowed preparation for movement observation if the word “Quieta”
was absent. In some trials, the black masking included a 2 x 2-cm fixation gray square, shown for 2 s; in such cases the following 8-
s movie showed a black screen (BLACK). The lady shown facing the camera (absent during experimental sessions) is presented to
make clear the size of the hand shown on the screen. The subject's hands were covered to avoid any possible visual interference with
the hand on the screen.

For the experiments we created three movies: MOVE, STILL or BLACK.

To create the MOVE movie, frames were arranged in this order: 4 s x Still frame + Movement frames
(/9 MAX - ... 7/9 MAX - 8/9 MAX - MAX- . .. 1/9 MAX) + 3.3 s Still frame. The sequential
progression of the “Movement” frames showing the position of the finger up to MAX and back created
the movement stimulus.

The STILL movie was an 8-s presentation of only the Still frame (i.e., the same frame presented
repeatedly).

The BLACK movie was an 8-s presentation of a black frame (see Fig. 1).

The final set of stimuli shown to the subject was a concatenation of several smaller movies, depicting
either a single finger movement of 720-ms duration (MOVE) within an 8-s movie; an 8-s movie with the
hand shown but no movement (STILL); or a neutral 8-s BLACK movie.

A Blank (black) screen of random duration of between 1 and 2 s overlaid part of the period “between”
movies, thereby preventing prediction. To differentiate Blank screen separating movies from the BLACK
movie, the latter were identified by a 2 x 2 gray square fixation spot, which appear for the first 2 s of the
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movie. STILL movies were identified by the Spanish word “Quieta” (“Still”’) displayed on screen during
the preceding blank period and was only displayed prior to a STILL movie (Fig. 1B).

Movie stimuli characteristics. The overall stimuli presented to the subjects was a randomized sequence of
48 MOVE movies, 48 cued STILL movies, 48 BLACK movies and 2 uncued STILL movies (which the
subjects were asked to verbally report, acting as a control/measure of attention; if the subject did not
report the uncued STILL, data from the whole movie were discarded and repeated).

At some point during each of the movie stimulus (BLACK, STILL and MOVE), one stimulation pulse
was delivered to the CS system of the observer (see below).

Brain stimulation. Each subject received 146 single TMS pulses (48 for each MOVE, STILL and
BLACK movies, and 2 uncued STILL), delivered using two monophasic Magstim 2002 stimulators
connected with a Bi-Stim module (Magstim, Whiteland, Dyfed, UK) and a 70-mm figure-of-eight coil.
The coil was oriented tangentially to the skull, with the handle pointing 45° back/downwards to induce
currents in the postero-anterior direction. Test stimuli were set at an intensity of 125% rest motor
threshold (RMT). The conditioning stimuli were set at 90% active motor threshold (AMT) (Di Lazzaro et
al. 1999; Ziemann et al. 1996). RMT and AMT were calculated on the hot spot of the first dorsal
interosseous (FDI) on the right hemisphere, which was marked. RMT was the minimum intensity
required to produce 50% of liminal responses (~50 uV) in 10 consecutive trials (Rossini et al. 1994),
while looking at a black screen and the muscle at rest. For AMT, the muscle was slightly activated (~5—
10% of maximal voluntary contraction), and the liminal response required were about 200 pV (Rossini et
al. 1994). For the paired-pulse tests, a pair of TMS pulses was delivered such that the conditioning
stimulus advanced the conditioned stimulus by 2—-3 ms for assessing short intracortical inhibition (SICI),
and by 10-15 ms for assessing intracortical facilitation (ICF).

Brain stimulation and movie presentation synchrony. Timing of TMS/CMS pulses relative to the
observed movement was controlled by the addition of a 2 x 5 cm white rectangle in the Still frame
appearing 80 ms prior to movement onset (circled in Fig. 1), and at the same time in the STILL and
BLACK movies. The spot activated a photocell which triggered the TMS/CMS stimulator, and this
trigger was used to deliver test TMS/CMS pulses at a randomly selected point within a 3- to 4 -s time-
window after hand appearance on the screen (or after fixation extinguishing for BLACK). Furthermore, in
MOVE condition, the movie triggered TMS/CMS at 10 ms after movement onset. While the forthcoming
movement was cued at the start of the movie sequence by the absence of “Quieta,” thereby allowing time
for CS preparation, the 10-ms delay after movement onset does not allow any movement perception, since
is not long enough for any significant visual processing (Maunsell et al. 1999).

Instructions given to the subjects. Subjects were required to view passively, paying attention to the
movies, fixating on a probe attached to the tip of observed index finger, or to the fixation spot during the
Blank movie sections. They were also instructed to be relaxed, but, if they wished to blink, to try to do so
during black-transitional screens. They were told to verbally report the absence of movement if not cued
as attentional checking (see above Movie stimuli characteristics section).
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Experiment 2

Seven healthy subjects participated (4 men and 3 women, age range 26—43 yr). All were right-handed.
Experimental procedures were the same as experiment 1, except that subjects received one CMS for each
movie: MOVE, STILL or BLACK. Due to the unpleasant/uncomfortable sensations induced by CMS, the
number of movies was reduced to 31 (10 each of Movement, Still and Blank, with 1 uncued Still). CMS
was applied with a Digitimer D180 stimulator connected to a pair of Ag-AgCl electrodes. Electrodes were
placed behind the mastoid processes, with the anode at the left and the cathode at the right. Stimulation
intensity was increased progressively to the highest intensity acceptable to the subject which had a motor-
evoked potential (MEP) of the same latency as intensities evoking liminal responses, such that, as the
induced MEP amplitude (MEPa) increased, there was no latency shift. The mean intensity used in the
experiments was 600 + 33 VV (SEM).

Signal processing.

MEPs (filtered between 3 and 3,000 Hz) were recorded over the left FDI, thumb opponent (THU) and
extensor digitorum (EXT) muscles, using Ag/AgCI surface electrodes and D360 amplifiers (Digitimer).
We explored the effect on these three muscles because the FDI, the THU and the EXT are muscles with
different roles in the movement to be observed (an index finger extension). During an index finger
movement, apart from the main agonist discharge (EXT), there is coactivation in different hand muscles
compensating joint torques induced by the action (Darling and Cole 1990). The FDI, with a role in the
flexion of the index metacarpophalangeal joint, has insertions to the index and the thumb metacarpal bone
(Hudson et al. 2009), which might be stabilized by different muscles, like the THU. The exploration of
the three muscles allows us to study if the adaptations of the motor system to observation of a movement
were specific to the role of the different muscles involved in the movement to be observed.

Recordings were sampled at 10 kHz and stored via a CED1401 (CED). MEPa and the level of
background EMG (Thompson et al. 1991) (areca/time from —80ms to —10ms relative to the TMS/CMS
pulse) were calculated with customized MatLab programs (The Mathworks). To control a potential effect
of the EMG background (EMGbg) level on the MEPa, if the EMGbg difference between conditions was
P < 0.100 in a given muscle, such “preactivated” events were excluded (events with EMGbg exceeding
the mean of the whole recording + 0.5 SD). Event exclusion was performed such that, if one muscle was
preactivated in one event, the MEPa of the three muscles for that event was discarded, so that the
remaining events included in the analysis had no significant differences in EMGbg between conditions (P
> 0.100). None of the events was discarded from the TMS protocols. During CMS, the final analysis
included per subject a median of 4/10 events in BLACK, 5/10 in STILL and 5/10 in MOVE. CMS is very
reliable with such amount of events (Martin et al. 2009).

Statistical Analysis

The analyzed variables were the same for both experiments: MEPa, mV (peak-to-peak size of the
MEP for each delay, in each muscle); EMGbg, mV (mV x ms normalized in time) for each delay, in each
muscle.

MEPa (and EMGbg) were normalized in amplitude. Including all subjects in the TMS protocol, we
calculated the average of the unconditioned (test) MEP for BLACK. This value was used as a hormalizing
factor, and therefore all values (test, SICI or ICF) for all conditions (BLACK, STILL and MOVE) were
divided by it, for all subjects. Afterwards, for ICF and SICI, we calculated the conditioned
MEP/unconditioned MEP. A similar procedure was repeated to normalize the CMS data (all
unconditioned values).
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Analysis of variance (ANOVA) with repeated measures was used to understand how the variables
were modulated by the preparation to see a movement. For ANOVA, univariate approaches were used,
the Mauchly test was applied to check sphericity, and, if in violation, Greenhouse coefficients (&) were
applied to correct the degrees of freedom. The ANOVA-repeated measures model contained two within-
subject factors. Factor expectancy had two levels (STILL and MOVE); muscle had three levels (FDI,
THU, and EXT). For the analysis of the effect of the presence of a hand vs. a black screen, the model was
the same but factor expectancy was termed as condition, and the two levels were STILL and BLACK. We
also evaluated under the same model the difference between the levels BLACK and MOVE.

To compare the effects of the stimuli in the cortical or spinal component of the tract, a between-factor
was included in the ANOVA model. Therefore, the ANOVA presents two within-subjects factors and
also includes a between-subjects factor (which is the factor group). Factor group included two levels
(TMS group and CMS group). This way we can evaluate if there are significantly different behaviors in
the unconditioned values (single pulses) of the two groups, depending on expectancy and muscle.

For paired-pulse analysis, SICI and ICF were first analyzed separately as their physiological
mechanisms differs. However, because a nonsignificant decrease in SICI in parallel with a nonsignificant
increase in ICF might underlie a significant cortical excitability change, a subsequent analysis was
performed, including an extra factor in the ANOVA mentioned above, factor SICI-IFC. Normality of
distributions was checked by means of a Kolgomorov-Smirnov test for one sample. Significance was set
at P <0.05; values represented in graphs are mean and standard error of mean (SEM).

RESULTS

Modulation of CSE in Absence of Movement Expectation: BLACK vs. STILL

Figure 2A shows that CSE is reduced when comparing STILL to BLACK. This effect was significant
[F(1,11) =9.275 P = 0.011] and was not different for each of the three muscles studied [F(2,22) = 1.344
P = 0.281]. The ratio of MEPa values (conditioned MEPa/unconditioned MEPa) were used to calculate
SICI (conditioning to conditioned interpulse interval 2-3 ms), and ICF (interpulse interval 10-15 ms).
Paired-pulse analysis showed that this effect was not explained by changes in corticocortical circuits
[F(1,11) = 0.060 P = 0.811], and the absence of effect was not different for SICI or IFC in any of the
muscles [F(2,22) = 1.043, P = 0.369] (Fig. 2B). Here, the excitability of the spinal cord appeared
responsible for this effect (Fig. 2C, overlaid traces shown in 2D); as the effect on the MEP induced by
CMS was not significantly different from the behavior induced by TMS in any of the muscles [F(2,34) =
0.024, P = 0.975], while the decreased in excitability was highly significant [F(1,17) = 11.053, P =
0.004]. This observation suggests that sight of the hand object, coupled with the knowledge that no
movement is expected, is enough to modulate the excitability of the spinal cord.
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Fig. 2.Cortical and spinal excitability modulation by a stationary hand vs. absence of movement effector (BLACK). A: corticospinal
excitability (CSE) is reduced significantly when observing a hand which will not move (STILL) compared with a Blank screen
(BLACK); the three muscles did not respond differently. B: this effect is not explained by a modulation of corticocortical networks;
neither short intracortical inhibition (SICI) nor intracortical facilitation (ICF) were changed if comparing conditions. The three
muscles did not differ in response-profile, so that they are represented pooled. C: the STILL condition induced a significant
reduction in the spinal excitability with regards to the BLACK situation, with no different effect for the three muscles. D: example
traces of spinal modulation in the first dorsal interosseous using CMS, from an individual subject, when no stimulus was visible
(BLACK), and when it was visible, but no movement expected (STILL).

Corticospinal Preparation to Observe Movements

MEPa values induced by single TMS pulses are illustrated in Fig. 3A, which shows that corticospinal
tract excitability increases by about 10% when MO is expected, compared with when the hand is seen but
no MO is expected [F(1,11) = 5.450, P = 0.040, “pooled” muscles, STILL vs MOVE]. This significant
effect was observed individually in all three muscles evaluated (Fig. 3A; FDI, THU and EXT), and the
responses of the individual muscles were not significantly different [F(2,22) = 0.140, P = 0.870]. EMGhg
did not affect the results, as there was no significant difference between values in the pooled muscle value
between expected MO and no expected MO [F(1,11) = 0.806 P = 0.389] [again individual muscle
responses were not significantly different, F(2,22).=054> = 0.341, P = 0.588]. While this single-pulse TMS
study shows that motor system is facilitated when MO is expected, the experiment does not reveal the
location of the facilitation (cortical or spinal).
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Fig. 3.Corticospinal modulation by movement observation expectancy. A: CSE was significantly increased comparing responses to
the observation of a stationary hand which would make a movement (MOVE) vs. a hand which would remain stationary (STILL).
This behavior, showing that the mere expectancy of the oncoming movement increases the CSE, was observed in all of the muscles
evaluated, since the three muscles did not significantly differ in their responses. B: neither SICI nor ICF was changed between the
MOVE and STILL conditions, although SICI was significant inhibited and ICF significantly elevated in each case. Since the same
pattern was observed in each of the three muscles, they were presented pooled. C: spinal excitability showed a very significant
increase when subjects knew they were observing a hand under the MOVE condition compared with STILL. Again, the pooled
muscle data are plotted, as the three muscle responses were not significantly different. D: example traces of spinal modulation in the
first dorsal interosseous using CMS, from an individual subject, when no movement was expected (STILL), and when it was
expected (MOVE).

Corticocortical Preparation to Observe Movements

Paired-pulse TMS responses are shown in Fig. 3B. The expected significant elevation in ICF and
decrease in SICI were easily detected [F(1,11) = 62.725, P < 0.001]. More importantly, neither showed a
significant difference between expected MO (MOVE) and no expected MO [STILL, F(1,11) = 0.663, P =
0.433]. Figure 3B shows pooled data, and again the individual muscle responses were not significantly
different [F(2,22) = 0.223, P = 0.802, data not shown]. EMGbg did not affect the results. This paired-
pulse TMS study shows that intracortical inhibitory and excitatory circuits (and the balance between
them) are unchanged when MO is expected.

Spinal Preparation to Observe Movements

Following electric CMS, spinal motoneurons showed increased excitability when MO was expected,
compared with when no MO was expected, and this was observed after excluding the events with higher
EMGhbg activity (a significant effect was also observed if including all events; data not reported). The
MEPa values were ~10% larger [Fig. 3C, MOVE vs. STILL, F(1,6) = 31.204, P = 0.001]. Overlaid
representative single traces are illustrated for the two conditions in Fig. 3D. The increase was not
significantly different for each of the three muscles [F(2,12) = 0.043, P = 0.958]. Again, this effect was
observed without change in the level of EMGbg activity [F(1,6) = 3.515, P = 0.110] between MOVE vs.
STILL, and this was not different for the three muscles [F(2,12)=0.432, P = 0.493].
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The effect of CMS was similar in magnitude and direction to that observed following single TMS
pulses when both were compared. The triple interaction, expectancy X muscle x group, showed that
group's behaviors were not significantly different [F(2,34) = 0.013, P = 0.987]. Muscle-by-muscle profile
did not differ with either level of expectancy [F(2,34) = 0.142, P = 0.868, expectancy x muscle]; and the
excitability was higher in MOVE compared with STILL [F(1,17) = 31.016, P < 0.001, main effect of
factor expectancy].

Compound Effect Due to Observation and Expectation

Thus far our results show a reduction in SE of the observer by the mere presence of a hand in view,
and an increase in the SE if the movement is expected. Now, with the analysis of the BLACK vs. MOVE,
reflecting the comparison of a neutral condition vs. a compound condition resulting from observing
(hand) and expecting (movement), we show that the level of excitability is not significant different
[F(1,17) = 0.601, P = 0.449], and this behavior is not significantly different for the three muscles [F(2,34)
= 2.001, P = 0.151], nor when the excitability is evaluated with TMS or CMS [F(2,34) = 0.063, P =
0.939].

The evaluation of the changes in the excitability of the corticocortical circuits explored with paired-
pulse TMS did not explain any modulation between BLACK and MOVE, and the only main effect
observed only proved that, in all cases, the response of ICF was significantly higher than that of SICI
[F(1,11) = 69.754, P < 0.001]. The rest of main effects and interactions were never significant.

DISCUSSION

This work provides novel evidence that the excitability of motor CS networks, as tested by TMS and
CMS in humans, can be increased by the expectancy of MO. Since CMS activates the CS axons directly,
at cervicomedullary junction (Ugawa et al. 1991), it is a useful tool to evaluate a change in excitability of
the corticospinal pathways at the spinal cord level. CMS reflects the intrinsic and extrinsically modulated
excitability properties of spinal motoneurons and of CS axons at a long distance from the soma and the
axon hillock of the cortical motoneurons (Ugawa et al. 1991). On the other hand, TMS activates CS
pathways trans-synaptically, so it is useful to study motor cortex excitability (Hallett 2000).

We have shown that the expectancy of MO increases the amplitude of EMG responses evoked either
by TMS or CMS. Given the above, we suggest that the similar effect of expectancy of MO on EMG
responses, evoked by both TMS and CMS, indicates that the increase in excitability takes place at the
level of circuits within the spinal cord; however, the presence of spinal facilitation cannot rule out small
changes in M1 cortical excitability measured using single-pulse TMS. As far as paired-pulses are
concerned, we cannot rule out completely a cortical involvement mediated by circuits not explored by the
SICI and ICF protocols.

SICI as a response to paired-pulse TMS is believed to reflect the excitability of inhibitory cortical
circuits mediated by GABAa receptors, and expectancy of MO had no effects on SICI. ICF as a response
to paired-pulse TMS seems to depend on the activity of intracortical excitatory circuits (Di Lazzaro et al.
2003; Ziemann et al. 1998). Again expectancy of MO had no effects on the facilitatory mechanisms tested
by ICF. Therefore, it appears that corticocortical networks explored by SICI and ICF are uninvolved in
the preparation of the motor system to see a movement. However, it is important to consider that weak
modulations of corticocortical circuits during the preparation to observe movements might be
overwhelmed by the larger excitability changes taking place at the spinal cord level. It is possible that
other TMS protocols based on paired-pulse on M1, evaluating short-ICF (Ziemann et al. 1998), or long
intracortical inhibition (Valls-Sole et al. 1992), on triple-pulse on M1, evaluating late cortical
desinhibition (Cash et al. 2010), or other neurophysiological techniques (e.g., EEG, MEG, etc.) may be
able to detect cortical involvement of M1 or other higher order cortical motor areas in the presence of
spinal cord facilitation.
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To summarize, the expectancy of MO increases the amplitude of EMG responses evoked by TMS and
CMS, but no effects on inhibitory and facilitatory intracortical circuits were observed. We conclude that
the increase in excitability takes place at spinal cord level, and that a cortical involvement is less likely.

Our motor systems are involved during both MO and movement itself, sharing some processes
(Bonnet et al. 1997; Jeannerod and Decety 1995), for instance the motor system resonates during the
observation of actions, modulating the excitability of the motor cortex and the spinal cord when the
movement is observed (Aziz-Zadeh et al. 2002; Baldissera et al. 2001; Fadiga et al. 1995). We have
shown here that such processes are not just related to the execution phase, but are present also during the
preparatory phase. The motor system facilitation we describe starts before movement onset, when
subjects are simply expecting to see a movement in the future, and this matches the timing of the SE
increase seen during active preparation for movement (Eichenberger and Ruegg 1984; Frank 1986;
Mellah et al. 1990).

Additionally, we found that the motor system preparation for observing a movement involves muscles
with different roles in the forthcoming movement, agonist, antagonist or synergist, and in all cases we
found a SE increase, rather than an exclusive or stronger effect in the main agonist muscle involved in the
observed movement. This muscle nonspecificity seems to be matched by processes of movement
execution preparation (Hasbroucq et al. 1999). During actual MP, the increase in SE is part of a network
process at which supraspinal centers seem to release movement by means of reducing inhibition on M1
(Davranche et al. 2007; Soto et al. 2010), allowing a “ready spinal cord” to trigger the muscle. The
nonspecific increased SE found in our work may represent the marker of having the “ready spinal cord.”
What is interesting is that these subjects have “a ready spinal cord,” despite the fact they are not going to
execute any movement. When movement is executed, the cortical circuits will be modulated before the
execution (Chen et al. 1998; Soto et al. 2010). In our protocol the movement was not going to be actually
performed (and the subjects knew it), and that might be the reason such cortical modulation was absent.

The changes observed in our study seem a tonic adaptation of the spinal cord, maintained during a
long period of time (the observed movement started between 3 and 4 s after the hand appearance). This
process might be similar to the increase in the tonic motor unit (MU) discharge during MP (Mellah et al.
1990). The tonic discharge from slow MUs aims to increase the efficiency of the initially silent fast
phasic MUs, which become activated at the triggering of movements (Mellah et al. 1990). The behavioral
aim of this physiological substrate might center on environmental relations. We might be “spinally” ready
to interact with someone in front of us if we expect their movements, but our supraspinal centers prepare
and release the action only if needed.

We believe that our results present a new perspective on the study of MO which deserves to be
explored deeper, as we have shown modulation in opposite directions depending on what the subject sees
(hand or blank) and expects to see from a stationary hand. If we make the analogy between our simple
passive observation task with a simple active reaction task (i.e., RT), in which the appearance of the hand
after the blank was the warning (i.e., preparatory) signal, and the movement observed the response signal,
it is possible that predictable and shorter foreperiods might have induced a different modulation of the
CSE in our protocol (Hasbroucq et al. 1999). In fact, while CSE increases with the conditional probability
of the response signal (100% in our experiments), it may decrease with its temporal predictability (with
very restricted variation in our experiments) (Tandonnet et al. 2012). Thus we have avoided shorter
foreperiods than 3 s (3—4 s was time epoch from hand presentation after the blank to the movement onset
and stimulation). Additionally, the length of the foreperiods was not available to the subject, just to be
sure we were away from time-windows compatible to processes related to “active motor preparation” like
the Readiness Potential (Deecke et al. 1969), and to avoid an arousal increase in the early phase at hand
pop-up after the blank. The view of the modulation of CSE during the preparation phase for MO might
help gain considerable perspective on the meaning of CSE modulation during the observation of
movement execution.
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It is also important to note how the spinal cord drives the behavior of our CS system when a stationary
hand is visible, but, which the subject knows will not move compared with a neutral stimulus (BLACK).
Our CS system was inhibited (or not facilitated). Clearly, then, what we describe here is an “inhibitory”
mechanism related to the hand presence, and a facilitatory mechanism induced by the preparation of the
CS tract for the movement we are going to observe (expectancy). Such processes might take place at the
“slow” MUs of the spinal cord (Mellah et al. 1990). These slow MUs receive their excitatory input from
the premotor cortex (PMc) and the supplementary motor area (Mellah et al. 1990; Tanji et al. 1988). Thus
direct excitatory projections from secondary motor areas to the spinal cord, to motoneurons or its
propiospinal circuits (Dum and Strick 1991, 2005; Lemon 2008), might modulate its excitability without
a direct involvement of the M1, which is compatible with the spinal modulation observed in our study
without modulation of corticocortical circuits involving M1 during pair-pulse exploration. Some of the
secondary motor areas, like the PMc, receive projections either from the prefrontal cortex (Hanakawa
2011; Luppino et al. 2003) or from the dorsal visual system (Rizzolatti and Matelli 2003). The dorsal
visual system is a functional network involving the posterior parietal cortex which receives input from the
MT/V5 area, in turn modulated by V1 and other extrastriate visual areas (Rizzolatti and Matelli 2003).
Thus the PMc might modulate the gain of the SE related to whether the hand is seen or not [since the PMc
has a key role in integrating body parts (hand seen vs. hand not seen) to intended action (Hoshi and Tanji
2000)], and for this latter function the connections between prefrontal cortex and the PMc would be
essential (Hanakawa 2011), allowing the transfer of cognitive information (the hand would move or
would stay still) to the motor system.

In conclusion, motor system involvement during MO is bound not only to the movement phase, but to
an earlier period at which the motor system becomes prepared to observe the forthcoming action, a
process taking place at the spinal level, seen as an increase in its excitability.
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