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Abstract

The relationship between pain expectancy and motor system plays a crucial role in the human defensive system. Here, we
took advantage of the inhibitory modulation of the motor pathway to the muscle of the hand receiving painful stimuli, by
recording motor-evoked potentials (MEPs) to Transcranial Magnetic Stimulation (TMS). We employed a classical condition-
ing paradigm in which neutral (visual and auditory) stimuli were conditioned by pairing either painful or not-painful stimuli
(electric shocks) in separated groups. Only the Pain Group showed clear motor responses: i.e. a significant decrease in MEPs
amplitude, with respect to the neutral condition, not only in conditioning stimuli, when actual shocks were paired with
neutral stimuli, but also in conditioned stimuli, when shocks were only expected. Significant differences between the two
groups suggest that the MEPs decrease is specific for pain expectancy and does not pertain to anticipation in general.
Furthermore, in the Pain Group, a significant negative correlation between physiological responses to conditioned stimuli
and the participants’ anxiety traits was found: the lower the MEPs amplitude, the higher the participants’ anxiety scores.
The present findings suggest that, in order for defensive motor responses to occur, actual pain is not necessary; rather,
anxiety-dependent pain expectancy can be sufficient.
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Introduction

In non-human mammal species, different types of avoidance and
defensive behaviors may be adopted, according to the features of

both the eliciting threatening stimulus and the situation in which
it is encountered (Blanchard, 1997, 2011; Misslin, 2003; Canteras
et al., 2010). For instance, when a part of the body comes in contact
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with painful stimuli, the simplest motor response is to withdraw
the affected body part from the source of pain (Sherrington, 1910;
Clarke and Harris, 2004). The animal model has been extensively
used for investigating the relationship between non-human mam-
mals’ and humans’ defensive systems (both physiology and be-
havioral expression), focusing on normal and psychopathology
pattern and providing evidence for a congruence between the two
systems (Blanchard et al., 2001).

In human, a physiological counterpart of defensive motor re-
sponses has been described in several studies demonstrating
that the actual pain induces a modulation pattern on the primary
motor cortex (M1) excitability. It is known that nociceptive finger-
tip stimulation inhibits voluntary electromyographic (EMG) activ-
ity of contracting muscles, the so-called cutaneous silent period
(Kofler et al., 1998). The inhibitory effect of actual pain on the cor-
ticospinal excitability has been demonstrated also at rest condi-
tion, by using brain stimulation to evoke motor-evoked
potentials (MEPs) and different methods to induce pain. Valeriani
and colleagues showed the effect of short painful CO2 laser
stimulation in modulating MEPs amplitude, recorded from both
hands (Valeriani et al., 1999) and arms (Valeriani et al., 2001)
muscles. By comparing effects on MEPs induced either by TMS,
acting on cortical pyramidal neurons, or by anodal electrical
stimulation, acting on corticospinal axons, a cortical origin of the
inhibitory response has been proposed and interpreted as a “par-
tial motor decerebration” mechanism which might promote spi-
nal protective reflexes (Valeriani et al., 1999, 2001). Other studies,
employing noxious electrical fingertip stimulation, found differ-
ent modulation patterns on the EMG activity of the upper limb,
showing inhibition of the hand muscles activity and facilitation
on the arm muscles activity (Kofler et al., 1998; Urban et al., 2004).
This observed inhibition/facilitation pattern has been interpreted
as corresponding to the protective withdrawal reflex (Floeter
et al., 1998), characterized by dropping of a painful stimulus (dis-
tal inhibition) and withdrawal of the hand from the stimulus
(proximal facilitation) (Kofler et al., 1998; Urban et al., 2004; Zhang
et al., 2016). Other lines of research showed that the observation
of painful stimuli induces a corticospinal inhibition (i.e. freezing-
like effect) in the observer similar to those recorded during the
actual pain (e.g. Avenanti et al., 2005). This suggests that the ob-
servation of other’s pain may reflect the anticipation of pain in
oneself and has been interpreted as the physiological basis of
empathy (Singer and Frith, 2005) or, more recently, as the physio-
logical counterpart of an embodiment phenomenon related to
the sense of body ownership (Bucchioni et al., 2016).

Within the human defensive system, the importance of ex-
pectancy has been described as an adaptive behavior to predict
the likelihood of aversive events. Indeed, the expectancy for a
threatening event, associated with fear and anxiety, plays an im-
portant role in threat perception and risk assessment (Ploghaus
et al., 1999, 2003; Simmons et al., 2006, 2011; Blanchard et al., 2011;
Eilam et al., 2011; Sharvit et al., 2015) and modulates defensive re-
sponses (Sambo and Iannetti, 2013; Fossataro et al., 2016a; Bisio
et al., 2017). Thus, physiological motor responses to aversive stim-
uli may depend not only on the objective magnitude of the stimu-
lus itself but also on the subjective expectation of the related risk.
Nonetheless, the role of expectancy for threatening stimuli in
modulating motor defensive responses, as well as its relationship
with subjective anxiety traits, has not been fully understood.

In the present study, we investigated whether expectancy
for threatening stimuli (i.e. electric shock) could modulate the
motor cortex excitability as during the exposure to actual shock.
To this aim, we took advantage of the Pavlovian classical condi-
tioning (LeDoux, 2014), known as a learning process in which

innate responses to threatening stimuli come to be elicited in
response to previously neutral stimuli; this is achieved by re-
peated pairings of the neutral stimulus with the threatening
stimulus. It has been demonstrated that the classical condition-
ing evokes defensive behavior and autonomic responses (such
as the Skin Conductance Response, SCR), automatically elicited
in threatening situations (LeDoux, 1998, 2000, 2012, 2014;
Büchel, 2000; Phelps and LeDoux, 2005; Zhang et al., 2016).
Importantly, the conditioning paradigm has been shown to
modulate motor components of threat-related responses
(Aymard, 2000; Fendt and Koch, 2013; Löw et al., 2015; Wendt
et al., 2017), such as the startle reflex (Skljarevski and Ramadan,
2002) and the nociceptive flexion reflex (Fendt and Koch, 2013).

By combining classical conditioning paradigm with MEPs re-
cording to single-pulse TMS protocol (see Figure 1), we asked
whether pain expectancy is able to induce changes in cortico-
spinal excitability. Given the general agreement on the inhibi-
tory modulation of the distal muscles during pain perception
(irrespective of different interpretations, see above), we focused
on the distal (inhibitory) component of the defensive motor re-
sponses. We predicted that a significant decrease of the MEPs
amplitude recorded from distal muscles, with respect to the
neutral condition, should be present not only during condition-
ing trials, when neutral stimuli were actually paired with elec-
tric shocks, but also during conditioned trials when electric
shocks were only expected. In order to investigate whether the
corticospinal inhibition may be specific for pain expectancy or
may pertain to anticipation in general, we compared the results
of two groups of subjects taking part in the same conditioning
paradigm with the only difference that in the Pain Group high
intensity painful stimuli were used, while in the No-Pain Group
low intensity no-painful stimuli were used. Since anticipation is
an important component of anxiety (Simmons et al., 2011) and
fear responses in conditioning paradigms are known to be
modulated by subjective anxiety traits (Lissek et al., 2005;
Soliman et al., 2010; Indovina et al., 2011; Duits et al., 2015), the
existence of correlations between the recorded MEPs and the
participants’ anxiety traits was investigated.

Materials and methods
Participants

Forty-two healthy volunteers participated in the study, half of
the participants (19–29 years, mean6 SD 22.66 2.43; 10 females)
were assigned to the Pain Group (in which they receive painful
electric shocks) and the other half (20–29 years, mean 6 SD
23.666 2.19; 15 females) to the No-Pain Group (in which no-
painful electric shocks were delivered). All participants took part
in the Main Experiment and only the Pain Group’s participants
were involved in a Preliminary Experiment. All participants were
right-handed, as assessed with the Edinburgh Handedness
Inventory (Oldfield, 1971), naı̈ve to the experimental procedure
and before taking part in the study gave written informed con-
sent. None of them had a history of neurological, major medical
or psychiatric disorders and they were free from any contraindi-
cation to TMS (Rossi et al., 2009). The experimental procedure, ac-
cording to the Declaration of Helsinki, was approved by local
Ethics Committee of the University of Turin (3167, 01/02/2016).

Procedures

The experiment was programmed by using E-prime presentation
software V2.0 (Psychology Software Tool Inc., USA) in order (a) to
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control sequence, timing and duration of the stimuli; (b) to trigger
TMS pulses, EMG and SCR recording and electrical stimulation
delivering. Participants were seated comfortable in front of a PC
screen (1700 monitor; resolution 1280 � 720 pixels; refresh fre-
quency 60 Hz) at a distance of �80 cm, with the head restrained
by a comfortable pillow wrapping around the neck and supported
by a fixed head rest; in order to avoid any muscles contractions,
they were asked to keep resting their forearms on a pillow.

Preliminary Experiment. In order to verify the inhibitory effect of
electric shocks on the corticospinal excitability, we compared
two no-pain blocks (without electric shocks) to two pain blocks
(with electric shocks delivering, see details in Stimulation and
Recordings). In each block 6 MEPs were recorded for a total of 12
MEPs in each condition. Blocks were presented in counterbal-
anced order with half of the subjects starting with no-pain con-
dition (ABBA) and the other half with pain condition (BAAB). In
no-pain trials a fixation cross lasting 1050 ms was presented in
the center of the screen and followed by TMS pulse over M1; in

pain trials at 1000 ms from the fixation cross an electric shock
was delivered and, according to a previous study (Urban et al.,
2004), followed after 50 ms by a TMS pulse over M1.

Main Experiment. Experiment consisted of two separate blocks
with a break of 20 min from each other in order to minimize ha-
bituation and to ensure that, after the first stimulation block,
the corticospinal excitability came back to normal values.
Visual and auditory neutral Conditioned Stimuli (CS) (i.e. col-
oured squares and sounds) may be paired or not with
Unconditioned Stimuli (US) (i.e. electric shocks delivered to the
right digit V, that according to the between-subjects conditions
may be perceived as painful in the Pain Group and as not pain-
ful in the No-Pain Group). In each block a total of 40 stimuli
were presented in a pseudorandom order, 50% of them were
neutral stimuli (CS) never followed by US (CS-), 37.5% were dif-
ferent CS paired with US (CSþPaired; i.e. conditioning stimuli)
and 12.5% were CS unpaired with US (CSþUnpaired; i.e. condi-
tioned stimuli). A pseudorandom sequence was used to avoid

Fig. 1. Schematic representation of the experimental protocol and design. Top right: a graphical representation of the experimental setting. Single-pulse TMS delivered

over the participant’s left M1 and MEPs recorded from the APB and ADM muscles of the right hand; SCR responses recorded from the left hand in the Pain Group. Top

left: a graphical representation of the experimental timeline. Before (Baseline Pre) and after (Baseline Post) each experimental block, five baseline conditions with a fix-

ation cross was presented associated with TMS stimulation. In each block a total of 40 stimuli were presented in a pseudorandom order, 50% of them were neutral

stimuli (CS) never followed by US (CS-), 37.5% were different CS paired with US (CSþPaired; i.e. conditioning stimuli) and 12.5% were CS unpaired with US

(CSþUnpaired; i.e. conditioned stimuli). Bottom: a graphic representation of stimuli presented in each experimental condition. A blue square and a tone “A” associated

with the TMS stimulation and never paired with electric shocks (CS- condition); green square and a tone “B” associated with TMS and electrical stimulation (CSþPaired

condition), which could be painful in the Pain Group or not painful in the No-Pain Group; green square and a tone “B” associated with TMS stimulation and not paired

with electric shocks (CSþUnpaired condition).
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that the CSþUnpaired stimuli occurred in the first five trials
and that more than two equal stimuli occurred in consecutive
trials. In the CS- condition a visual stimulus (i.e. a blue square)
accompanied by an auditory stimulus (i.e. a tone A, 10 097 Hz)
were presented and never followed by US. In the CSþPaired
condition a visual stimulus (i.e. green square) accompanied by
an auditory stimulus (i.e. a tone B, 9957 Hz) were always pre-
sented paired with an electrical stimulus (US) on the digit V of
the right hand. Tones A and B were presented at the same in-
tensity level (60 dB). According to a previous study (Urban et al.,
2004), the US was delivered 50 ms before the TMS pulse in order
to obtain the maximum inhibition over the target muscles. In
the CSþUnpaired condition a visual stimulus (i.e. green square)
accompanied by the tone B were not paired with the US. All vis-
ual stimuli were presented for 4000 ms on a black background,
accompanied by auditory stimuli of 1000 ms and spaced out by
a fixation cross with a variable jittering (12 000–16 000 ms),
chosen in order to have a variable time stimuli presentation.
According to the experimental conditions, visual and auditory
stimuli were followed (i) by a TMS pulse after 50 ms, in CS- and
CSþUnpaired trials and (ii) by an electric shock (lasting 200 ls)
followed after 50 ms by a TMS pulse, in CSþPaired trials (see
Figure 1). In order to check for any corticospinal excitability
change related to TMS per se or to the experimental block, five
baselines with a fixation cross of 1050 ms in the center of the
screen were presented, before (i.e. baseline pre) and after (i.e.
baseline post) each block.

Note that participants assigned to the two groups (i.e. Pain
Group and No-Pain Group) underwent the very same condition-
ing paradigm, with the only difference that in the No-Pain
Group we recorded only MEPs (and not SCR) and the electrical
stimulus was set at lower intensity compared to the one de-
livered in the Pain Group and deemed as not painful at all.

Stimulation and recordings

Magnetic stimulation. Both in Preliminary and Main Experiment,
MEPs were elicited by a single pulse TMS (Magstim Rapid2;
Magstim Co. Ltd, Whitland, UK) with a figure of eight-shaped coil
positioned over the left M1. The intensity of magnetic pulses was
set at 115% of the resting motor threshold (mean6 SD Pain
Group: 63.9%68.24%, range 54–78%; No-Pain Group:
62.02%68.25%, range 49–75% of the maximum stimulator output),
defined as the lower intensity of the stimulator output able to
elicit 5 MEPs of 10 consecutive pulses with an amplitude of at
least 50 lV (Brasil-Neto et al., 1992; Rossini et al., 1994).

Electrical stimulation. Transcutaneous electrical stimuli con-
sisted in constant current square-wave pulses (DS7A, Digitimer)
delivered to the right digit V, using a surface bipolar electrode
attached to a Velcro strap. The stimulus duration was 200 ls
and the delivering came �50 ms before the TMS pulse (accord-
ingly to a previous study Urban et al., 2004). In the Pain Group’s
participants, the means stimulation intensities were defined
during the Preliminary Experiment (34.82 6 10.63 mA, range
20–48 mA) and the same intensities were used in the Main
Experiment. The stimulation intensity was initially set at 10-
fold the perceptual threshold and then individually adjusted to
elicit a painful sensation of 6.5/10 on a 0–10 Likert scale, where 0
is “not painful” and 10 is “the most painful imaginable.” Note
that the electrical stimulus is subjectively perceived as painful.
In the No-Pain Group’s participants, the stimulation intensity
was adjusted and set at two-fold the individual perceptual
threshold, estimated using the methods of limits (Gescheider,

1997), so that the elicited sensation was always classified as not
painful (0/10 on the Likert scale). The mean stimulation inten-
sity was 3.65 6 1.09 mA, range 2.2–5 mA.

Electromyography recording. In both Preliminary and Main
Experiment, EMG activity was simultaneously recorded (MP150,
Biopac System, USA), from the right Abductor Digiti Minimi
muscle (ADM) and the Abductor Pollicis Brevis muscle (APB),
using two pairs of bipolar surface electrodes with the active
electrode over the muscle belly and the reference electrode over
the associated joint or tendon. Signals were amplified and digi-
talized with a sample rate of 10 kHz, filtered with a band-pass
(10–500 Hz) and a notch (50 Hz) filter and stored for offline
analysis.

Skin conductance response recording. In the Pain Group, SCR was
recorded continuously during the Main Experiment, by using a
Biopac system (MP150, USA). Two Ag-AgCl electrodes with con-
stant voltage (0.5 V) where attached to the participant’s left
hand on digit IV and III. Signal was amplified and digitalized
with a sample rate of 1 kHz, band-stop filtered at 50 Hz and
stored for offline analysis.

Self-report measure. After the TMS session of the Main
Experiment, both Groups completed the trait scale of the State-
Trait-Anxiety-Inventory (STAI) (Spielberger et al., 1970; Weiner
and Craighead, 2010). The STAI-trait is a questionnaire of 20
items for assessing trait anxiety. Trait anxiety scale includes
item related to the presence (e.g. “I worry too much over some-
thing that really doesn’t matter”) either to the absence of anx-
iety (e.g. “I am content; I am a steady person”). All items are
rated on a four-point scale in terms of how often participants
fell as described from 1 indicating “Almost Never” to 4 indicat-
ing “Almost Always” (items indicating absence of anxiety are re-
versed scored). Higher scores indicate greater anxiety.

Data analysis

MEPs analysis. EMG data of both Preliminary and Main
Experiment were analyzed offline using AcqKnowlege software
(Biopac Systems, Inc., Santa Barbara, CA) and SPSS statistical
software v. 24 (IBM, Chicago, IL). Trials showing pre-activity
(EMG signal greater than 50 mV) in the time window of 100 ms
before the TMS pulse were excluded from the analysis. For both
ADM and APB, peak-to-peak MEPs values were extracted and
outlier values (62 SD of the mean) were excluded from the ana-
lysis (no more than 2% of trials).

In the Preliminary Experiment, MEPs values of APB and ADM
(raw data) were considered as dependent variables in a one-way
multivariate analysis of variance (MANOVA) with “condition”
(two levels: no-pain, pain) as within subjects factor.

In the Main Experiment, due to the not-normal distribution
of the residuals, a natural Log(xþ 1) transformation (Osborne,
2002) was applied to the raw data. First, we performed a base-
line analysis in order to control for possible effects of TMS per se
in modulating corticospinal excitability. To this aim, separately
for each Experimental Group, baseline mean MEPs values of
APB and ADM were considered as dependent variables in a 2 � 2
MANOVA with “block” (two levels: first, second) and “session”
(two levels: pre, post) as within subjects factors. According to
the negative results in the baseline analysis, the mean MEPs
amplitude of the two blocks were used to normalize data.

In the principal analysis, a MEPs ratio (MEP ratio¼MEPobtained/
MEPbaseline) was calculated for APB and ADM. The obtained
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values were considered as dependent variables in a 3 � 2
MANOVA with “condition” (three levels: CS-, CSþPaired and
CSþUnpaired) as within subjects factor and “group” (two levels:
Pain and No-Pain Group) as between subjects factor. Post hoc
comparisons were carried out by means of Bonferroni’s test. We
checked for the equivalence of variance and the F-tests were not
significant, suggesting that the equivalence of variance can be
assumed and the two groups can be properly compared with the
MANOVA model.

SCR analysis. In the Pain Group, SCR data were analyzed offline.
For each participant of the Pain Group and each experimental
condition the average peak-to-peak amplitude was extracted
(as a difference between the minimum and the maximum value
in a 10 s time window after the trigger coding for the stimulus
delivering). Then, to obtain comparable measure among partici-
pants, the peak-to-peak responses were normalized within
subjects and converted to Z-scores (Garbarini et al., 2014;
Fossataro et al., 2016b). In order to test the effect of classical con-
ditioning on the SCR, we performed a one-way repeated meas-
ure ANOVA with “condition” (three levels: CS-, CSþPaired and
CSþUnpaired) as within participant factors. Post hoc compari-
sons were carried out by means of Bonferroni’s test.

Correlation analysis. In each experimental condition of the Main
Experiment, Pearson’s r was used to investigate correlations (a)
between the two acquired physiological measures (SCR and
MEP ratio) in the Pain Group; and (b) between each physiological
measure and the individual differences in anxiety traits, as
measured by the STAI-trait. To account for multiple compari-
sons, the significance level (P value) was corrected using a false
discovery rate (FDR) procedure (Benjamini and Hochberg, 1995).
To test the possible presence of correlation effects across all
conditions (that might not be significant when restricted to the
subset of trials of one condition), we performed ANCOVA mod-
els, in which APB and ADM MEPs values were used as depend-
ent variables (in separated analyses), with “conditions” (CS-,
CSþPaired and CSþUnpaired) and “group” (Pain and No-Pain
Group) as categorical predictors and the STAI-trait scores as
covariate. Complementarily, to test for the specificity of a cor-
relation effect for a specific condition, we compared correl-
ations between conditions (i.e. co-correlation analyses) and we
ran correlations with difference scores (i.e. calculating a delta
between CS- and both CSþPaired and CSþUnpaired).

Results
MEPs results

Preliminary Experiment. In the Preliminary Experiment, the
MANOVA model showed a significant overall effect of “condi-
tion” at multivariate tests (F(2, 19) ¼ 18.322, P< 0.001). A signifi-
cant effect of “condition” at the univariate tests was found in
both muscles (APB: F(1, 20) ¼ 38.363, P< 0.001; ADM: F(1, 20) ¼ 8.55,
P¼ 0.01). This means that the MEPs amplitude of pain condition
was significantly reduced with respect to no-pain condition
both in APB [mean (mV)6SD no-pain¼ 901.19 6 587.06;
pain¼ 287.22 6 207.21] and ADM [mean (mV)6SD no-
pain¼ 446.89 6 366.59; pain¼ 321.05 6 291.82]. See Figure 2. This
suggests that our experimental paradigm is able to replicate the
inhibitory effect of actual pain on the corticospinal excitability
(Urban et al., 2004).

Main Experiment. In the baseline analysis, both in Pain and No-
Pain Group, the MANOVA model did not show any significant
results (see Tables 1 and 2). This suggests that TMS per se did
not induce any change in corticospinal excitability and that the
cortical excitability was unchanged in the second compared to
the first experimental block.

In the Main Experiment, the MANOVA revealed at multivari-
ate tests a significant overall effect of “group” (F(2, 39) ¼ 3.7,
P¼ 0.034) and “condition” (F(4, 37) ¼ 11.230, P< 0.001). Crucially, a
significant interaction “group*condition” was found (F(4, 37) ¼
7.216, P< 0.001). Notably, this result is more driven by changes
in MEPs amplitude recorded from APB than from ADM muscle.
Indeed, at univariate tests a significant effect of “condition”
(F(2, 80) ¼ 20.702, P< 0.001) and a significant interaction “condi-
tion*group” (F(2, 80) ¼ 13.718, P< 0.001) were found only in APB
and not in ADM (always P> 0.1). See Figure 3A and B. In the Pain
Group, post hoc comparisons showed that, in APB, the MEPs
amplitude was significantly reduced in both CSþPaired
(P< 0.001) and CSþUnpaired (P¼ 0.025) conditions with respect

Fig. 2. Preliminary Experiment results. Raw MEPs recorded from ADM and APB

muscles in one representative subject are shown. Significant effect of condition

in both muscles (APB; ADM). Error bars indicate sem. Asterisk indicates a signifi-

cant comparison (**P<0.005; ***P<0.0005).

Table 1. Pain Group

Block1 Block2

Pre APB: 2.762760.3942 APB: 2.753760.4190
ADM: 2.504660.3262 ADM: 2.474160.3333

Post APB: 2.673160.4383 APB: 2.703260.3497
ADM: 2.344560.4381 ADM: 2.425160.4289
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to CS- condition. Additionally, a significant difference between
CSþPaired and CSþUnpaired was found (P< 0.001). Overall, in
the Pain Group, the significant reduction of the MEPs amplitude
in CSþUnpaired condition compared to the CS- condition sug-
gests that the mere expectancy of receiving painful stimuli can
induce a significant modulation of the corticospinal excitability.
In the No-Pain Group, post hoc comparisons did not show any
significant differences between conditions (always P> 0.9), sug-
gesting that no corticospinal modulation was found during un-
threatening stimuli. Crucially, post hoc comparisons showed a
significant difference between Pain and No-Pain Group in
CSþPaired (P< 0.001) and in CSþUnpaired condition (P¼ 0.023)
and not in CS- condition (P¼ 0.8). These results suggest that the
inhibitory effect is specific for painful stimuli.

SCR results

A significant main effect of “condition” (F(2, 40)¼32.34, P< 0.0001)
was found. See Figure 4. Post hoc comparisons showed that the
SCR amplitude was significantly greater in CSþPaired condition
compared to all other conditions, [mean (z-scores)6SD:
CSþPaired¼ 0.65 6 0.27; CSþUnpaired ¼ �0.15 6 0.34; CS- ¼
�0.48 6 0.17; P< 0.0001]. Crucially, the SCR amplitude in
CSþUnpaired condition was significantly enhanced compared
to CS- condition [mean (z-scores)6SD: CSþUnpaired ¼
�0.15 6 0.34; CS- ¼ �0.48 6 0.17; P< 0.002]. These data show
that, when participants have learned the associations between
CS and US, CS per se can elicit the physiological SCR typically

triggered by US, suggesting that the pain expectancy may in-
duce a significant SCR enhancement.

Correlation results

In the Main Experiment, no significant correlations between
SCR and both MEPs ratio and STAI-trait scale were found.

Crucially, only in the Pain Group, a significant negative cor-
relation was found between STAI-trait scale and MEPs ratio in
CSþUnpaired condition in both muscles [ADM: r ¼ �0.53;
P¼ 0.007; P¼ 0.02 (after FDR correction), Figure 5A; APB:

Table 2. No-Pain Group

Block1 Block2

Pre APB: 2.343160.414 APB: 2.386560.312
ADM: 2.267160.252 ADM: 2.357260.232

Post APB: 2.423360.396 APB: 2.421260.522
ADM: 2.354860.330 ADM: 2.434960.410

Fig. 3. Main Experiment, MEPs results. The graph shows for both APB (A) and ADM (B) muscles. The mean MEPs amplitudes, expressed as percentage of the baseline and

Log transformed, in the three experimental conditions (CS-; CSþUnpaired; CSþPaired) and in the two groups (Pain; No-Pain). Error bars indicate sem. Asterisk indicates a

significant comparison (*P<0.05; **P<0.005; ***P<0.0005). Raw MEPs recorded from APB and ADM muscles in one representative subject of the Pain Group are shown.

Fig. 4. SCR results. The graph shows the mean SCR values, expressed in Z-

scores, in Pain Group. Significant effect of condition (CS-; CSþUnpaired;

CSþPaired). Error bars indicate sem. Asterisk indicates a significant comparison

(*P<0.05; **P<0.005; ***P<0.0005).
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r ¼ �0.48; P¼ 0.01; P¼ 0.04 (after FDR correction), Figure 5B].
These results suggest that the higher the level of anxiety trait,
the lower the MEPs ratio in the CSþUnpaired condition. No sig-
nificant correlations were found between STAI-trait scale and
MEPs ratio in CS- and CSþPaired conditions. In the No-Pain
Group, no significant correlations between STAI-trait scale and
MEPs ratio were found.

In both APB and ADM ANCOVA models, no significant effects
of the covariate STAI-trait in predicting the MEPs amplitude
were found. These negative results rule out the possibility of
correlation effects across all conditions. However, the lack of
significant interaction between the covariate STAI-trait and the
experimental conditions, as well as negative results in co-
correlation analyses and in correlations with difference scores,
make weaker the specificity of the correlation effect only found
between STAI-trait and the MEPs amplitude in CSþUnpaired
condition.

Discussion

The present study investigates whether the threat-specific
motor responses, occurring when participants receive painful
stimuli, i.e. inhibitory modulation of the motor pathway to the
muscle of the hand receiving pain, also pertain to pain expect-
ancy. To this aim, we took advantage of classical conditioning
procedure, in which visual and auditory stimuli were condi-
tioned by pairing electrical stimuli, and we compared two
groups of subjects receiving either painful or not painful elec-
trical stimuli. According to our predictions, in the Pain Group, a
significant decreased MEPs amplitude with respect to the neu-
tral (CS-) condition was found both when participants received
painful stimuli (CSþPaired, conditioning stimuli) and when
they were expecting to receive it (CSþUnpaired, conditioned
stimuli). The lack of effect in the No-Pain Group, as well as sig-
nificant differences between the two groups, suggested that the
MEPs decrease is specific for pain expectancy and do not pertain
to anticipation in general. Furthermore, this inhibitory response
during pain expectancy was inversely correlated with the par-
ticipants’ anxiety traits: the lower the MEPs amplitude in
CSþUnpaired condition, the higher the participants’ anxiety
scores.

Whit respect to the actual pain, the significant difference be-
tween the Pain Group and the No-Pain Group in CSþPaired

condition strongly support previous evidence on the M1 excit-
ability modulation during pain perception (Farina et al., 2001; Le
Pera et al., 2001; Farina et al., 2003; Urban et al., 2004). In particu-
lar, in keeping with previous study (Urban et al., 2004) and our
preliminary experiment, only when the electrical stimulation
was perceived as painful (i.e. Pain Group) both APB and ADM
muscles, respectively showed 70% and 25% of MEPs amplitude
decrease compared to the baseline.

What happens when actual pain was not present but only
expected, as in CSþUnpaired condition? Starting from a similar
question, a previous study investigating the corticospinal excit-
ability modulation by pain expectancy (Dubé and Mercier, 2011)
found that corticospinal inhibition pertains only to actual pain
and not to pain expectancy. On the contrary, in our Pain Group,
a significantly decreased MEPs amplitude with respect to the
CS- condition was found also during CSþUnpaired condition,
suggesting that corticospinal inhibition also pertains to pain ex-
pectancy. Several reasons can explain these different results.
First, it can be matter of different painful stimulations, thermic
vs electrical. Dubé and Mercier (2011) used thermic stimuli
inducing “low-to-moderate short-lasting phasic pain” and, as
reported by the authors, this intensity (2.8 at a 0–10 pain-rating
scale) could be too weak to induce pain anticipation. On the
contrary, in our experiment, the electrical stimuli were per-
ceived as painful (>5 at a 0–10 pain-rating scale). Otherwise, it
can be a matter of different experimental designs. In the study
of Dubé and Mercier (2011), each block included a preliminary
expectancy phase, followed by a painful thermal application
phase, and the timing of the TMS pulse varied between these
two phases. Conversely, the conditioning procedure employed
here leads to an automatic association between neutral and
threating stimuli, so that, as in the actual pain (CSþPaired con-
dition), in pain expectancy (CSþUnpaired condition) defensive
responses are automatically elicited and the timing of actual
and expected pain is the same. Negative results of the No-Pain
Group and significant difference between the two groups in
CSþUnpaired condition strongly supported the specificity of
these motor responses for pain expectancy (i.e. they do not per-
tain to anticipation in general).

With respect to the difference between expected and actual
pain, the present results showed, in the Pain Group, a similar
trend in both recorded muscles (APB and ADM), with lower re-
sponses in CSþPaired than in CSþUnpaired conditions,

Fig. 5. Correlation results. Negative correlations between trait anxiety scores (STAI-Trait) and the corticospinal inhibition percentage for the CSþUnpaired condition in

ABP and ADM muscles.
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although this difference reaches the significant level only in
APB. Neuroimaging studies had found that a common network
is activated at different thresholds during actual and expected
pain; i.e. the activity observed during pain expectancy is about
30–40% of that observed during pain perception (Porro et al.,
2003; Keltner et al., 2006; Atlas et al., 2010). This might explain
the different intensity of the modulation exerted by pain-
related areas on M1, greater for pain perception (CSþPaired con-
dition) and lower for pain expectancy (CSþUnpaired condition).
However, future studies are necessary to investigate the pres-
ence and the extant of functional connectivity with M1 during
actual and expected pain, also exploring whether unexpected vs
expected painful stimuli might have a different impact on corti-
cospinal excitability.

Our conditioning procedure was able to modulate also the SCR,
known to detect sympathetic responses to the expected noxious
stimuli (Armel and Ramachandran, 2003; Guterstam et al., 2011;
Garbarini et al., 2014; Romano et al., 2014; Zhang et al., 2016). In
agreement with previous studies (Büchel, 2000; LeDoux, 1998,
2000, 2012, 2014; Phelps & LeDoux, 2005), higher SCR compared to
the CS- condition was found not only when participants receive
pain (CSþPaired condition), but also when they expected to re-
ceive it (CSþUnpaired condition). Although SCR and MEPs are
similarly modulated by the experimental conditions, even if in the
opposite direction, our data showed that these physiological par-
ameters are not linearly correlated.

Importantly, in the Pain Group, MEPs amplitude in
CSþUnpaired condition was inversely correlated with the par-
ticipants’ anxiety traits, as reported at the STAI-trait scale. This
means that higher level of anxiety may significantly predict
greater inhibitory motor responses to pain expectancy in
CSþUnpaired condition. Accordingly, in anxiety patients com-
pared to controls, a robust increase of fear responses to condi-
tioned safety cues has been demonstrated, suggesting an
impaired ability to inhibit fear in the presence of safety cues
and/or an increased tendency in anxiety disordered patients to
generalize fear responses to safe stimuli resembling the condi-
tioned danger cue (Lissek et al., 2005; Soliman et al.,
2010;Indovina et al., 2011; Duits et al., 2015).

From an anatomical point of view, the amygdala-striatal sys-
tem has been extensively described in the literature related to
defensive mechanisms in both animal model and humans.
According to consolidated evidence, this neural circuit involves
transmission of threat input coming from both thalamus and
somatosensory cortex to the amygdala and from there to the
motor system that controls defensive behaviors (LeDoux, 1998,
2000, 2012, 2014; Phelps and LeDoux, 2005; Janak and Tye, 2015).
However, a recent study (Zhang et al., 2016), investigating aver-
sive learning process by combining physiological recordings
and fMRI, proposed that the SCR and EMG effects, as those
found in both CSþPaired and CSþUnpaired conditions of our
experiment, might come from two distinct learning pathways: a
“non-specific” amygdala-striatal system, which learns prepara-
tory responses such as autonomic responses and facial expres-
sion; and a “specific” cerebellar system, which learns defensive
motor responses of the body district receiving pain.

To conclude, the present findings suggest that, in order for
the corticospinal excitability modulation to occur, actual pain is
not necessary; rather, anxiety-dependent pain expectancy can
be sufficient. This highlights the adaptive function of expect-
ancy in motor system: anticipating the consequences of aver-
sive stimuli, such as painful/threatening stimuli, allows the
mobilization of the organism’s resources to prepare defensive
or protective reactions.
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