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Abstract

Some evidence suggests that the cerebellum participates in the complex network processing
emotional facial expression. To evaluate the role of the cerebellum in recognizing facial
expressions we delivered transcranial direct current stimulation (tDCS) over the cerebellum and
prefrontal cortex. A facial emotion recognition task was administered to 21 healthy subjects before
and after cerebellar tDCS; we also tested subjects with a visual attention task and a visual
analogue scale (VAS) for mood.

Anodal and cathodal cerebellar tDCS both significantly enhanced sensory processing in response
to negative facial expressions (anodal tDCS, p=0.0021; cathodal tDCS, p=0.018), but left positive
emotion and neutral facial expressions unchanged (p>0.05). tDCS over the right prefrontal cortex
left facial expressions of both negative and positive emotion unchanged.

These findings suggest that the cerebellum is specifically involved in processing facial expressions
of negative emotion.
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INTRODUCTION

Faces are multi-dimensional stimuli conveying many important signals simultaneously, each
one having a complex social and motivational meaning. Besides providing distinctive
information about a person’s identity, gender, or age, faces also provide more subtle signals
related to emotion, trustworthiness, attractiveness, as well as gaze direction or other people’s
intentions. Facial expressions of emotions, such as happiness, sadness, anger and fear are
universally recognized (Ekman, 1992; lzard, 1994). Each of these expressions has a meaning
and targets a specific response (Halberstadt & Niedenthal, 1997). The ability to recognize
the emotional content of a specific facial expression is one of the major communication
skills in humans and non-human primates. Despite intensive research in this field,
considerable debate surrounds how these various dimensions are coded and integrated into a
single face percept.

Strong evidence from animal studies shows that facial expressions evoke brain responses in
individual neurons (Leonard, Rolls, Wilson, & Baylis, 1985), and behavioral data from brain
lesioned patients, and functional neuroimaging studies with positron-emission tomography
(PET) and functional magnetic resonance imaging (fMRI) in healthy humans show localized
cortical responses (Streit et al., 1999). Facial perception primarily entails recognizing
specific patterns and facial structures (those that help defining gender and identity) and
dynamic patterns of facial expression (identifying facial expressions such as anger,
happiness, sadness, and disgust). The brain processes information for each of these facial
perception features through specific neural networks. Behavioral and clinical data show that
recognition of specific facial expressions engages various brain structures and therefore
involves separate neural systems (Adolphs, 2002; Kesler-West et al., 2001; Loughead, Gur,
Elliott, & Gur, 2008). The first processed information is delivered and integrated in a
common circuitry in frontal areas. Among the multiple structures that participate in
recognizing facial emotions are the occipitotemporal cortex, amygdala, orbitofrontal cortex,
basal ganglia, right parietal cortex, left dorsolateral prefrontal cortex, superior temporal
sulcus, medial temporal gyrus (Hennenlotter & Schroeder, 2006; Posamentier & Abdi,
2003) and, possibly, cerebellum (Stoodley & Schmahmann, 2009).

Because these structures engage in multiple processes at various points in time, assigning a
single function to a specific brain structure is a difficult task. The available neuroimaging
data leave unanswered the question whether the cerebellum’s contribution to emotional
expression recognition or whether cerebellar activation is just a non-causal epiphenomenon.
Some hypotheses about cerebral network phylogenetics suggest that positive and negative
emotions relay though different circuits. Because the ability to appreciate positive emotions
requires more sophisticated processing of individually personalized stimuli and has features
resembling a “higher” cortical process, detecting pleasant features arguably relies on
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phylogenetically newer circuits that widely involve the prefrontal cortex and cortical
executive system (Paradiso et al. 1999). Negative emotions, such as sadness and anger,
being crucial for survival and serving to prepare the organism for rapid defense, as part of a
defense system designed to protect the organism against threats to acquire valuable
resources, activate phylogenetically older circuits including the cerebellum (Stoodley &
Schmahmann, 2009).

The concept that the cerebellum intervenes in regulating emotions and mood has gained
popularity since the 1970s (Heath, Dempesy, Fontana, & Myers, 1978; Turner et al., 2007).
The first study linking the cerebellum to emotions reported the case of a patient who
underwent electrical stimulation of the dentate nucleus and superior peduncle and reported
experiencing negative feelings (Nashold & Slaughter, 1969). Others then showed that
chronic electrical stimulation delivered to the superficial parts of the vermis normalized
behavior in severely emotionally disturbed patients (Heath, 1977). Clinical studies then
yielded strong evidence for cerebellar abnormalities in emotional disorders such as
depression (Schmahmann, 2004; Schmahmann & Sherman, 1998; Turner et al., 2007). More
recent findings suggest that high-frequency repetitive transcranial magnetic stimulation
(rTMS) to the cerebellum has mood-improving properties, a single session of high-
frequency rTMS over the cerebellum benefitted mood in healthy volunteers (Schutter, van
Honk, d’Alfonso, Peper, & Panksepp, 2003).

A neuromodulatory tool used for manipulating neural activity thus gathering insights into
the cognitive role of the human cerebellum is transcranial direct current stimulation (tDCS)
(Ferrucci et al., 2008). tDCS is a simple, inexpensive, non-invasive technique for brain
stimulation that induces prolonged functional changes in cerebral cortex (Nitsche & Paulus,
2000; Priori, 2003) and cerebellar cortex (Ferrucci et al., 2008; Galea, Jayaram, Ajagbe, &
Celnik, 2009). tDCS essentially consists in delivering a weak direct current for a few
minutes over the scalp: the resulting constant electric field penetrates the skull and
influences neuronal function. Whereas cathodal tDCS suppresses neuronal function, anodal
tDCS increases neuronal function in the underlying cerebral cortex. The prolonged after-
effects induced by tDCS probably reflect synaptic (Liebetanz et al. 2002) and non synaptic
effects (Ardolino et al. 2005). The changes in cortical excitability induced by tDCS (increase
or decrease) lead to corresponding changes in cortical function and activation. In our
previous study we showed that cerebellar tDCS modulates performance in a working
memory task in healthy subjects (Ferrucci et al., 2008). A subsequent study using a different
approach confirmed the effects induced by cerebellar tDCS changes in motor cortical
excitability induced by cerebellar TMS (Galea et al., 2009). No study has to our knowledge
investigated whether and how cerebellar tDCS modulates the emotional information
processing required to recognize facial expressions. Given the cerebellum’s known role in
psychiatric illnesses (Andreasen et al. 1996), knowing more about tDCS-induced changes in
emotional processing would help in developing new therapeutic applications for tDCS.

Our primary aim in this tDCS study addressing the role of the cerebellum in processing
emotional information was to investigate whether the cerebellum intervenes directly in the
recognition of facial expression. To do so, in healthy adult volunteers, before cerebellar
tDCS began and at 35 min after it ended, we tested recognition of emotion with a facial
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expression recognition task. To investigate whether the effects of cerebellar tDCS were
specific for emotion recognition or reflected changes in arousal or attention, we further
tested all subjects before and after cerebellar tDCS with a visual attention task. To check
whether tDCS influences mood, we also tested subjects with a 100-mm visual analog scale
(VAS) for mood. In additional control experiments, we then investigated the specificity of
changes in emotional recognition by delivering tDCS over the right prefrontal cortex.

MATERIALS and METHODS

Participants

Twenty-one healthy right-handed volunteers (aged 20-49 years; 12 women-9 men)
participated in the study. All subjects were right-handed (assessed by the Edinburgh
Handedness Inventory). All participants gave their informed consent and the procedures had
the approval of the hospital ethical committee. The experimental procedure was in
accordance with the Declaration of Helsinki. Before and after tDCS, all participants
underwent a neurological examination using paper-and-pencil tests of motor-graphics
(signature, Archimedes spiral, and horizontal lines test). Subjects had no history of medical,
neurological, or psychiatric disorders and none of them were receiving acute or chronic
medication affecting the central nervous system.

Facial Emotion Recognition Task

We used 64 facial expressions from the NimStim Face Stimulus Set (www.macbrain.org),
these faces consisted of sixteen Caucasian adults (eight men and eight women) expressing
anger, happiness, sadness and neutral expression. We generated two alternative sets of
pictures consisting of 32 trials (eight faces, four men and four women), the pictures were
presented in a random order and each facial expression was shown three times, making a
total of 96 trials (24 for each emotion category). Stimulus presentation, timing and data
collection were controlled by the E-prime (Psychology Software Tools, Pittsburg, PA)
program running on a laptop computer. The stimuli were presented on a computer screen:
the software first presented a fixation signal (“+”) in the middle of the screen for 100 ms,
followed immediately by a picture of a facial expression, face stimuli were presented for a
maximum of 1300 ms and when subjects pressed a key the picture disappeared. Subjects
were asked to judge which of the four facial expressions emotions the picture represented
(happiness, sadness, anger, or neutral) by pressing the appropriate button on a keypad as
quickly and accurately as possible. The subjects were tested individually in a quiet room.
They sat in front of a computer screen and the task session lasted 10 min. Reaction times
(RTs) and accuracy (number of incorrect responses) were collected and used for further
analysis.

Visual Analogue Scale (VAS)

Before the facial expression recognition test, the subjects completed a VAS comprising self-
evaluation scales ranging from 0 to 100 designed to assess 2 different mood domains. Each
VAS consisted of a horizontal line, 100 mm in length, anchored at each end by word
descriptors. The subject marked on the line the point they felt best represented how they
perceived their current state. The VAS score was calculated by measuring in millimeters the
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distance from the left-hand end of the line to the point that the patient marked. We used a
VAS for anxiety (0 mm no anxiety and 100 mm the worst anxiety ever) and for mood (0 mm
the worst mood and 100 mm the best mood ever).

Visual Attention Task

To investigate whether the effects of tDCS were specific for emotion recognition or
reflected changes in arousal or attention, we tested all subjects again before and after
cerebellar and prefrontal tDCS with a visual attention task. We used an endogenous cue
version of the Posner paradigm (Posner, 1980) for studying attention using a computer-
controlled procedure (Wadsworth Publishing, Belmont, CA, USA). In this task, the patients
responded to targets that appeared at one of two locations on either side of the fixation mark.
Before the target appeared, one of these locations was cued so that subjects focused their
attention on this location. The experimental procedure for studying attention required
subjects to direct their attention to the type of cue presented: for valid cues, the target
appeared on the same side as that indicated by an arrow; for invalid cues, the target appeared
on the side opposite to that indicated by an arrow; for neutral cues, the target appeared
without a preceding arrow. The control task was a detection task in which every grating
stimulus required a right index finger response, independent of its spatial frequency or
location. Subjects were instructed to respond quickly and accurately and to maintain central
eye fixation during the trials. The total reaction times (RTs) for valid plus invalid and
neutral were collected and used for further analysis.

Cerebellar and prefrontal transcranial direct current stimulation

Cerebellar tDCS was delivered by an electrical constant direct current stimulator connected
to a pair of a rectangular saline-soaked synthetic sponge electrodes (6x7cm). The active
electrode was centered on the median line 2 cm below the inion with its lateral borders about
1 cm medially to the mastoid apophisis (over the cerebellum) and the reference electrode
over the right deltoid muscle. At the scalp site where we delivered tDCS the cerebellum is
more superficial than, for instance, the motor cortex below the fronto-parietal bone because
the occipital bone is thinner than the parietal bone (Axelsson et al., 2005). For prefrontal
cortex tDCS, electrodes were placed one over the right prefrontal cortex (between Fp2 and
F4) and the other over the right deltoid muscle.

The stimulating current was an anodal or cathodal direct current at 2 mA intensity (current
density: 0.06 mA/cm?2) delivered for 20 minutes over the cerebellum or the right prefrontal
cortex.

After a short-lasting and mild itching sensation at both electrodes in the first 10/20 seconds
of stimulation, subjects perceive no other sensation. Because for sham tDCS electrodes were
placed as for real stimulation and the stimulator was turned on for 10 to 15 sec the subjects
felt the initial itching sensation, as they did during anodal or cathodal tDCS, but thereafter
received no current. To avoid confounding biases arising from two electrodes with opposite
polarities over the scalp, we used a non-cephalic reference electrode (Ferrucci et al 2008)
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Experimental Protocol

The cerebellar tDCS session was always conducted before the prefrontal session, and at least
1 month elapsed between the two sessions. Both sessions tested the same protocol. During
the cerebellar and the prefrontal tDCS sessions, subjects were studied three times, once for
each stimulation type (anodal, cathodal, sham). One week elapsed between anodal, cathodal
and sham stimulation. Stimulations were applied in random order (for instance, 1st week
anodal, 2nd week cathodal, 3rd week sham) balanced across subjects, and for each
stimulation session subjects performed the task before cerebellar tDCS stimulation and 35
min after it ended. The order of cerebellar or prefrontal tDCS and exposure to the task were
counterbalanced. The subjects were blind to the type of tDCS delivered in each session.

For each experimental session we administered the VAS, visual attention task and
recognition task, twice in all subjects, keeping a constant order for all tasks: at baseline and
35 minutes after tDCS ended (post-stimulation) (Fig. 1). The picture set used at baseline
differed from the set used for the post-stimulation evaluation, the two sets were randomized
between subjects and conditions.

Because our previous study showed that the major effect became evident 35 min after
cerebellar tDCS ended, we used this time delay for studying the role of the cerebellum in
recognizing facial expressions.

The whole session lasted about 90 min, and testing lasted about 25 min (5 min VAS; 10 min
visual attention task; and 10 min visual recognition task, always presented in this order).

Statistical Analysis

Because our objective was to evaluate whether the tDCS influences facial emotion
recognition processes, presuming that each emotion activates different neuronal circuits
(Adolphs, 2002; Kesler-West et al., 2001; Loughead, Gur, Elliott, & Gur, 2008), our
analyses tested negative emotions (anger and sadness), positive emotion (happiness) and
neutral emotion (neutral). RTs data for negative emotions were tested with a preliminary
three-way repeated measures analysis of variance (ANOVA) with main factors “emotion”
two levels (anger and sadness); “stimulation” (three levels: anodal, cathodal, and sham) and
“time” (two levels: baseline, post-stimulation). The results of this preliminary analysis were
used to confirm the correctness of our assumptions.

When analyzing the data for negative emotions we pooled the data for anger and sadness
and we tested mean RT values for correct answers and the accuracy (i.e., the number of
answer errors).

First, we investigated possible differences between negative, positive and neutral emotions

at baseline, analyzing RTs for correct answers and accuracy with a two-way ANOVA, main
factors “stimulation” (three levels: anodal, cathodal and sham) and “emotion” (three levels:
negative, positive emotions and neutral).

To study whether tDCS influences RTs for correct answers and accuracy we ran a two-way
ANOVA for repeated measure with factors “stimulation” (three levels: anodal, cathodal, and
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sham) and “time” (two levels: baseline, post-stimulation) for negative, positive emotions and
neutral.

Baseline data for anxiety and mood visual analogue scales (VASSs) and for attention task
were tested in a one-way ANOVA with main factors “stimulation” (three levels: anodal,
cathodal and sham) for each emotion (negative, positive emotions and neutral). To evaluate
changes in arousal, anxiety and mood, we calculated percentage (baseline = 100%) changes
in the visual attention task and VAS, after tDCS as (post stimulation-baseline)/(baseline). To
compare percentage changes across stimulation types we used a one-way repeated measures
ANOVA (factor “stimulation™). Tukey honest significant test was used for post hoc analysis;
differences were considered significant at p<0.05.

The same analyses were used for the control experiments to investigate the specificity of
changes in emotional recognition by delivering tDCS over the right prefrontal cortex.

Cerebellar tDCS

Because the preliminary three-way ANOVA, performed on the negative emotions, showed
that cerebellar tDCS had the same effect on RTs measured for anger and sadness (interaction
“emotion” x “stimulation”, p>0.05) and no significant interaction “emotion” x “time”
(p>0.05) in subsequent analysis, data for both types of negative emotions were pooled.

Significant differences were found between participants’ ability to recognize the various
emotional expressions at baseline (ANOVA factor emotion, p<0.001), specifically,
participants took longer to identify negative facial expressions (post hoc ANOVA, negative
emotions vs. positive emotion p<0.001, negative emations vs. neutral p<0.001) (Fig. 2A;
Table 1). At baseline participants also differed in accuracy during the recognition task
(ANOVA factor emotion, p<0.001); specifically, they achieved the worst accuracy in
identifying negative facial expressions (post hoc ANOVA, negative emations vs. positive
emotion p<0.001, negative emotions vs. neutral p<0.001) (Fig. 2B). All participants
achieved a high percentage of correct answers at baseline for all emotions (93%), suggesting
that they remained attentive throughout the lengthy scanning session. The worse baseline
performance, 83% of correct answers, allowed us to include all participants in the study.

When we tested how cerebellar tDCS affected RTs for each emotion, we found that RTs
decreased significantly for all emotions (ANOVA factor time: negative emotions, p<0.001;
positive emotion, p<0.001; neutral, p<0.001), but only for negative emotions was the
reduction related to cerebellar tDCS (ANOVA interaction “stimulation” x “time”, p<0.05).
Post hoc analysis disclosed that anodal and cathodal tDCS both reduced baseline RTs
(anodal tDCS, p<0.05; cathodal tDCS, p<0.05).

The data analysis testing the accuracy gave no changes for any of the emotions tested after
cerebellar tDCS (p>0.05).

Similarly, ANOVA evaluating the 2-item VAS (assessing anxiety and mood) showed no
differences between sham cerebellar tDCS, anodal cerebellar tDCS and cathodal cerebellar
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tDCS for both items (anxiety, p>0.05; mood, p>0.05). Nor was a difference found in
baseline RTs (attention task) between the three stimulation procedures (p>0.05).

The visual attention task disclosed no significant cerebellar tDCS-induced changes. Nor did
cathodal cerebellar tDCS or anodal cerebellar tDCS induce specific changes that differed
significantly from those after sham cerebellar tDCS (p>0.05) (Table 2).

Similarly, feelings of anxiety and mood as evaluated by VAS remained unchanged after
cerebellar tDCS. ANOVA evaluating the 2-item VAS (assessing anxiety and mood)
disclosed a non significant interaction (anxiety, p>0.05; mood, p>0.05) (Table 3).

Prefrontal tDCS

Additional control experiments to investigate the specificity in recognition of emotion
changes by delivering tDCS over the right prefrontal cortex in 8 of the 20 subjects yielded
similar mean RT values in all subjects (Table 1). ANOVA showed a significant difference
between baseline RTs for emotion (p<0.001). Participants took longer to identify facial
expressions than all other emotions (negative emotions vs. positive emotion p<0.001,
negative emotions vs. neutral p<0.05). At baseline participants were less accurate in
identifying negative facial expressions than the other facial expressions tested (negative
emotions vs. positive emotion p<0.001, negative emations vs. neutral p<0.05, positive
emotion vs. neutral p<0.05).

When we tested the effect of prefrontal tDCS on RTs and answer accuracy we found no

change in any of the emotions tested (p>0.05). Nor did the visual attention task disclose

significant prefrontal tDCS-induced changes (p>0.05). Similarly, feelings of anxiety and
mood as evaluated by VAS remained unchanged after prefrontal tDCS (anxiety p>0.05;

mood, p>0.05).

DISCUSSION

Our main finding in this study in healthy subjects is that whereas anodal and cathodal
cerebellar tDCS both significantly enhanced sensory processing in response to a negative
facial expression, it left sensory processing for positive emotion (happiness) and neutral
facial expressions unchanged. Another interesting finding is that whereas tDCS delivered
over the cerebellum specifically affects recognition of negative facial emotion, tDCS over
the right prefrontal cortex leaves it unchanged. This difference agrees with current
knowledge that the neuronal circuits, at least those for the negative recognition system
involve the cerebellum.

Our finding that tDCS over the cerebellum specifically enhanced the ability to recognize
negative facial expression corroborates and extends current knowledge on the cerebellum’s
role in emotional information processing (Schmahmann & Sherman, 1998; Schutter & van
Honk, 2005; Turner et al., 2007). Our study, for example, implies that cerebellar tDCS could
help to enhance awareness and behavioral responses toward emotionally relevant stimuli,
especially those having some negative value.
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The cerebellar tDCS-induced changes related to negative emotion we describe here therefore
fit in well with previous research showing that negative events generally evoke stronger
cognitive, emotional, and social responses than do neutral or positive events (Fox et al.,
2000).

Our study therefore adds strength to previous proposals suggesting that the cerebellum
belongs in a widespread network that determines the meaning of external stimuli and might
also mediate facilitatory cortical processes. Recognizing facial expressions permits us to
detect another person’s emotional state and provides cues on how to respond in these social
situations. Facial expressions are central to non-verbal social exchange as markers of
internal states and intentions (Schupp et al., 2004). For example, across cultures the internal
state of anger is externally expressed as frowning brows, staring eyes, and a shut mouth with
tense lips (Ekman & Friesen, 1975), which in turn signals readiness for a physical or
symbolic attack on an observer. Because angry faces signal potential negative consequences
to the observer, they are regarded as threatening.

Our healthy subjects’ ability to recognize a negative facial expression also fit in with current
evolutionary knowledge suggesting that natural selection resulted in a propensity to react
more strongly to negative than to positive stimuli (Fox et al., 2000). This heightened
sensitivity to negative information, termed ‘negativity bias,” is a reliable psychological
phenomenon in adults (Morewedge, 2009). By allowing individuals to adapt to the
environment it favors survival of the human species.

The cerebellar tDCS-induced changes in recognition of facial expressions we identified in
healthy volunteers also fit in well with functional magnetic resonance imaging (fMRI)
studies showing that whereas the emotional stimulus happiness activates the middle
temporal gyrus, parahippocampal gyrus, hippocampus, claustrum, inferior parietal lobule,
cuneus, middle frontal gyrus, inferior frontal gyrus, and anterior cingulate gyrus, a negative
emotional stimulus activates the posterior cingulate, fusiform gyrus, and cerebellum (Park et
al. 2008).

Given the cerebellum’s known role in emotional information processing, we attribute the
specific cerebellar modulation for the recognition of an angry and sad face to the reciprocal
cerebellar connections with the amygdala (Turner et al., 2007). After amygdala damage, the
most consistently reported impaired emotional function is recognition of anger. Evidence
from human lesion studies that damage to the amygdala bilaterally invariably leads to
impaired recognition of emotional facial expressions implies that the amygdala is principally
involved in processing stimuli related to threat and danger, that it triggers cognitive
resources to help resolve ambiguity in the environment, or that the emotions whose
recognition depends most on the amygdala are related to behavioral withdrawal (Adolphs,
2002). In line with the findings of Blair et al. (1999) we suggest the involvement of at least
two dissociable, but interlocking systems in the processing of negative facial expressions.
One system responds to facial stimuli (sad) involved in social conditions; the other system
implicates regions involved in behavioral extinction by responding to angry facial
expressions.
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When we delivered cerebellar tDCS in healthy subjects we observed no changes in
recognition of positive facial expressions. Conversely, Shutter and colleagues (2009)
showed that high-frequency rTMS over the cerebellum elicited significant increases in
masked emotional responses but only in those to happy facial expressions. The discrepancy
between our results and those reported by Shutter et al. (2009) could depend on the different
kinds of stimulation, different emotional task and different experimental protocol used. In
agreement with another rTMS study by Shutter and colleagues (2009) we observed no
changes in mood. The fact that the current rTMS findings showed the implicit level of
information-processing coincides with the general idea that mood altering drugs such as
antidepressants manifest their early effects on implicit and automatic features of
information-processing rather than on the conscious experience of mood (Schutter & van
Honk, 2009).

Our study may also help to explain impaired recognition of facial expression in mental
illnesses such as depression, anxiety and schizophrenia. Emotional information processing
comprises evaluative, experiential, and expressive components (Ekman, 1992; Izard, 1994).
The evaluation of affect depends on an individual’s ability to identify the emotional valence
conveyed by an event or an object and is influenced by mental illness. People with
psychiatric disorders lose their ability to distinguish between pleasant and unpleasant
experiences and the ability to assign the appropriate emotional valence to these experiences.
For example, patients with depression tend to consider positive life events negative or
harmful whereas patients with schizophrenia seem unable to extract from a situation or
experience the emotional content needed to decide whether the experience is pleasurable or
unpleasant. In a study applying TMS over the cerebellum, others provided support for
dysfunctional cerebello-cortical connectivity in schizophrenia (Daskalakis, Christensen,
Fitzgerald, Fountain, & Chen, 2005). In another study cerebellar TMS applied for 20
minutes in healthy volunteers modified EEG recordings over the prefrontal cortex and
increased positive mood and alertness (Schutter, van Honk, d’Alfonso, Peper, & Panksepp,
2003). Hence, using a brain stimulation technique to study emotional processing in healthy
humans should help identify the neural mechanisms underlying mental illnesses such as
schizophrenia, depression and anxiety.

In our experiments, we found no difference between anodal and cathodal tDCS applied over
the cerebellum. This observation agrees with the lack of polarity-specific tDCS-induced
changes in cognitive experiments (Marshall et al., 2005). A possible explanation for the lack
of polarity specificity of cerebellar tDCS comes from general physiological mechanisms that
have been known for years (Lorente De N0, 1947). The loss of function in any excitable
tissue can be obtained with depolarization and with hyperpolarization. For instance, classic
neurophysiological experiments demonstrated that axonal conduction can be completely
blocked, even for several hours, by depolarization (“depolarizing” block) and by
hyperpolarization (“hyperpolarizing” or “anodal” block), both leading to the same decreased
excitability and, ultimately, to a loss of function (Lorente De N0, 1947). This lack of
polarity specificity could well apply also to the cerebellum, a brain structure that is
theoretically more susceptible to direct current and has a hierarchically superior role in
controlling cortical processing.
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In conclusion, cerebellar tDCS alters the way healthy subjects recognize specific facial
expressions thus showing that the cerebellum plays a direct role in recognition of negative
emotions. By providing objective evidence confirming the proposed link between social
cognition and the cerebellum our neuromodulatory approach could provide new insights into
mental illnesses. Combined with cognitive-behavioral therapy, cerebellar tDCS might be
useful in treating patients with psychiatric illnesses thought to involve cerebellar dysfunction
and emotional disturbances.
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< 35 min > I Post-stimulation I

Anodal/Cathodal
2mAx 20 min

Visual Analogue Scale = 5 min
Visual Attention Task = 10 min
Facial Emotion Recognition task = 10 min

|

25 min

Figure 1.

Experimental protocol. A. Examples of facial stimuli for each of the four facial emotion
expressions. B. Schematic diagram of the experimental design during a single session.

Cogn Emot. Author manuscript; available in PMC 2014 November 17.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Ferrucci et al.

Page 15

1300
& 900 -
P Il ANODAL
4 I CATHODAL
SHAM
0o | ___ [ I
Negative Positive Neutral
emotions emotion
*
*
7, P
3
» -¢= ANODAL
S 2
5 «s- CATHODAL
SHAM
1]
0 T T
Negative Positive Neutral
emotions emotion

Figure 2. Baseline analysis
reaction times (RTs) and answer errors for each emotion.

(A) Histograms represent grand average (n=21) of reaction time (RT) for correct answers for
each emotion (negative, positive and neutral) and cerebellar transcranial direct current
stimulation (anodal cerebellar tDCS, cathodal cerebellar tDCS, sham cerebellar tDCS). y-
axis: mean RT values (ms).

(B) Grand average (n=21) of answer errors for each emotion (hegative, positive and neutral)
and stimulation (anodal cerebellar tDCS, cathodal cerebellar tDCS and sham cerebellar
tDCS). y-axis: mean number of errors. Error bars represent the 95% confidence interval of
the estimated mean (1.96*standard error). * p<0.05, two-way analysis of variance
(ANOVA). Note that, at baseline participants identified sadness with lower speed and worse
accuracy than all other emotions. Note that no differences were found between sham
cerebellar tDCS, anodal cerebellar tDCS and cathodal cerebellar tDCS in RTs and answer
errors.
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Figure 3. Box plots and trial-to-trial representation showing the effect of cerebellar transcranial
direct current stimulation (tDCS) on emotional recognition (negative, positive emotions and

neutral)

On each box the central mark is the median, the edges of the box are the 25th and 75th
percentiles, the whiskers extend to the most extreme data points not considered outliers, and
each outlier is plotted individually (cross). y-axis: RTs (ms). Trial to trial grand average
(n=21) of reaction times (RTs) across task stimulus presentation before cerebellar tDCS

stimulation (24 answers) and after cerebellar tDCS stimulation (24 answers). x-axis:

answers, note that the X axis graphically represents the time elapsing between the end of the
task execution before stimulation and the beginning of the task execution after tDCS (15’
tDCS and 35 rest); y-axis: RTs (arbitrary units, AU). A Note that anodal and cathodal
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cerebellar tDCS both reduce baseline RTs for negative emotions (two-way ANOVA,
*p<0.05). B, C cerebellar tDCS induced no change in RTs from baseline either for positive
emotion or neutral emotion. The trial-to-trial representation highlights the finding that
anodal and cathodal curves differ from sham curves for negative emotions, but are similar to
sham curves for positive and neutral emotions.
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