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Abstract Over the past three decades, insights into the role of
the cerebellum in emotional processing have substantially in-
creased. Indeed, methodological refinements in cerebellar le-
sion studies and major technological advancements in the field
of neuroscience are in particular responsible to an exponential
growth of knowledge on the topic. It is timely to review the
available data and to critically evaluate the current status of the
role of the cerebellum in emotion and related domains. The
main aim of this article is to present an overview of current
facts and ongoing debates relating to clinical, neuroimaging,
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and neurophysiological findings on the role of the cerebellum
in key aspects of emotion. Experts in the field of cerebellar
research discuss the range of cerebellar contributions to emo-
tion in nine topics. Topics include the role of the cerebellum in
perception and recognition, forwarding and encoding of emo-
tional information, and the experience and regulation of emo-
tional states in relation to motor, cognitive, and social behav-
iors. In addition, perspectives including cerebellar involve-
ment in emotional learning, pain, emotional aspects of speech,
and neuropsychiatric aspects of the cerebellum in mood
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disorders are briefly discussed. Results of this consensus pa-
per illustrate how theory and empirical research have con-
verged to produce a composite picture of brain topography,
physiology, and function that establishes the role of the cere-
bellum in many aspects of emotional processing.

Keywords Cerebellum - Emotion - Perception -
Recognition - Processing - Learning - Neurotopography -
Neurophysiology - Pain - Speech - Mood

Introduction

Research on the relationship between the cerebellum and
emotion processing has a relatively short history over the past
60 years. Whereas early reports were often anecdotal or re-
stricted for methodological reasons (e.g., technical, animal
experimentation), there has been a substantial development
of research insights since the early 1990s. Only a few years
after the introduction of the dysmetria of thought theory,
Schmahmann and Sherman [1] described in a seminal study
of patients with focal cerebellar lesions a consistent pattern of
cognitive and affective deficits and coined the term “cerebellar
cognitive affective syndrome” (CCAS) to describe this condi-
tion. CCAS has become an anchor point, promoting succes-
sive waves of neuroscientific research investigating the role of
the cerebellum in nonmotor functions, including cognition
and affect. This research continues to be stimulated by tech-
nical advances, including neuroimaging procedures such as
magnetic resonance imaging (MRI) to the investigation of
abnormalities in the human brain. New discoveries have led
to innovative lines of research opening up novel and fascinat-
ing topics such as the emotional cerebellum. Broad agreement
has been reached around the contribution of the cerebellum to
diverse domains of emotional processing, starting with emo-
tional perception and recognition, proceeding through evalu-
ation of emotional contexts, and culminating in emotional
bodily and facial expressions and social behavior. Consensus
has emerged from clinical, experimental, neuroimaging, and
neurophysiological investigations of emotion that the cerebel-
lum is part of the cortico-limbic networks subserving emotion
processing.

This paper gathers the opinions of a group of selected sci-
entists with established expertise in distinct research areas
each addressing the nonmotor role of the cerebellum in cog-
nitive, affective, social, and emotional processing. Opinions
are presented as condensed abstracts following a systematic
order. The series starts with the perception, recognition and
forwarding of information about emotion, and ranges through
to discussion of emotionally relevant domains such as lan-
guage and pain. The consensus paper starts with a discussion
on the role of the cerebellum in emotional perception by Maria
Leggio and Marco Molinari who provide a critical overview
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of these early stages of emotional pathways. Next, Federico
D’Agata, Michael Adamaszek, and Laura Orsi discuss how
the cerebellum is involved in emotional recognition, in both
early and later stages of emotional processing, and its rele-
vance to social cognition. Roberta Ferrucci and Alberto
Priori provide an account of how our knowledge of cerebellar
contributions to emotional processing has developed.
Benedetto Sacchetti discusses the role of the vermis and its
connections in the stages of emotional learning and memory.
Christophe Habas takes a broad neuroanatomical perspective
by summing up current insights in the topographical organi-
zation of the emotional cerebellum. In addition, Michael
Adamaszek and Kenneth Kirkby provide a critical overview
of what is known about the neurophysiological basis of the
cerebellar contribution to emotion. Eric Moulton discusses
pain processing, a topic of both theoretical and clinical impor-
tance, summarizing the involvement of the cerebellum in a
broad range of aversive emotions. Stefanie Keulen, Jo
Verhoeven, Frank Van Overwalle, and Peter Marién provide
an indepth overview of how the cerebellum responds to and
shapes the emotional components of language, in particular
emotional speech processing. Finally, Dennis Schutter out-
lines the role of the cerebellum in mood disorders, addressing
clinical issues and their pathophysiological background.

Cerebellum and Emotional Perception (Maria
Leggio, Marco Molinari)

The concept of perception is a complex one. According to the
Oxford Advanced Learner’s Dictionary perception is as fol-
lows: the way we notice things, especially with the senses; the
ability to understand the true nature of something; and an idea,
a belief, or an image we have as a result of how we see or
understand something. A vast amount of the literature ad-
dresses the complexity of mechanisms involved in perceiving
the outside world as well as our own physical or emotional
state.

Within this framework, empirical data show that the cere-
bellum is involved in a wide range of perceptual processing
(see the consensus paper by Baumann et al. [2] for an exten-
sive discussion of this issue). Indeed, perceptual optimization
and prediction of incoming information have been shown to
rely on cerebellar processing in virtually all sensory domains
[3, 4].

According to Shobe’s theoretical model [5], emotional pro-
cessing arises from subcortical networks that influence corti-
cal activity, enabling cross-callosal transfer of emotional in-
formation from the right hemisphere to the left hemisphere.
Interestingly, this cross-callosal transfer is considered relevant
for perceiving negative emotions [5].

Furthermore, there is evidence that two discrete neural sys-
tems support emotional perception: one operating at a



Cerebellum

conscious (explicit) level and the other at a non-conscious
(implicit) level [6]. The two systems share most of the neural
substrates, but explicit processing also recruits additional net-
works in comparison to the implicit one.

Neuroimaging and clinical data identify the cerebellum as a
key region among the emotion relevant structures [7, 8], and
distinct subregions of the cerebellum are selectively involved
in different primary emotions [9]. However, what the exact
role of the cerebellum is in the emotion-related networks is
still an open question. Positive and negative emotions have
been both considered to be processed by the cerebellar circuits
[9, 10], although a predominance of negative emotions pro-
cessing has been suggested [11, 12]. In different functional
domains, the cerebellum has been considered to be associated
with implicit processing. Regarding emotion, contrasting data
have been reported. Indeed, cerebellar involvement in both
implicit and explicit processing has been described [6, 13].

We recently analyzed emotional perception in subjects with
cerebellar lesions. During emotional stimulation, mean blood
flow velocity (MFV) of the middle cerebral arteries (MCAs)
was recorded by means of transcranical Doppler ultrasound
(TCD) [14]. It has been demonstrated that in healthy subjects,
negative emotional stimuli processing clearly evokes an in-
creased MVF in the right MCA [15]. Since this increase dur-
ing negative emotional stimulation is lost in patients affected
by cerebellar pathologies, cerebellar lesions cause selective
impairments in the ability to activate the right hemispheric
areas during negative emotional stimulation [14]. This finding
suggests that the cerebellum has a role in negative emotional
stimuli processing. Indeed, cerebellar involvement in elabo-
rating negative emotions is also supported by neuroimaging
and neurophysiological studies [11, 12].

Emotional processing is an important component of gam-
bling behavior. Different studies have focussed on the frontal
cortex and basal ganglia as key nodes in gambling functional
brain networks [16, 17]. A cerebellar role in perceiving emo-
tions would suggest a possible alteration in gambling behavior
in case of cerebellar damage. Surprisingly, a normal gambling
pattern has been reported in subjects affected by cerebellar
pathologies [18]. Indeed, patients with cerebellar disorders
do not fail to anticipate the possible consequences of their
choices and thus learn to avoid choices that predict future
regret correctly. As a result, cerebellar patients are able to
anticipate regret and to maximize expected values.
Furthermore, they present normal physiological modulation
of skin conductance in the different conditions of the gam-
bling task [18]. Overall, in the presence of a cerebellar lesion,
subjects are able to process emotional events and to perceive
their negative emotional content.

However, when cerebellar patients are asked to evaluate
their affective state through an emotional rating scale that
indicates the valence and the intensity of the affective re-
sponse, they are unable to make explicit their negative feeling

[18]. This datum, in line with functional neuroimaging data by
Scheuerecker et al. [6], demonstrates implicit/explicit differ-
ences in the cerebellar processing of emotional perception,
i.e., a cerebellar specific involvement in explicit self-
monitoring of regret but not in implicitly controlling regret-
dependent behavior [18].

A similar deficit in explicit perceiving emotion has been
observed when the mood of patients affected by cerebellar
pathologies is tested by MoMo. MoMo is a new mood-
monitoring device developed to detect depressive mood as
well as daily and weekly mood fluctuations [19]. Unlike pa-
tients with a diagnosis of major depression, cerebellar patients
affected by clinically relevant depressive disorders are unable
to explicitly recognize their bad mood (personal observation,
manuscript in preparation).

The importance of cerebellar circuits for explicit self-
recognition of negative emotion may be of relevance for un-
derstanding the neuropsychiatric symptoms that can be detect-
ed in subjects affected by cerebellar disorders [20].

It is important to underline that in some cases, emotional
symptoms are sometimes the major complaint of patients with
cerebellar pathology. This condition has been well depicted by
Annoni et al [21] in a patient affected by left cerebellar stroke.
Self-evaluation of life situation was marked by affective indif-
ference; he did not feel his own emotions and did not care
about other persons’ emotional states. The patient declared:
“Before my stroke, when a person of the family was suffering,
it was as if a part of myself was ill. Now, it is a simple fact, like
something written in a newspaper.” He suffered from several
cognitive deficits but his most persistent affliction concerned
the loss of emotions [21].

In spite of a robust and rapidly growing body of evidence
regarding behavior/emotional symptoms caused by cerebellar
lesions [20-22], the counseling and medical management of
patients affected by cerebellar diseases still suffer from the
lack of a well-defined cerebellar psychiatric nosology and
from the clinicians’ unawareness of the neuropsychiatric
symptoms.

Schmahmann, Weilburg, and Sherman [20] grouped the
wide range of cerebellar behavioral and emotional disorders
in five major categories—attentional control, emotional con-
trol, autism spectrum, psychosis spectrum, and social skill set.
They conceptualized these behaviors “as either excessive or
reduced responses to the external or internal environment.”

The theory has been advanced that psychotic symptoms
may arise from the loss of internal coherence between internal-
ly perceived and externally generated signals [23]. This “mind-
world synchronization” can be achieved only if the perceptual
systems constantly tune themselves to an ever-changing envi-
ronment [24] and the perceptual tuning can be achieved only if
patterns are detected and predictions are made [3].

Following an early proposal by Braitenberg and colleagues
[25], we applied a “sequence detection model” to describe the
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operational mode of cerebellar processing in several domains
including emotion processing [3]. According to this model,
the cerebellum detects and simulates repetitive patterns of
temporally or spatially structured events, allowing internal
models to be created [26] and predictions about the incoming
events to be made [27].

It is worth noting that cerebellar dysfunctions have been
identified in several psychiatric pathologies, such as schizo-
phrenia and autism, in which impairments in pattern process-
ing and error signal prediction have been advanced.

Ultimately, cerebellar processing might take part in gener-
ating coherent representations of the world [28, 29] and the
hypothesis that patients affected by cerebellar lesions are im-
paired in self-perception of emotions because of an affected
top-down emotional-cognitive integration supports this idea.

Cerebellum and Emotional Recognition (Federico
D’Agata, Michael Adamaszek, Laura Orsi)

We define social cognition as the capacity used by humans to
understand and interact with other people in a social environ-
ment. We will include in the basic skills of social cognition the
perception of others as subjects endowed with intentions, be-
liefs, thoughts, and emotions and the use of these skill to build
interactions between two or more individuals (e.g., attach-
ment, teamwork, obedience, imitation, respect of social
norms). Social cognition is important for the life of the
Homo Sapiens and it is a main aspect of its development. At
a very early phase in their development, children are able to
respond to social stimuli (e.g., facial expressions, joint atten-
tion) and the learning of these skills is essential. However,
there are many open questions. Is social cognition a special
kind of cognition from a neural perspective, or does it use
general mechanisms readapted from emotion and cognitive
processing? What are the neural networks involved? This sec-
tion will focus on a more specific question: is the cerebellum
part of these networks? It should be emphasized that the cer-
ebellum is involved in many cognitive and affective skills that
are necessary for the proper functioning of social cognition,
but its specificity is more controversial.

In social cognition, there are two main topics: the mirroring
field that focuses on circuits that are involved in one’s own
actions and emotions and in perceiving those of others and
the Theory of Mind (ToM) field that study the role of midline
structures in mentalizing about the states of others [30].
However, it remains to be demonstrated if social cognition is
hard wired into the brain or not [31, 32]. There is convincing
evidence derived from data obtained in healthy subjects and
patients with cerebellar damage of the involvement of the cer-
ebellum in many basic social cognition skills. Healthy subjects
showed posterior cerebellar activations during joint attention
[33], during anticipation of social group success [34], during
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observation and imitation of facial emotions (especially nega-
tive emotions), during goal directed actions [35, 36], and during
mother-infant interaction [37]. In a recent meta-analysis [38],
partial involvement of the cerebellum was found in event or
person mentalizing or mirroring tasks. In addition, a critical
contribution to higher abstraction mentalizing was found as
well. Several important findings correlate connections of the
cerebellum to brain areas, in particular the amygdala and the
frontal cortex, to the size of the social group or social status,
both in humans [39, 40] and in monkeys [41, 42].

Cerebellar stroke patients showed impairment in the ability
to recognize emotions regardless of the stimulus (visual or
auditory), particularly for negative emotions [43]. Patients
with cerebellum degeneration (spinocerebellar ataxia) had
deficits in ToM and recognition of face emotional expressions,
especially of social emotions like guilt, with a gradient related
to the complexity of the stimulus [44, 45].

These studies suggest that the cerebellum also contributes
to processes involving morality. Harenski and colleagues [46],
for example, showed activation of the right cerebellum when
subjects were presented with emotional images associated
with moral values as compared to value-neutral images.
These results concur with a functional magnetic resonance
(fMRI) study that showed right cerebellum activity when par-
ticipants were experiencing moral compassion [47]. The pos-
itive association that was found between cerebellum actvity
and perceived degree of severity of presented moral violations
further adds to a link between the cerebellum and morality
[48]. In addition to perceiving and experiencing, the cerebel-
lum also appears to be involved in moral decision making
[49]. A recent fMRI study using the psychophysiological in-
teraction analysis method reported significant interactions be-
tween the cerebellum and cortical midline structures (CMS)
including the medial prefrontal cortex (MPFC) and posterior
cingulate cortex (PCC) in morality-related task conditions
[50]. The observation that the functional assocation between
the cerebellum and CMS increased when participants were
experiencing intuitive negative emotional responses suggests
that the cerebellum participates in modulating emotions dur-
ing the process of decision making.

In clinical populations, patients with schizophrenia present-
ed with alterations in fronto-temporal-thalamo-cerebellar net-
works, with decreased cerebellum volume and with cerebellar
neurotransmitter dysfunctions [51]. A core feature of schizo-
phrenia is affective blunt, emotion recognition deficits and
social difficulties that could be related to cerebellar derived
alterations for emotion and lead to mixed results for ToM [52].
Perhaps, the most convincing evidences come from research
on autism spectrum disorder (ASD). In genetically engineered
mice, the loss of Tscl (tuberosis sclerosis 1) causes alterations
in Purkinje cells morphology and abnormal behavior, includ-
ing altered social interactions, therefore indicating a close link
between cell function and ASD deficits [53]. During early
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Fig. 1 Lesion mapping for early and late injuries resulting in autism
social deficits. Brain areas result in lasting autism spectrum disorders
social deficits when injured neonatally (b/ue), in adulthood (red), or that
can be fully or partially compensated after an injury regardless of age
(light or dark gray). Medial temporal area is depicted in violet to indicate
that both neonatal and adult injuries can cause social deficits, but only if
the whole medial structures are damaged, for neonatal lesions, deficits are

postnatal years, patterns of ASD gene coexpression are spe-
cifically expressed in the cerebellum; moreover, early disrup-
tion of the cerebellar circuitry is positively correlated with
ASD with a risk ratio as high as 40 [54].

A fundamental concept that has emerged is developmental
diaschisis [54]: cerebellar dysfunction in critical sensitive pe-
riods may disrupt the maturation of distant neocortical cir-
cuits; in fact, with the exception of the cerebellum, ASD def-
icits arising from early-life lesions are to a large degree recov-
erable over time (Fig. 1).

Many ASD symptoms (motor, emotional, social) can be
unified in a framework that depicts the disorder as an impair-
ment of predicition [55] arising from a loss of connection of
the frontal cortex and cerebellum during development. This
fronto-cerebellar network may be equally important in ontog-
eny as it is in phylogeny. Comparing the brains of primates
and humans, it has been recognized that the posterior cerebel-
lar lobes, the frontal cortices, and pontine connections co-
evolved in parallel [56, 57]. These cerebello-thalamo-cortical
networks play a crucial role in human evolution [58], but it is
still under debate if the main determinant of the evolutionary
pressure was the use of tools or the size and complexity of the
social group [59]. Using phylogenetic comparative analysis,
some authors demonstrated that the cerebellum and frontal
structures not only co-evolved but also correlated with the
development of tools and with the size of the social group
[58]. This means that if we consider the cerebellum as part
of a single system, both in terms of phylogeny and ontogeny,
we can appreciate its importance in the development of many
important skills crucially involved in social cognition.

Cerebellum and Emotional Processing (Roberta
Ferrucci, Alberto Priori)

Emotional information processing comprises evaluative, experi-
ential, and expressive components [60, 61]. The evaluation of
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not compensatable. Data about ACC neonatal lesion are nowadays
lacking. PFC=prefrontal cortex, ACC=anterior cingulate cortex,
OFC=orbitofrontal cortex. Brain renders were realized with Mango
(http://ric.uthscsa.edu/mango) from the MRIcron canonical ch2better.nii
template (http://www.mccauslandcenter.sc.edu/mricro/mricron). Adapted
by Wang et al., 2014, Neuron [54]. Copyright 2014 by Cell Press.
Adapted with permission

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 may lose their
capacity to distinguish between pleasant and unpleasant experi-
ences 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 pa-
tients with schizophrenia seem unable to extract from a situation
or experience the emotional content needed to decide whether
the experience is pleasurable or unpleasant.

The cerebellum is particularly well suited to regulate emotion,
as connections with limbic regions, including the amygdala, the
hippocampus, and the septal nuclei have been posited [9].

The concept that the cerebellum intervenes in regulating
emotions and mood has gained popularity since the 1970s
[9, 62]. The first study linking the cerebellum to emotions
reported the case of a patient who underwent electrical stimu-
lation of the dentate nucleus and superior peduncle and report-
ed experiencing negative feelings [63]. Later in 1970, it was
shown that chronic stimulation of cerebellum improves emo-
tional symptoms, such as aggression, anxiety, and depression,
in the affected patients.

A recent possible way of gathering insights into the functional
role of the human cerebellum in the regulation of emotion may
be provided by transcranial direct current stimulation (tDCS)
[64]. The need for a non-invasive tool to influence cerebellar
function in normal and pathological conditions led researchers
to develop cerebellar tDCS. Cerebellar tDCS depends on the
principle that weak direct currents delivered at around 2 mA
for minutes over the cerebellum through surface electrodes in-
duce prolonged changes in cerebellar function [65]. Cerebellar
tDCS modulates several cerebellar skills in humans including
motor control, learning, and emotional processing [66, 67]. In
a recent study designed to understand the cerebellar role in emo-
tional expression recognition, Ferrucci et al. [64] showed that
cerebellar tDCS significantly enhanced the response to negative
facial emotions leaving the perception for positive and neutral
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facial expression unchanged. These results fit in well with 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,
the negative emotional stimulus activates the posterior cingulate,
fusiform gyrus, and cerebellum [11]. The study also suggests that
processing of negative facial expressions involves at least two
dissociable, but interlocking systems. One responds to facial
stimuli (sad) involved in social conditions, and the other impli-
cates regions involved in behavioral extinction by responding to
angry facial expressions. In addition, reciprocal connections link
the cerebellum with brainstem areas containing neurotransmit-
ters involved in mood regulation, including serotonin, norepi-
nephrine, and dopamine [68, 69]. These results therefore add
to previous proposals suggesting that the cerebellum is embed-
ded in a widespread network that determines the meaning of
external stimuli and might also mediate facilitatory cortical pro-
cesses. Healthy subjects’ ability to recognize an angry facial
expression also fit in with current evolutionary knowledge sug-
gesting that natural selection resulted in a propensity to react
more strongly to negative than to positive stimuli [70]. This
heightened sensitivity to negative information, termed “negativ-
ity bias,” is a reliable psychological phenomenon in adults [71].
By allowing individuals to adapt to the environment it favors
survival of the human species.

Recognizing an expression of anger should prepare the or-
ganism for defense and struggle, as part of a defense system
designed to protect the organism against threats to acquire valu-
able resources. Hence, we hypothesize that the fight-flight re-
actions of the organism involve cerebello-hypothalamic inter-
actions. Over the past three decades, numerous investigators
have electrically stimulated discrete brain areas to evoke ag-
gressive behavior in several animal species, showing that ag-
gression can be elicited by electrical stimulation of the hypo-
thalamus and periaqueductal gray (PAG) of the midbrain [62].
The hypothalamus seems to be critical for the ability to express
aggressive responses and the attack mechanism seems to be
powerfully modulated by distinct nuclei in the amygdala [72].
Animal aggression has also been studied extensively using ex-
perimental models other than those entailing brain stimulation.
The attacks simulated in naturalistic models (such as maternal
aggression, offensive or defensive territorial aggression,
mouse-killing, and the “cornered rat”) and in artificial models
(such as shock-induced fighting) all share similarities with the
“hypothalamic attack” [72].

Cerebellum and Emotional Learning (Benedetto
Sacchetti)

In the past two decades, an increasing number of studies have
pointed out that the cerebellum, with particular emphasis on
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the cerebellar vermis, plays a role in memory formation of
emotionally laden stimuli. In 1990, Supple et al. demonstrated
that irreversible lesions of the cerebellar vermis, but not of the
cerebellar hemispheres, impaired the acquisition of classically
conditioned bradycardia in rabbits [73] and rats [74].
Subsequently, we demonstrated that reversible inactivation
of the cerebellar vermis, performed after pairing sensory stim-
uli to unconditioned aversive stimulation, caused amnesia in
rats [75]. Additional studies confirmed these findings
([75-81]; see 81 for an extensive review).

One of the more important discoveries in these studies was
that the role of the cerebellum in emotional learning is more
complex than the simple regulation of motor and/or emotional
responses. In fact, manipulation of the vermis caused amnesic
effects without interfering with basal motor or emotional re-
sponses or with sensory stimuli perception in rodents [74—77,
80]. These data are in accordance with data obtained in
humans, which showed that some regions of the cerebellum
are activated by associative aversive processes independent of
the direct regulation of motor/autonomic processes [81-83].
Overall, both animal and human studies indicate that the ver-
mis plays a role in the associative processes that form emo-
tional memory traces. Remarkably, this part of the brain is
involved in all of the putative phases of the emotional memory
process, namely the acquisition [73, 74, 81], consolidation
[75, 80], storage/retrieval and reconsolidation [77], and ex-
tinction [83] of memories.

The involvement of the vermis in emotional learning raises
the question of whether this structure is also a site for plasticity
related to memory trace formation. Supple et al. [73] showed
that an acoustic stimulus, previously paired with an electric
shock, elicited increased firing of the vermal Purkinje cells.
Subsequent studies demonstrated that associative fear learning
is correlated with potentiation of both excitatory [76, 84] and
inhibitory [85] synapses impinging onto the same Purkinje
cells. These changes are long lasting (at least up to 24 h after
learning) and are strictly related to associative processes, thus
representing neural substrates of cerebellar learning processes.
The concomitant plasticity of excitatory and inhibitory synap-
ses plays a critical role in the spike generation of Purkinje cells
and therefore for the precision of memory and learned behav-
ior [85]. Remarkably, learning-related changes in the inhibito-
ry—excitatory balance were also detected in the mossy fiber
terminals at the vermal cortex entrance [78]. Indeed, the ma-
nipulations of either the excitatory synapses on the Purkinje
cells [77] or of the mossy fiber terminals [78] caused amnesia,
revealing that these changes are not a metaplasticity phenom-
enon, but a necessity for learning to occur.

In forming new emotional memory traces, the vermis likely
interacts with several other structures involved in emotional
learning, such as the amygdala, hypothalamus, periaqueductal
gray, and sensory cortex. A recent study showed that blockade
of the basolateral amygdala, a key site for fear learning,
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prevents the formation of learning-related plasticity in the ver-
mis [86]. On the other hand, it has been reported that vermian
and fastigial stimulation induce electrophysiological responses
in the basolateral amygdala [87]. These results suggest that the
vermis interacts with the amygdala during emotional associa-
tive processes and that such interplay may be bidirectional.

By way of the fastigial nucleus, the vermis also projects to the
periaqueductal gray area, and this connectivity is fundamental
for generating appropriate patterns of emotional behavioral re-
sponses [79, 88]. Another important interplay for associative fear
memories may stem from the connectivity of the vermis to the
auditory cortex. Sensory cortices, such as the auditory cortex, are
required for the formation [89] and the long-term storage/
retrieval [81] of emotional memories [90]. By passing through
a cortico-pontine-cerebellar pathway, auditory cortical outputs
arrive at the cerebellar vermis [91]. Therefore, the vermis may
receive memory-related information encoded at the level of the
sensory cortex through the mossy fibers, a pathway that, as pre-
viously described, displays learning-related changes [78].

Given all of these connections, the vermis may represent an
interface between sensory stimuli, the emotional state of the
subject, and motor responses. Thus, learning-related plasticity
at this site may be necessary to relay appropriate emotional/
motor behaviors to sensory stimuli and to maintain this infor-
mation for a long period of time.

Topographical aspects of Cerebellum and Emotion
(Christophe Habas)

A growing number of clinical, anatomical, and imaging data
have firmly established the role of the cerebellum not only in
sensorimotor function but also in cognition and, very likeky, in
emotion. In particular, functional imaging including brain
resting-state functional connectivity has allowed a precise
in vivo antomo-functional parcellation of the whole human
cerebellar cortex and a clear characterization of the main
cortico-cerebellar networks organized into parallel closed loops
subserving specific cerebellar functions. The cerebellum has
thus been subdivided into two main regions [92]: (1) a senso-
rimotor zone (lobules [-VI and VIII) in relation with sensori-
motor cortex and (2) a cognitive supramodal region (lobules
VI, VII especially Crus I and II, VIII, and IX) in relation with
the associative cortices, and included in intrinsically connected
circuits such as right and left executive and default-mode net-
works [93]. However, several data support the view that a third
well-delineated cerebellar limbic zone specifically devoted to
emotional processing must be added [1, 94].

Stimulation Functional Imaging Baumann and Mattingley
[9] found strong posterior vermal and paravermal cerebellar
activation (lobules VI-IX) correlated with several primary
emotions (happiness, anger, disgust, fear, and sadness).

Activated clusters were not strictly segregated as vermal lob-
ule VIIIA was recruited by disgust, sadness, and happiness,
while lobule IX activation was involved in anger and disgust.
Alexithymia was accompanied by hypoactivity in vermal lob-
ules V-VI, lobule IX, and the dentate nuclei [95]. Activation
of'the lateral hemispheres was also observed for anger and fear
[9], disgust [96], autonomic functions [97], and pain [98, 99].
It is noteworthy that noxious thermal stimulation induces ac-
tivation of the anterior vermis, deep cerebellar nuclei, and
hemispheric lobule VI and that pain intensity rating was asso-
ciated with activation within vermal lobule III, the deep cere-
bellar nuclei, and ipsilateral hemispheric lobules III-VI [100].
Meta-analyses found emotion-related activity in vermal lobule
VIIAt [7], left Crus I and right lobule VI[7, 101], right lobules
VIIA, IV/V, and IX, left lobules VI and VIIIB, right crus I,
and left crus I1[101]. Another meta-analysis reported cerebel-
lar activation during explicit emotional face processing in the
vermis of lobules IV and VI [102]. Moulton et al. [99] dem-
onstrated that heat noxious stimuli and passive viewing of
unpleasant images activated the same zones in hemispheric
parts of lobule VI and Crus I and VIIb.

Resting-State Functional Connectivity An independent
component analysis found at rest that the salience network
involved in interoception, autonomic, and emotional regula-
tion [103] encompasses vermal and hemispheric parts of the
lobule VI as well as the adjacent Crus I and dentate nuclei
[93]. Furthermore, region-of-interest analyses showed func-
tional coherence between the cerebellum and the brain areas
participating in emotion processing:

1. Amygdala and vermis of lobules I-V, VIIb, VIIIA, and IX
and hemispheric part of lobules I-VI and VIIb [104], es-
pecially the centromedial subnucleus [105]

2. Hippocampus (declarative memory) and lobules I-X
[104]

3. Right dentate nucleus (main output channel of the cere-
bellum) and hypothalamus, insula, and anterior cingulate
cortex (BA 24) [106]

Synthesis The “emotional” cerebellum might include several
specific and non-specific areas. First, the posterior vermal and
paravermal areas (and associated deep cerebellar nuclei espe-
cially the fastigial nuclei) with a prominent role of lobules VI
VII may partake in primary emotion processing. Each emotion
would recruit specific cerebellar loci, with some spatial over-
lapping. This specific “medial limbic” part of the cerebellum
may partly belong to the salience network including the insula,
frontal operculum, anterior cingulate, and medial prefrontal
cortices, and may also be connected with the amygdala and
hippocampus. Second, lateral hemispheres of the posterior cer-
ebellum (lobules VI-VIII, especially Crus I and II) which are
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part of the executive cerebellum may be recruited by cognitive
aspects of emotion processing (working memory, attention al-
location, emotion evaluation, response selection) or associative
learning. Third, since the dentate nucleus is functionally con-
nected with the neocerebellar cortex (especially lobules VI/VII)
and with the hypothalamus and cingulate cortex, some areas
within lobules VII (Crus I and II) may participate in a more
lateral (and likely phylogenetically more recent) “limbic” area
within the cerebellum. Fourth, anterior lobe and lobule VIIIB
activation could also reflect automatic motor aspect of emotion-
al processing like facial expression or startle/withdrawal/avoid-
ance reflex. Fifth, pain processing mainly concerns the vermal
anterior lobe and hemispheric lobe VL.

In conclusion, the cerebellum not only seems to be in-
volved in experience of emotion (medial and lateral “limbic”
cerebellum) but also in the control and coordination of auto-
nomic, cognitive, and appropriate behavioral responses (sa-
lience and executive networks).

Neurophysiology of Emotion in the Cerebellum
(Michael Adamaszek, Kenneth C. Kirkby)

Clinical and brain imaging research has identified discrete
regions of the cerebellum that are involved in cerebral circuits
responsible for emotional processing. Of note are the medial
cerebellum, in particular the vermis, and lobules VI and Crus I
in the lateral cerebellum, and their reciprocal connections to
the prefrontal cortex and temporal lobes [7]. While our under-
standing of cerebellar topography in relation to emotional pro-
cessing continues to grow, research into the neurophysiology
of these processes has been less prominent in the literature.
Neurophysiology offers a number of important insights into
autonomic responses and higher-order neural circuitry in-
volved in emotional processing. Reports of impaired respon-
siveness of arterial blood flow to aversive stimuli [107] and
reduction of the decrease in heart rate normally associated
with fear conditioning in subjects with vermal lesions [108]
emphasize cerebellar participation in autonomic pathways that
subserve the cardiovascular system and emotional regulation
[109]. Additionally, observations such as lowered skin con-
duction response to negative stimuli attributed to a left cere-
bellar lesion [21], an impaired startle response after vermal
lesions [110], and an impaired blink reflex to fear stimuli in
medial cerebellar lesions [111] emphasize the neurophysio-
logical evidence of cerebellar involvement in unconcious re-
sponses mediated by autonomic neural pathways during emo-
tional processing and associated behavioral routines.

With regard to high-order processing of emotional cues,
neurophysiological research show functional connectivity be-
tween the cerebellum and different cerebral domains involved
in preattentive processing. Event-related potential (ERP) stud-
ies in humans with circumscribed cerebellar lesions of the
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lateral hemispheres have identified impaired visual emotional
attention [112] and emotional face recognition [113]. The asso-
ciated ERP differences have been found in both early and late
processing stages, suggesting impairments of bottom up as well
as top down control of emotional cue processing (see Fig. 2).
The cerebellum plays a key role in the rapid synchroniza-
tion of motor and sensory information processing, including
the complexities of recognizing and responding to emotional
cues. This seems to involve serial as well as parallel compu-
tations in networks that handle stimulus perception [114, 115]
feeding into nerve pathway loops that enable forwarding func-
tions which anticipate the results of motor or sensory activity
[116, 117]. While cerebellar input to autonomic pathways
seems to track along a closed neuronal loop in several milli-
seconds, in higher-order emotional processing, ERP data char-
acterize the cerebellum as an active interface with important
functions in the large-scaled cerebral networks responsible.
The findings of research into the neurophysiology of emo-
tional processing by the cerebellum form a suitable vantage
point to comment on emerging trends in neuroscience re-
search. Firstly, ERP research protocols offer the most sensitive
definition of time characteristics of neurophysiological path-
ways. ERP aids in identifying the nature of contributions of
the cerebellum to the cerebral networks of different emotional
domains such as emotional attention, emotional recognition,
emotional empathy, and emotional behavior [20].
Additionally, information may be ascertained about compen-
satory cerebral activity of homologous areas [118], for exam-
ple in prefrontal cortex in the case of disrupted cerebello-
cerebral circuits of the medial or lateral prefrontal cortex
[93]. Electrophysiological procedures are also promising to
further improve the topographic descriptions of cerebello-
cerebral pathways, since they distinguish the neurophysiolog-
ical characteristics of these pathways in the sub-second range
and therefore in the interesting temporal domain [115].
However, a combination of neuroimaging and electrophys-
iological techniques may increase the resolution of both timing
and topographic parameters, as has been used to demonstrate
that lesions of the Crus I are the source of ERP deviations [113].
Using such combined methodologies, future research should
aim to distinguish internal cerebellar contributions to emotional
processing that are restricted to, for example error detection,
versus those that mediate finely tuned processing of distinct
emotional cues, stimulating or inhibiting the cerebral networks
to which they belong to produce optimal emotional behavior.
Further to this approach, research should also clarify which
domains of the cerebellum serve general and which domains
serve specific roles in the processing of emotion (as it has been
shown for specific contributions to different emotional va-
lences in face expressions—see [113]). There is some evidence
of altered P300, a prominent ERP component of cognitive in-
formation processing, in cerebellar disease [119, 120]. This
suggests that studying the neurophysiological concomitants of
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Fig. 2 Representative overview of event-related potentials (ERP) to
different paradigms of emotional preception and recognition in patients
of cerebellar lesions. At the /eft row, the diminished late positive
potentials (LPP) to salient emotional cues with positive, negative and in
comparison neutral emotional contents (solid line=neutral emotional
content; dotted line=positive emotional content; dashed dotted
line=negative emotional content) around a time area of 450 to 750 ms
are displayed in the upper panel. In correspondance, mapped head surface
distribution of the ERP displayed at the middle panel, and dipole source
results showed at the lower panel, indicated a frontal shift of the

cognition, in particular attention and working memory, and
evaluation of their relevance to emotional processing would
be of particular interest [121].

Advances in brain stimulation devices and neurophysiolog-
ical manipulations provide another fascinating area of re-
search. Thus, the effects of stimulation of the vermis on emo-
tional performance has been demonstrated in intracranial
[122] and transcranial [12] stimulation. Such approaches
may be used to probe excitatory and inhibitory pathways of
the cerebellum, combined with electrophysiological mapping

LPP of emotional recognition

angry 530 fear

commonly centroparietal location of this ERP component in healthy
subjects. At the right row, the upper panel displays the diminished late
positive potentials to different emotional face expressions (solid
line =neutral facial expression; dotted line=emotional facial
expression) around 452 to 752 ms with the corresponding power peaks
of surface derivations of lateral prefrontal cortex. At the middle panel,
mapped head surface distribution of the ERP is shown, whereas the lower
panel depicts the in-depth analysis of the dipole sources, indicating
contralateral prefrontal activations to each emotion as a compensatory
mechanism

of the responses propagated in the cerebello-cerebral circuitry
involved in emotional processing.

Pain and the Cerebellum (Christos Papadelis, Charis
Styliadis, Eric A. Moulton)

The cerebellum is one of the most consistently responsive
brain structures to pain [98], a subjective experience that
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incorporates sensory, affective, and cognitive components.
Our classical understanding of the cerebellum suggests a mo-
toric role in pain, though recent findings indicate a more direct
role in pain processing. Despite recent neuroimaging studies
indicating that the cerebellum responds to noxious stimuli, its
functional relevance is only starting to gain attention.

Ascending Nociceptive Input to the Cerebellum Studies of
pain often use acute experimental stimuli to activate nocicep-
tive pathways, the physiological processes underlying pain
perception. Nociceptors are primary afferents that respond to
high threshold mechanical and heat stimuli, and chemical
stimulation such as during inflammation. Two major catego-
ries of nociceptive afferents exist as follows: A-delta and C-
fiber nociceptors. A-delta nociceptors are thinly myelinated
and fast conducting, while C-fiber nociceptors are unmyelin-
ated and slower conducting. Electrophysiological studies in
animals indicate that stimulation of cutaneous and visceral
nociceptors can activate Purkinje cell activity in the cerebel-
lum [98, 123]. At least three nociceptive spinocerebellar path-
ways have been proposed as follows: (i) spino-olivocerebellar,
conveys A-delta and C-fiber nociceptive afferent input to
Purkinje cells in the cerebellar anterior lobe ipsilateral to stim-
ulation [124]; (ii) spino-pontocerebellar, conveys C-fiber no-
ciceptive input to Purkinje cells in the cerebellar vermis [125];
and (iii) spino-bulbar-cerebellar, projects spinal nociceptive
input to the lateral reticular nucleus, nd further into mossy
fiber inputs to the cerebellar cortex [126].

Descending Cortical and Subcortical Input to the
Cerebellum The cerebellum receives also input from areas
associated with nociceptive processing (i.e., cognition, affect,
and motor function [1]), such as somatosensory cortices,
periaqueductal gray, anterior cingulate cortex, dorsolateral pre-
frontal cortices, basal ganglia, hippocampus, hypothalamus,
and amygdala [126—-128]. With the cerebellum receiving de-
scending information from other brain areas and ascending

Fig. 3 Aversive stimuli in the form of pain (red) and unpleasant pictures
(yvellow) produced overlapping fMRI activation (blue) in posterior
cerebellar hemispheres lobule VI and VIIb and crus 1. Activation in
these overlapping cerebellar areas was inversely related to activation in
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Functional

nociceptive information from the spinal cord, the structure is
ideally positioned to influence, or be influenced by the process-
ing of pain.

Neuroimaging Responses to Pain in the Cerebellum A
meta-analysis of neuroimaging studies featuring experimental
pain revealed specifically localized responses within the cer-
ebellar vermis and bilaterally in the posterior hemispheres
[98]. The spatial extent of vermal activation spanned across
vermal lobules III, IV, and V, while bilateral hemispheric ac-
tivation spanned from hemispheric lobule VI to crus I.

Though pain neuroimaging studies are not typically de-
signed to evaluate the physiological significance of cerebellar
responses, a few notable studies have focused in on this struc-
ture in the context of pain. An fMRI study found that activa-
tion in hemispheric lobule VI and the anterior vermis varied
with subject reports of pain intensity, though only when stim-
uli were self-administered [129]. The authors suggested that
these cerebellar regions could reflect pain perception and are
involved in signaling the expected sensory consequences of
pain. In another fMRI study, trigeminal neuropathic pain elic-
ited by brushing and heat showed responses in crus I, crus II,
and lobule VIIB that were not evoked by non-painful control
stimuli [130].

Recent neuroimaging evidence suggests that certain cere-
bellar responses during pain may reflect multi-modal aversive
processing. An fMRI study found that noxious heat and the
passive viewing of unpleasant pictures activated overlapping
regions of the cerebellum [99]. Further analysis revealed that
these functionally overlapping areas were inversely correlated
with activation in the anterior hypothalamus, subgenual ante-
rior cingulate cortex, and the parahippocampal gyrus (Fig. 3).
These findings suggest that responses in these cerebellar re-
gions are not specific to pain processing, but appear to apply
to other aversive sensory and affective experiences as well
[131, 132]. Aversive processing may relate to the cerebellum’s
proposed role in emotional processing.

limbic areas in the brain, including the hypothalamus (Hypo),
parahippocampal gyrus (PHG), and subgenual anterior cingulate cortex
(sACC). Figure adapted from Moulton et al. [99]
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Crus I
y=-72

Fig.4 Cerebellar responses to passive viewing of affective pictures from
the International Affective Picture System (IAPS) [18]. Healthy adult
participants were exposed to positive, negative, and neutral affective
pictures. a, b Human cerebellar anatomy shown in sagittal and coronal

Neuroimaging of Emotional Processing in the Cerebellum
Neuroimaging studies indicate that negative emotions
correlate with activity in left VI, right IV/V, and bilat-
eral Crus I and positive emotions with right VI activity
[7, 133]. The functional segregation of emotion within

Fig. 5 Spatiotemporal cerebellar
activations to passive viewing of
affective pictures from IAPS.
Activations are superimposed on
the probabilistic cytoarchitectonic
maps for cerebellar lobules for a
high arousal, b unpleasant
valence, and ¢ pleasant and high
arousal stimuli. Figure adapted
from Styliadis et al. [135]

High Arousal

Unpleasant Valence

Crus |

Crus i

Crus LIl

Unpleasant Valence
Pleasant Valence
and High Arousal

|Happiness (t-value)

B 4 5 6 7
| Anger (t-value)

3 4 5 6 7
Fear (t-value)

3 4 5 6 2
Sadness(t-value)

3 4 5 6 7
Disgust (t-value)

3 4 5 6 7

planes, derived using the probabilistic atlas of the cerebellum [19]. e—f
BOLD activity superimposed to MR anatomical scans from the analysis
comparing emotion-specific effects. Figure adapted from Baumann and
Mattingly [9]

the cerebellum has been suggested, as the vermis is
related to high arousal [134] and to each of the five
primary emotions [9] (Fig. 4), while hemispheric VI
activity relates with aversion [99] and unpleasantness
[134].
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The timing of the progression of cerebellar responses
to affective stimuli indicates that the cerebellum has a
sophisticated role in emotion. A magnetoencephalography
(MEG) study found differential spatiotemporal processing
of arousal and valence across distinct cerebellar lobules
([135]; see also [136, 137]) (Fig. 5). While these separate
processes appeared to occur in parallel, the earliest activ-
ity related to high arousal in left crus II and vermal lobule
VI, followed by unpleasant valence in left crus I, and then
an interaction effect between pleasant valence and high
arousal in left VI and crus I. This sequence of events
suggests an integrative process between these attentional
and emotional dimensions. Further study is required to
determine the functional topography of the cerebellum
as it relates to pain and its different sensory, affective,
and cognitive components.

The Cerebellum, Language, and Emotion: the Role
of Emotional Prosody (Stefanie Keulen, Jo
Verhoeven, Frank Van Overwalle, Peter Marién)

During the past decades, the traditional view of the cerebellum
as a mediator of motor function has been thoroughly revised
and it has been recognized that the cerebellum subserves a
wide range of neurocognitive, linguistic, affective, and social
functions [38, 138—-141].

A crucial aspect of speech is the role of prosody, i.e., the
melody and rhythm of speech, which supports the meaning of
linguistic units (e.g., words, phrases, or sentences). Prosody
results from the complex interplay of several acoustic vari-
ables such as pitch, loudness, and rhythm [142], which are
typically affected after cerebellar pathology. In his hallmark
1917-paper, Gordon Holms [143] described impaired speech
following cerebellar damage as typically slow, monotonous,
staccato, scanned, indistinct, remarkably irregular, jerky, ex-
plosive, slurred, and labored resulting in what was later called
ataxic dysarthria and dysprosodia.

In the past, two main types of prosody have generally been
distinguished as follows: linguistic (or propositional) and
emotional (or affective) prosody [144, 145]. Linguistic pros-
ody supports the distinction between different sentence types
by means of intonation (e.g., interrogative and declarative
sentences) and between word categories by means of word
stress (e.g., / edres/ (noun) versus / dres/ (verb)). Emotional
prosody modulates content in such a way that it conveys in-
formation about the emotional state of the speaker. In early
models, the expression and comprehension of emotional pros-
ody were typically situated in the homologous, non-dominant
areas for expression and comprehension of language, i.e., the
inferior frontal gyrus and the posterior temporal gyrus of the
non-dominant hemisphere (see also [142, 146, 147]).
However, recent studies have shown that both types of
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prosody require bilateral cerebral and even subcortical in-
volvement to some degree (e.g., [148—152]. The different pro-
sodic modalities have been associated with different neural
correlates. Wildgruber et al. [146], Dapretto et al. [153] (per-
ception tasks), and Mayer et al. [154] (production tasks) found
that linguistic prosody is selectively associated with activity in
the language-dominant inferior frontal and superior temporal
gyrus (STG). Dogil et al. [155] (same experiment as in [154])
found increased BOLD-response in the language dominant
STG (when rendering pitch accents) and in the posterior part
of the non-dominant STG extending into the middle temporal
gyrus (when rendering boundary tones). The perception of
emotional prosody was variably associated with non-
dominant inferior frontal gyrus activity [153], bilateral
orbito-frontal activity [146], and activation in the anterior part
of the non-dominant STG (“affect”-mode in [155]). Dogil
et al. [155] concluded that “... exclusively neocortical areas
[are] critically involved in prosody generation” (p. 78).
Nonetheless, studies have shown that subcortical lesions
encompassing the putamen and globus pallidus induce mood
disorders with deficits in emotional prosodic production
[156]. It has been argued that dysprosody is caused by a
timing deficit [142], with timing being a fundamental role of
the cerebellum in motor execution processing.

Recent functional neuroimaging studies have confirmed a
possible role of the cerebellum in the processing of emotional
prosody. In an fMRI study of emotional prosody recognition, in
which participants listened to numbers pronounced with pro-
sodic manipulation suggesting neutral versus simple (happy,
sad, anger) and complex (guilt, proud, bored) emotions, Alba-
Ferrara et al. [157] found significantly increased metabolic ac-
tivation in the right cerebellum (Z=3.29) (in the presence of
several left and righ -hemisphere—mostly frontal, including
(para)limbic—activations). This activation was also present
when comparing complex and simple emotions, even when
controlled for pitch. Strelnikov et al. [158] studied the percep-
tion of speech prosody in read sentences with PET and apart
from activity in the right dorsolateral prefrontal cortex (PFC),
they also observed activity in the right posterior lobe of the
cerebellum. The area mediating functional overlap between
the differentially affected domains (prosody, syntax, and emo-
tion) was the right posterior PFC. Right cerebellar activity was
primarily related to speech timing perception. According to
Pichon and Kell [159], the cerebellar vermis modulates funda-
mental frequency in emotional speech production, as increased
BOLD response was triggered in the cerebellum, thalamus,
globus pallidus, substantia nigra, and superior temporal sulcus
in especially the right hemisphere (see Fig. 6). Krienen et al.
[160] argued the existence of segregated fronto-cerebellar cir-
cuits: one originating in the medial PFC, which is connected to
Crus I of the limbic cerebellum [7, 43, 161].

Lesion studies and studies in degenerative cerebellar disor-
ders have provided additional evidence for the involvement of
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the cerebellum in (disrupted) emotional prosody. Sokolovsky  patients with spinocerebellar ataxia whereas Adamaszek
et al. [45] described impaired verbal emotion attribution in et al. [43] reported difficulties in prosody naming and prosody
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4 Fig. 6 Effects of emotional prosody production (execution phase).
Production of emotional prosody compared with neutral speech
production increased BOLD responses biltaerally in inferior gyrus
(BA44, BA45, and BA47, extending into anterior insula), superior
cerebellum, thalamus and globus pallidus, substantia nigra, and STS
with a much larger extent from anterior to posterior in the right
hemisphere. Lateralization analyses revealed stronger activation of the
posterior right (vs left) STS (»p<0.01 FWE). We observed no other
lateralization, even at lower threshold (p <0.05 FWE). Note that these
results are consistent with the nonlateralized bilateral inferior prefrontal
network observed in perception studies (Wildgruber et al. [146]).
Interestingly, the left sylvian parietotemporal area (STP/TPJ), as an
important component of the dorsal stream, was more strongly activated
during production of emotional than of neutral prosody, but not other
regions to this fast sensorimotor translating systems (i.e., dorsal
premotor cortex, dorsal Broca’s region) showed this activity pattern.
Graphic from: [159]

matching in a group of 15 patients with discrete ischemic
cerebellar lesions. They also found a correlation between vol-
ume of the lesion and the number of errors in emotional and
complex tasks.

Although the role of the cerebellum in emotional speech
processing has not been thoroughly investigated, the currently
available evidence of cerebellar involvement in the processing
of emotional prosody as a marker of prosody timing is grow-
ing. Future research will further reveal the multifaceted role of
the cerebellocerebral circuitry in the linguistic production and
perception of “emotions and affect.”

Cerebellum in Mood Disorders (Dennis Schutter)

Mood disorders are characterized by disturbances in the per-
son’s emotional and cognitive states associated with abnor-
malities in the regulation of these states. Mood disorders can
be subdivided in unipolar disorder which is a mental state
characterized by a longitudinal state of severe depressed mood
and bipolar disorder which is a mental condition characterized
by moods that cycle between depression and mania.
Molecular, structural, and functional studies provide evidence
that mood disorders can go accompanied by cerebellar
abnormalities.

Proton magnetic resonance spectroscopy (MRS) research
has provided evidence for global reductions of gamma-
aminobutyric acid (GABA) synthesizing proteins in cerebellar
tissue of patients diagnosed with unipolar and bipolar disorder
[162]. More recently, results from another post-mortem study
demonstrated significant reductions of Purkinje cells in the
anterior lobe of the cerebellum in a patient with bipolar disor-
der. Furthermore, abnormal GABA proteins are proposed to
play a significant role in the expression and migration of
GABAergic Purkinje cells during cerebellar development
[163]. In addition, there is some evidence suggesting that the
cerebellar vermis in children with depression and familial
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bipolar disorder show neurochemical abnormalities in the me-
tabolite N-acetylaspartate and choline ratio [164]. Further sup-
port for metabolic disturbances comes from a study that
showed decreased myo-inositol and choline concentrations
in the cerebellar vermis of healthy children and adolescents
between 9 and 17 years of age with a familial risk for bipolar
disorder [165]. In sum, results suggest anomalies in cerebellar
metabolism and cellular architecture in mood disorders.

In addition to metabolic abnormalities, cerebellar vermal
abnormalities have been repeatedly demonstrated in patients
with bipolar disorder [166—169]. In spite of the fact that the
observed volumetric reductions may in some cases be con-
founded by medication use, the findings do support the idea
that the vermis is part of a neural circuit that regulates mood.
Patients with bipolar disorder show a progressive decline in
hippocampal, fusiform, and cerebellar gray matter density
over 4 years as compared to control subjects [170]. The de-
cline is correlated to worsening of cognitive functioning and
illness course, and fits prior findings of cerebellar vermal vol-
ume reductions. In contrast, other studies have not been able
to detect vermal volumetric reductions or even found evidence
for enlarged vermal volumes in bipolar patients in comparison
to controls [170, 171]. Additional support for smaller cerebel-
lar volumes in unipolar and bipolar patients was recently pro-
vided by voxel-based morphometry studies [172—174]. In ad-
dition, some evidence was found that their healthy siblings
also had smaller cerebellar volumes, suggesting that reduced
cerebellar volumes may constitute a clinico-anatomical bio-
marker for the susceptibility to developing mood disorders
[175]. White matter deficiencies in the cerebellum have also
been reported in unipolar and bipolar disorder and provide
further empirical ground for structural abnormalities in the
cerebellar circuitry of patients suffering from mood disorders
[176, 177].

On the functional level, disease-specific increases of rest-
ing state cerebellar activity have been observed in unipolar
disorder [178-180] and in women with premenstrual syn-
drome depressive disorder in the follicular to the late luteal
phase [181]. In contrast, a meta-analysis provided evidence
for decreases in cerebellar activity during reward processing
in patients diagnosed with unipolar disorder [182]. The latter
finding concurs with previous meta-analytic findings of ab-
normal cerebellar responses to emotional relevant information
in unipolar disorder [179]. Preliminary findings from a longi-
tudinal study in older patients suggest that increased or de-
creased resting state cerebellar activity in unipolar disorder
depends on whether patients are male of female, respectively
[183].

A number of studies have found reductions of local signal
synchronization in the cerebellum of patients with unipolar
and bipolar disorder [184, 185]. Interestingly, abnormal syn-
chronization of local cerebellar signals has been found to dif-
ferentiate between treatment resistant and treatment sensitive
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Table 1 Overview of main

Math finding

Reference [number]

cerebellar abnormalities in Analytic

unipolar and bipolar disorder level
Molecular
Structural
Functional

Abnormal GABA synthesizing proteins in UP and
BP

Disturbances in the metabolite N-acetylaspartate
and choline ratio in BP
Reduced gray matter volumes of vermis in BP

Volumetric reduction of posterior cerebellar vermis
in BP

Smaller cerebellar volumes in BP

Progressive gray matter loss in BP

Increased gray matter volume in BP

Smaller cerebellar volumes in UP

White matter abnormalities in UP and BP

Increased resting state activity in UP

Decreased activity in reward processing

Increased resting state activity in male patients and
decreased resting state activity in female patients
with UP

Reduced local signal synchronization in UP
and BP

Abnormal white matter integrity and neural
connectivity in UP

Decreased functional connectivity with cerebral
cortex in UP

Increased functional connectivity with cerebral
cortex in UP

Decreased functional connectivity with caudate
nucleus in UP

Fatemi et al. [162]; Maloku et al.
[163]

Cecil et al. [164]

Eker et al. [172]; Mills et al. [168];
Monkul et al. [167]

Kim et al. [168]

Baldagara et al. [169]

Moorhead et al. [170]

Adleretal. [171]

Frodl et al. [173]; Peng et al. [174]
Abe et al. [177]; Mahon et al. [176]

Guo et al. [178, 186]; Rapkin et al.
[181]; Wang et al. [54, 180]

Zhang et al. [182]
Dotson et al. [183]

Liang et al. [184]; Liu et al. [185]
Peng et al. [187]

Ma et al. [189]

Liu et al. [190]

Gardner et al. [191]

GABA gamma-aminobutyric acid, UP unipolar disorder, BP bipolar disorder

in patients with unipolar disorder [186]. The decrease in local
cerebellar signal synchronization in unipolar disorder concurs
with diffusion tensor imaging results showing abnormal white
matter integrity and neural connectivity in the cerebellum of
young treatment resistant patients with unipolar disorder
[187]. In fact, increases of local signal synchronization in
the cerebellum have been linked to clinical improvement fol-
lowing antidepressant treatment [180].

Abnormalities in cerebellar functional connectivity to lim-
bic and cortical regions are a reliable finding in patients with
unipolar disorder [188—191]. In particular, abnormal
cerebellar-cerebral resting-state functional connectivity is able
to discriminate depressive patients from healthy controls
[192]. Both increased and decreased functional coupling of
the cerebellum with the brain’s cortical default mode network
has been observed in unipolar disorder [189, 190]. Moreover,
a recent study showing functional decoupling of the cerebel-
lum and the caudate nucleus lends further support for the
proposed disturbances in cerebello-cortico-limbic circuits
[191]. Finally, several studies indicate that cerebellar function-
al connectivity to amygdala and hypothalamus normalizes

following successful antidepressant treatment [192, 193]. In
Table 1, an overview is provided of the results showing cere-
bellar abnormalities in mood disorder as compared to healthy
controls.

Summary and Conclusions

The aim of the present compilation of viewpoints is to provide
an overview of the available evidence for the involvement of
the cerebellum in emotion and related domains from a multi-
disciplinary perspective. Results of this review provide sup-
port for the idea that the cerebellum is an intricate and integral
part of the neural machinery dedicated to emotion. In particu-
lar, the vermis and lateral lobules, such as Crus I and II of the
cerebellum, have been found to be involved not only in the
early steps of perception and recognition of emotional cues
but also in later integrative stages of emotional evaluation. In
addition, these regions are implicated in forwarding output to
cerebral pathways for optimal emotional (but therefore also
cognitive and motoric) and finally social behavioral
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Table 2 Consensus to cerebellum and emotion: agreements and
warranted research

Agreement The cerebellum forms part of neural circuits that
are involved in subsequent stages of processing
emotions, i.e., perception, recognition,
evaluation, and integration into behavior.

Associative learning represents a core mode of

cerebellar processing of emotion.

The cerebellum modulates excitatory and
inhibitory processing of emotion for adaptive
motor and non-motor behavior.

Vermis and lateral hemispheres in particular
crura I/IT and deep nuclei are key regions of
the cerebellum in emotional processing.

Emotions of negative valence have a stronger
impact on the cerebellum and its predictive
role in emotional behavior.

Warranted research Identification of cerebellar pathways to
cortical-subcortical networks (most notably
amygdala, hypothalamus, prefrontal areas)
involved in explicit and implicit perception
and learning.

Clarification of distributions of the fronto-thalamo-
cerebellar axis in social cognition and its
peculiarities in developmental and
neuropsychiatric disorders.

Identification of cerebellar networks involved
in processing emotional contents of language.

Therapeutic options (pharmacological,
neurophysiological, behavioral,
psychotherapeutical, physical).

expression. Novel insights into cerebellar function raise many
new questions that need to be addressed in future research (see
Table 2).

Involvement of the cerebellum in implicit and explicit pro-
cessing of emotion perception is dealt with by Leggio and
Molinari. The authors note differences in the amount of de-
pendence on top down control mechanisms, i.e., a specific
cerebellar recruitment in explicit but not implicit processing
of negative emotional behavior, which might account for loss
of self-perception of emotions in cerebellar lesions. Similarily,
D’Agata, Adamaszek, and Orsi emphasize the involvement of
the cerebellum in emotion recognition, necessary for the prop-
er function of social cognition and moral decision making,
with recognition deficits correlated with the complexity of
the socially relevant emotional stimulus.

Involvement of the cerebellum in the perceptual and atten-
tional processing of emotionally relevant information is pro-
posed to have resulted from the development of neural circuits
dedicated to emotion processing. Interestingly, the amygdala
and the prefrontal cortices had been assumed to represent the
central brain regions of emotional perception and emotional
memory, whereby a loss of amygdala function to these pro-
cessing stages of emotional regulation deems to be
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compensated by an increased activation of the prefrontal cor-
tices, in particular the medial prefrontal cortex. In respect to
the assumed connections of the cerebellum to structures of the
amygdala as well as medial and lateral prefrontal cortices in
emotional regulation, these observations are in line of the neu-
rophysiological findings of Adamaszek [112], who observed
an increased activity of the prefrontal cortex as compensatory
to impairments of emotional attention in a patient suffering
from an ischemic lesion of the cerebellar posterior lobe.
According to the cerebellar role in emotional perception and
memory, Sachetti points to the central role of the vermis in the
associative processes involved in forming emotional memory
traces, across all substantial stages from acquisition up to con-
solidation, retrieval, and extinction of these traces. Sacchetti
attributes associative emotional learning abilities of the cere-
bellum to excitatory and inhibitory synaptic plasticity. The
result is a cerebellum responsive to the demands of emotional
situations on the basis of stored emotional memories and
learned social behaviors. This assumption is close to the view
of Ferrucci and Priori, who conceive the cerebellum as an
intrinsic part of a widespread network that determines the
meaning of external stimuli. Further, as having a presumptive
role in mediating facilitatory cortical processes as a key func-
tion of emotional processing. Based on clinical and experi-
mental studies, including non-invasive cerebellar tDCS,
Ferrucci and Priori emphasize the role of the cerebellum in
processing negative emotional stimuli. They also focus on
cerebellar connections to the hypothalamus, a crucial center
mediating the expression of anger. Through this cerebello-
hypothalamic axis, the cerebellum contributes to fight-flight
behavior.

The study of higher-order mental functions has recently
expanded with evidence of cerebellar involvement in tasks
in which emotion is intertwined with cognition and reasoning.
An example of particular relevance is that of moral judgment,
which also incorporates concepts like morality, sense of jus-
tice, and self-agency. Several neuroimaging studies reported
significant activation of the cerebellum in moral task com-
pared to control conditions [46—50]. Indeed, Demirtas-
Tatlide and Schmahmann in a recent review outlined the re-
ciprocal connections of the cerebellum to areas implicated in
the neural basis of reason, emotion, moral behavior, and ag-
gression, including the dorsolateral and medial prefrontal, an-
terior and posterior cingulate, superior and middle temporal,
and posterior parietal and posterior parahippocampal cortices
as well as the hypothalamus [194]. A possible interpretation
comes from a recent experiment that reported a significant
interaction between the cortical midline structures, in particu-
lar the medial prefrontal cortex (MPFC) and the posterior
cingulate cortex (PCC), as important for self-referential pro-
cessing, and brain areas activated by morality-related tasks
including the cerebellum [50]. Human morality, distributed
in a complex and wide array of neural circuits operating in a
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decentralized and highly parallel fashion, responds to environ-
mental demands by producing adaptive behavior [195]. In this
regard, one of the core functions of the cerebellum seems to be
the integration and forwarding of emotional and cognitive
aspects to the cerebral cortex to inform behavior adaptation.
The observed patterns of cerebellar activation during specific
moral tasks are associated with domain-dependent networks
of cortical structures in the lateral and medial prefrontal cor-
tex, as well as subcortical structures of the midbrain and the
cerebellum. Hence, such cerebellar activity might reflect an
integrative contribution to higher-order processing areas in-
volved in evaluating and solving cognitive-emotional tasks,
such as forming moral judgements. In this regard, Han’s [50]
findings of activation of the left lateral cerebellar hemisphere
suggest that Crus I and II of lobule VII of the cerebellum may
be a key cerebellar hub where emotional and cognitive infor-
mation converges and is forwarded to cerebral, in particular
prefrontal areas. Further neuroimaging and neurophysiologi-
cal studies clarifying the details of cerebellar contributions to
moral processing will be of particular interest.

A full understanding of the role of the cerebellum in emo-
tion requires attention to the areas of the expression of emo-
tion in language and the processing and emotional valence of
pain. With respect to speech processing, Keulen, Verhoeven,
Van Overwalle, and Marién discuss the close functional inter-
play between cerebellar and cerebral regions during the pro-
cessing of emotional prosody in speech. The crucial role of the
cerebellum in speech prosody seems to relate to the timing
domain. As a result, dysprosody in cerebellar speech disorders
might be caused by a timing and planning deficit. Considering
the experience of pain, Papadelis, Styliadis, and Moulton
point to the involvement of the cerebellum in a variety of
pathways of pain processing. Cerebellar interactions with as-
cending and descending pain information channels emphasize
its influence in different aspects of pain processing. The ver-
mis and the posterior hemispheres of the cerebellum are im-
portant locations for the perception and modulation of pain
experience. Interestingly, the cerebellum seems to influence
the categorization of aversive stimuli via multi-modal process-
ing pathways. This is in line with the summary by Adamaszek
and Kirkby of the neurophysiological features relating to the
cerebellar processing of emotion. The analysis of time-
dependent stimuli requires fast information processing in in-
tegrative steps, utilizing parallel and serial processing to eval-
uate discrete aspects of emotional information, synthesizing
these to adjust emotional behavior.

Neuropsychiatric disorders are of particular interest in re-
search on cerebellar involvement in emotional behavior.
D’Agata, Adamaszek, and Orsi note that mental disorders
such as schizophrenia or autism spectrum disorder with prom-
inent deficits of social cognition are presumably associated
with cerebellar impairments that disrupt the fronto-thalamo-
cerebellar networks. Schutter defines cerebellar involvement

in mood disorders at its molecular, structural, and also func-
tional levels. Schutter describes specific reductions of local
signal synchronization in patients suffering from unipolar
and bipolar mood disorders and also closely linked to clinical
improvement following antidepressant treatment.

According to the basic concept that the cerebellum con-
structs or generates internal models for the control and adap-
tation of behavior across contexts [196], a further issue is the
interaction between emotion and motor coordination and, in
particular, the impact on emotional processing of ataxic dis-
turbances in patients suffering from cerebellar disorder.
Although little is known about the direct impact of emotion
on the complex of symptoms of cerebellar ataxia, indirect
evidence of impaired emotional processing is suggested by
depressive comorbidity in cerebellar patients. Depression is
a commonly reported comorbidity in spinocerebellar ataxia
(SCA), in which depression is argued to reflect the emotional
response to suffering as well as a part of the neurodegenerative
process itself. There is a close and perhaps causal relationship
between cerebellar ataxia and depression in ataxia [197]. As
found in a recent study by Lo, after accounting for ataxia
severity, depressive symptoms still have a significant negative
impact on health outcomes [198]. This opens the possibility
that the quality of life of patients suffering from ataxia and
emotional disturbances will improve with treatment of cogni-
tive and psychiatric disorders such as medication, cognitive
rehabilitation, psychological counseling, and environmental
interventions. As demonstrated for movement, motor perfor-
mance improves with intensive motor training [199]. By anal-
ogy, intensive training of emotional performance might ame-
liorate deficits of perceiving and handling emotional cues.

In relation to the topographic mapping of cerebellar func-
tions in emotions, Habas describes cerebellar involvement in
the experience of emotion and in the executive, autonomic,
cognitive, and behavioral dimensions of emotion. He assigns a
principal role to the vermis in specific domains of emotional
processing, representing a “medial limbic” part of the cerebel-
lum. This is linked to salient emotional networks in the cere-
bral regions (insula, anterior cingulate, medial prefrontal cor-
tex, amgydala). A more lateral “limbic” area encompassed by
the posterior cerebellar hemispheres represents the cerebellar
executive networks, responsible for cognitive aspects such as
attentional allocation and response selection. In addition,
intra-cerebellar connections especially of the dentate nucleus
with its connections to key cerebral regions and Crus I and 11
might be of further relevance to cerebellar contributions to
emotion.

From an evolutionary or phylogenetic point of view, the
cerebellar regions contributing to emotion can be divided into
an archi- and neo-cerebellum. The phylogenetically early dif-
ferentiation of the cerebellum forming the archicerebellum
(vestibulocerebellum) contains the fastigial nucleus, the ver-
mis and intermediate parts of the cerebellar hemispheres, with
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fiber connections to brain areas such as the amgydala, hippo-
campus, temporal lobe, hypothalamus, septal nuclei, nucleus
accumbens, and substantia nigra [200-202]. The
archicerebellar network assumed to code the perception, rec-
ognition, and forwarding of emotional cues to the mentioned
cerebral and adjacent subcortical areas. The neocerebellum is
comprised of the lateral parts of the cerebellar hemispheres
(consisting of lobule VI, lobule VII including Crus I and II,
lobule VIIIB), subserves functions related to co-evolution
with later developments of the brain, namely cognitive and
associative functions of the cerebral cortex, in particular re-
gions of the prefrontal cortex. Indeed, functional neuroimag-
ing studies indicate a distributed cerebellar map for associative
learning with a medial-to-lateral cerebellar contribution along
emotional, motor, and cognitive functions. According to this
topographic pattern, the cerebellum has been assumed to be
coupled to nonmotor functions paralleling the evolutionary
development of the large nonmotor portions of the cerebel-
lum, prefrontal, and association cortices, which is consistent
with a phylogenetic expansion in size of the cerebellum par-
allel to the growth of the prefrontal cortex [203-205].

At the microscopic level, each part of the cerebellar cortex is
comprised of the same small set of neuronal elements consti-
tuted predominately by Purkinje cells, mossy and climbing
fibers, and granular cells, laid out according to a highly uniform
and stereotyped geometry. Furthermore, at an intermediate lev-
el, the cerebellum can be broken down into several hundred up
to thousand of microzones or microcompartments presumably
representing cerebellar functional units, with a further grouping
into zones and multizonal microcomplexes suggesting func-
tional modules with a very similar if not identical structure
[203]. According to Schmahmann, the architecture of the
corticonuclear microcomplexes subserves a computational
function unique to the cerebellum, termed the universal cere-
bellar transform (UCT). Schmahmann proposes that this UCT
represents the way by which the cerebellum integrates internal
representations with external stimuli and self generated re-
sponses in an implicit and non-concious manner. This mecha-
nism serves as an oscillations dampener which optimizes per-
formance according to context [202]. In this model, the cere-
bellum also processes emotions in this UCT mode. Future re-
search might disentangle the particularities of distinct domains
of emotion processing by the cerebellum. That is, clarifying to
what extent the anatomic signatures of each of the cerebellar
regions, in particular vermal versus more lateral regions, are
unique or share specific neural substrates [202]. Furthermore,
knowing the finer details of the organization of cerebellar ar-
chitecture would be of interest in interpreting the intriguing
evidence that certain circuits, and therefore, certain zones
may be more affected in some diseases than in others [206].

Based on this compilation of expert opinions and the rele-
vant literature, consensus exists regarding the involvement of
the vermal structures in emotion processing (for overview of
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consensus, see Table 2). The vermis has been repeatedly report-
ed in diverse studies as the key hub serving the perceiving and
forwarding of emotional cues within the cortico-subcortical
networks of emotion. On the basis of a range of observations,
the adjacent parts of the cerebellar hemispheres have been ar-
gued to be involved in certain stages of emotion processing.
This suggests that further intracerebellar pathways contribute to
cerebral emotional functioning, forming part of large-scaled
networks subserving emotional recognition and behavior.
Research into the more differentiated dorsolateral and medial
prefrontal regions with their connections to primary and asso-
ciative temporal and parietal cortices including the amgydala,
the auditory cortex, and the extrastriate visual areas is still in
progress. The extent to which these areas provide cognitive
support to other areas involved in emotion processing is not
resolved yet. Therefore, as outlined by the authors of this con-
sensus papet, these cerebral regions are of strong interest with
respect to their functional connections to the cerebellum.
Summarizing the statements of the contributing authors, each
part provides evidence for a role of the cerebellum on emotional
processing. These findings point to distinct and well-delineated
cortico-subcortical networks. As noted by most authors, the
cerebellum has been found to be strongly involved in process-
ing negative emotions associated with fear and anger. This may
reflect one of the cerebellum’s key roles for handling strong
incoming stimuli that are predictive of a change in emotional
demands or context, necessitating the rapid synchronization of
emotional information strands to optimize responses.

With respect to the consensus on cerebellar contributions to
emotions, several critical issues remain unanswered and are
subject to further research (for an overview, see Table 2).
Leggio and Molinari report differences in cerebellar processing
of implicit and explicit emotional perception. It would be of
interest to localize the different pathways and neurophysiology
that subserve this specialization of explicit emotional percep-
tion. Following D’Agata, Adamaszek, and Orsi’s summary,
further investigation of the role of the fronto-thalamo-
cerebellar axis in forwarding and integrating emotional infor-
mation in various forms of social cognition might be of partic-
ular interest. This might help to clarify the functional specificity
of the cerebellum and it parts to the broad spectrum of high-
order emotional networks, as is relevant in developmental dis-
orders such as ASD, schizophrenia, and mood disorders.
Sacchetti’s emphasis on the vermis in processing emotional
memory traces warrants ongoing research into more details of
the assumed interface function of the cerebellum, relaying in-
coming emotional signals to the responsible cortical-subcortical
networks. More research is needed to identify the cerebellar
connections to cerebral areas such as the amygdala, hypothala-
mus, and also the dorsolateral and medial prefrontal cortex,
recognized as guiding emotional learning and regulation. In
accordance with the outlined association with formation of
fear-related memories and congruent with the appraisal of
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emotional perception by Leggio and Molinari, one interesting
issue might be to investigate the differences between implicit
and explicit emotional memory. Another key question is wheth-
er general mechanisms of the cerebellum are sufficient to ex-
plain its role in emotion processing. To date, candidate mecha-
nisms include a binary form of error detection or a simple
differentiation between positive or negative emotions. In a sim-
ilar vein, Styliadis recently demonstrated for specific time pe-
riods and topographical locations within the cerebellum at least
two different processing channels encoding valence and arousal
characteristics of emotion [135]. Further research will increase
our understanding of the cerebellar mechanisms dedicated to
emotional processing, in particular cerebellar activity in general
versus specific modes in discrete emotional domains.

Another point requiring further research is the viewpoint of
Keulen, Verhoeven, Van Overwalle, and Marién that the cerebel-
lum regulates the fine-grained timing that underpins emotional
speech prosody. Research on the emotional components of au-
rally versus visually coded linguistic information would be of
particular interest. This may assist in demarcating the cerebellar
contribution to cerebral networks that integrate emotional infor-
mation in linguistic networks. Additionally, the assumed impact
of cerebellar damage on verbal working memory, and the asso-
ciated control of linguistic and behavioral execution depending
on emotional valence, might disclose further evidence of specific
dependencies of the internal cerebellar modes on verbal working
memory. Indeed, the activity increase of the right inferior and
superior cerebellum that accompanies phonological encoding
and storage components of verbal working memory [207] em-
phasizes the importance of further unraveling the precise timing
mechanisms and topographical characteristics of the cerebellum
when processing emotionally distinct linguistic information.

The distinction between medial and more lateral limbic
areas within the cerebellum proposed by Habas needs further
clarification, especially, regarding the lateral parts of the cere-
bellum and their embedding in executive networks. This may
clarify a role for the cerebellum in cognitive aspects to emotion.
In accordance with the summary by Adamaszek and Kirkby,
further neurophysiological research guided by specific ERP
protocols may add to our understanding of cerebellar involve-
ment in early and late processing stages of emotional percep-
tion and recognition, as well as in influencing cognitive do-
mains. Moreover, specially designed ERP protocols may pro-
vide further information about the topography of specific cere-
bellar locations and their involvement in domain specific net-
works of emotional processing. Further, topographical research
may inform our understanding of neuropsychiatric implications
of cerebellar disease. Schutter introduces cerebellar-cerebral
connectivity and the interpretation of functional decoupling
mechanisms in subcortical areas such as to the caudate nucleus,
amygdala, and hypothalamus. These findings indicate that dis-
turbed cerebello-cortico-limbic circuits are a significant factor
in mood disorders and is a subject for further research.

The advent of new devices, especially non-invasive technol-
ogies such as tDCS that target discrete areas of the cerebellum,
has important implications for the field. Stimulation can be tuned
to facilitate or inhibit activity of a given brain area. This permits
the probing of cerebellar pathways. An obvious line of reserach
is to further refine our knowledge of the topography and connec-
tivity of cerebellar regions associated with emotion processing,
as discussed by Ferrucci and Priori. This will likely clarify the
contribution of the cerebellum to the large-scale cerebral net-
works that handle emotional recognition, appraisal, and expres-
sion. However, the prospect of therapeutic manipulation of target
areas of the cerebellum also arises. This is particularly germane
given the key role of the cerebellum in processing negative emo-
tional content. Given the increasing knowledge about optimal
parameters of transcranial stimulation of brain areas implicated
in mood disorders, future research with cerebellar tDCS may
open the way to therapeutic interventions for emotional deficits
or attentional impairments in patients with cerebellar disorders.
Specific neuropharmacological agents such as serotonine-
selective reuptake inhibitors, S-hydroxytryptamine-agonists, or
amantadine, which enhanced cerebellar signals, may also prove
of interest in clinical studies on therapeutic approaches to cere-
bellar induced disturbances of emotion.

As a preliminary conclusion, the traditional view of the
cerebellum being primarily involved in motor-related process-
es has fundamentally shifted based as the result of converging
evidence obtained during several decades of neuroscience re-
search. In addition to its recently acknowledged role in cog-
nition, there is now substantial evidence that the cerebellum
plays a crucial role in a wide variety of processes associated
with emotion and emotion-related disorders. This evidence
has converged from a number of perspectives from various
scientific disciplines. A key agenda for future research is to
further delineate and disambiguate the neural mechanisms by
means of which the cerebellum contributes to the processing
of emotion. Further progress in the field of cerebellum re-
search will contribute to achieve a more complete understand-
ing of the neurobiological substrates of emotion.
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