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ARTICLE INFO ABSTRACT

Keywords: The capacity to understand another person’s emotions, intentions, beliefs and personality traits, based on ob-
Social served or communicated behaviors, is termed social cognition. During the last decade, social neuroscience has
Internal models made great progress in understanding the neural correlates of social cognition. However, because the cerebellum
is traditionally viewed as only involved in motor processing, the contribution of this major part of the brain in
social processing has been largely ignored and its specific role in social cognition remains unclear. Nevertheless,
recent meta-analyses have made its crucial contribution to social cognition evident. This raises the question:
What is the exact function of the cerebellum in social cognition? We hypothesize that the cerebellum builds
internal action models of our social inter-actions to predict how other people’s actions will be executed, what our
most likely responses are to these actions, so that we can automatize our interactions and instantly detect
disruptions in these action sequences. This mechanism likely allows to better anticipate action sequences during
social interactions in an automatic and intuitive way and to fine-tune these anticipations, making it easier to
understand behaviors and to detect violations. This hypothesis has major implications in neurological disorders
affecting the cerebellum such as autism, with detrimental effects on social functionality, especially on more
complex and abstract social cognitive processes. Because the fundamental anatomical organization of the cer-
ebellum is identical in many species (cerebellar microcomplexes), this hypothesis could have major impacts to
elucidate social interactions in social animals.

Forward controller
Cerebellum

Introduction

When maneuvering through the social environment, it is crucial to
understand “the mind” of other persons and to form coherent re-
presentations about the self. The capacity to capture another person’s
emotions, intentions, beliefs and personality traits, based on observed
or communicated behavior, is termed social cognition, whereas re-
presentations of one’s own life experiences is referred to as auto-
biographical knowledge. Both concepts are intimately related, because
they involve knowledge about others and the self, using largely similar
inference processes and inputs [1]. During the last decade, neuroscience
has made great progress in understanding the neural correlates of social
and self-cognition, but research predominantly focused on the role of
the cerebrum. Two main cortical networks implicated in social cogni-
tion have been identified: (1) the mirror network recruited when we
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observe the actions of other persons (i.e., “body” reading), and (2) the
mentalizing network when we imagine the mental state of another
person or reflect on the self (i.e., “mind” reading; for reviews see [2,3]).
Stated differently, mirroring reflects lower-level processes of immediate
perception (e.g., biological mouth, arm and leg moves and gestures),
while mentalizing involves higher-level inference about non-observable
mental entities such as intentions, beliefs and traits, a unique capacity
of humans. These two routes to social cognition operate largely in-
dependently from each other [4]. An autobiographical network has also
been identified in relation to various forms of self-representations [1]
and partly overlaps with the mentalizing network. Although the cere-
bellum is traditionally regarded as a coordinator of sensorimotor
function, its contribution to social and autobiographical processing has
been largely ignored and remains unexplored.

Recent insights in the cerebellum as a crucial modulator of a variety
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of cognitive and affective functions [5-7] have strongly increased the
interest of the scientific community for the cerebellum in social cog-
nition. A large-scale meta-analysis on social cognition and the cere-
bellum that included over 350 functional magnetic resonance imaging
(fMRI) studies [8], consistently found activation of the cerebellum.
Cerebellar activity was present in about one third of most mirror and
mentalizing studies, and in about all studies that involved more com-
plex and abstract social inferences [9]. Abstract mentalizing involves,
for instance, person trait judgments as opposed to visual descriptions of
the same behaviors (e.g., respectively judging “why” versus “how” a
person is reading a book [10]; and inferences about the past or future as
opposed to the present [11]. Intriguingly, autobiographical memory
and future thinking were among the functions that most consistently
engaged the cerebellum, being involved in 75% of studies (see also
[12]).

In addition, Buckner et al. [13] investigated the large-scale orga-
nization of circuits between the cerebrum and cerebellum using resting-
state connectivity for a total sample of 1000 participants, resulting in a
complete topography of the cerebellum in relation to major networks of
the cerebrum [14]. This topography revealed network structures in the
cerebellum that are similar to the network structures of the cerebrum,
spanning approximately the same relative volumes. Most importantly,
Buckner et al. [13] clearly identified distinct mentalizing and mirror
networks (part of the larger default and somatomotor networks re-
spectively) in the cerebellum that were directly connected to homo-
logue networks in the cerebrum (see Fig. 1).

Despite the substantial progress in the neurobiology of social cog-
nition, the investigation of the neural underpinnings of the role of the
cerebellum in social and autobiographical knowledge is still in its in-
fancy. To our knowledge, no published neuroimaging studies directly
investigated the specific role of the cerebellum in lower-level mirroring
on the basis of observed behaviors, nor in higher-level mentalizing

visual
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Fig. 1. Parcellation of the cerebellum based on connectivity with the cerebrum
[14], showing three distinct representations, labeled the primary, secondary,
and tertiary representations. Networks are color-coded with their function as
proposed by Buckner et al. (p. 2332) [13], showing the mentalizing/default
(red) and mirror/somatomotor (blue/green) networks. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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reflecting basic (e.g., false beliefs) or complex social and self-judgments
(e.g., causal and trait attribution). While non-invasive brain stimulation
methods such as transcranial magnetic stimulation (TMS) and tran-
scranial direct current stimulation (tDCS) are increasingly used to in-
vestigate cerebellar function, research did not investigate their effect on
social and autobiographical tasks. Likewise, (high-level) social and
autobiographic processes have seldom been investigated in patients
with cerebellar disorders, although clinical observations suggest that
impairment in these domains might be important.

Yet, recent studies provided preliminary evidence pointing to the
important role of the cerebellum in social cognitive abilities. For in-
stance, in a study [15], an ad hoc social cognition battery was ad-
ministered to 27 patients with degenerative cerebellar pathology and
27 healthy controls. In addition, 3D T1-weighted and resting-state fMRI
scans were collected to characterize the structural and functional
changes in cerebello-cortical loops. The results demonstrated that the
patients were impaired in lower-level processes of immediate percep-
tion as well as in more complex conceptual levels of mentalizing. Fur-
thermore, they revealed a pattern of grey matter reduction in cerebellar
portions that are involved in the social domain such as crus I-II, lobule
IX and lobule VIIIa. These areas showed decreased functional con-
nectivity with cerebral areas involved in specific aspects of social cog-
nition [15].

As mentioned earlier, the role of the cerebellum in social and self-
cognition remains unclear and underexplored. To elucidate its func-
tional role in social understanding, one theoretical perspective on the
general function of the cerebellum is of particular relevance. Several
authors have put forth the view that the primary function of the cere-
bellum is to support sequence learning and memories that underpin
skilled motor acquisition, which develops slowly with practice and is
inaccessible to consciousness [16-18]. In this respect, the cerebellum
constructs internal models of motor processes involving sequencing and
planning of action in order to automate and fine-tune voluntary motor
processes. These internal models are highly automatized copies from
the event implications generated in the cerebrum that continuously
sends signals to check whether an anticipated event sequence fits with
current behavior and its somatosensory consequences. In this sense, the
cerebellum is a “forward controller”. Interestingly, the idea has been
put forward that during evolution a more advanced function developed
which allowed the cerebellum to construct internal models of pure
mental processes in the form of event sequences, without involvement
of overt movements and somatosensory responses [17-19]. Thus, the
cerebellum regulates non-motor mental operations in much the same
way as it regulates movements [20-22]. In particular, the cerebellum
may contribute to social cognition by constructing internal models of
social interactions and related mental processes in which the prediction
of sequential events plays a critical role, allowing to anticipate the other
person’s behavior or one’s own reactions [15].

Hypothesis

Our hypothesis is that the sequencing process engendered by the
cerebellum crucially contributes to social and autobiographical cogni-
tion, by providing internal models that support various representations
and judgments about others and the self. Recent data suggests that the
role of the cerebellum is most evident and prominent in mental (re)
constructions of autobiographical past, future or hypothetical events,
and in abstract trait inferences [8]. One might argue that the con-
struction of meaningful sequences of actions and events is a key process
in autobiographical and trait inferences. The cerebellum might play a
cardinal role in this sequencing processes during social and self-cog-
nition, and in particular in learning and automatizing these sequences
in internal models that function as forward controllers during actual
social inter-action. This mechanism likely allows humans to better an-
ticipate action sequences during social interactions in an automatic and
intuitive way and to fine-tune these anticipations, making it easier to



F. Van Overwalle, et al.

understand the social strategies behind behaviors and to detect viola-
tions. Furthermore, this sequencing mechanism may also play an im-
portant role in the organization of autobiographical events and self-
representations.

We hypothesize that the cerebellum acts as a “forward controller” of
social, self-action and interaction sequences. We hypothesize that the
cerebellum predicts how actions by the self and other people will be
executed, what our most likely responses are to these actions, and what
the typical sequence of these actions is. This function of forward con-
troller allows people to anticipate, predict and understand actions by
the self or other persons and their consequences for the self, to auto-
matize these inferences for intuitive and rapid execution, and to in-
stantly detect disruptions in action sequences. These are important
social functions. Consequently, if neurological disorders affect the cer-
ebellum, detrimental effects on social functionality might be found,
especially on more complex and abstract social cognitive processes. The
cerebellum would be a “forward controller” that not only constructs
and predicts motor sequences, but also takes part in the construction of
internal models that support social and self-cognition. In this respect,
the cerebellum crucially adds to the fluent understanding of planned
and observed social inter-actions and contributes to sequencing me-
chanisms that organize autobiographical knowledge. Because the fun-
damental organization of the cerebellar circuitry is identical in many
species adopting social behaviors, our hypothesis can also be valid
throughout the animal kingdom.

Approach to test the hypothesis
Social cerebellum and other persons

A recent study by Van Overwalle, Heleven, Ma and Marién [23]
provided preliminary support for our sequencing hypothesis during
mentalizing. Evidence was found that the cerebellum is strongly re-
cruited and connected to the cortex when novel behaviors have to be
integrated with prior behavioral information in order to arrive at an
overarching trait inference. Another study by Van Overwalle et al. [24]
tested patients with generalized cerebellar degenerative lesions on
several tests of social understanding. The cerebellar patients performed
similar to matched healthy volunteers on classic social tests which did
not involve sequencing. In contrast, they showed clear deficits on a
picture sequencing task where each story began with 4 pictures in a
random order, and participants had to line the pictures up like a comic-
strip in the correct order [25]. Performance was substantially impaired
for cartoons depicting false belief stories and was relatively normal for
overlearned mechanical stories and social scripts (Fig. 2B). False stories
are a key task of social mentalizing and depict a change of location of
objects during the absence of a protagonist, so that this person holds the
“false” belief that the object is still where it was left earlier (Fig. 2A).

A subsequent fMRI study on neurotypical volunteers using the same
picture sequencing task as well as a verbal version of it (extended from
the faux-pas task by Baron-Cohen et al. [26]), confirmed that there was
stronger activation of the posterior cerebellum (Crus I & II) during false
and true belief stories [27] (Fig. 2C). This posterior cluster was con-
sidered a key area of the mentalizing network of the cerebellum in
several connectivity studies based on resting state [13] and mentalizing
inference tasks [28]. To the best of our knowledge, no other studies
have been conducted in which the focus of investigation is specifically
directed to the sequential role of the cerebellum in the mirror or
mentalizing network. Our hypothesis implicates that the role of the
cerebellum during social mirroring and mentalizing might be relatively
automated during the processing of typical events — thus revealing
minimal neural activity but becomes increasingly more activated while
constructing novel or complex events, or when violations of typical
action sequences occur.
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Mirroring

Identifying mirroring in the cerebellum

Mirror neurons are activated both during observation and execution
of biological movement and action. Consequently, to identify mirror
neurons in the cerebellum, it is necessary to compare brain activation
during an observation and an execution task, while controlling for
learning (since the cerebellum is known to be involved in learning). An
fMRI paradigm could be used with an observation, an imitation, and an
execution block, while participants observe a sequence of human be-
haviors aimed at a common goal. To show evidence of goal-directed
behavior (e.g., in the face of obstacles that block the goal) and in close
parallel with animal research, we would constrain behavior through
physical limitations such as searching a goal in a maze varying in dif-
ficulty. Next, the mazes would be presented in a second run and human
actions would be observed again (avoiding a strong learning effect),
and in a third run the participants would imitate and execute the so-
lution. We expect to observe overlapping “mirror” activations in the
cerebellum during the observation and execution of a difficult goal-
seeking maze sequencing task, and less so during a simple maze task.

Identifying the importance of a goal in the identification of a mirror network

It is assumed that the mirror network has evolved beyond mere
biological motion processing and that part of the mirror system (i.e., the
pre-motor cortex) responds more actively when movement is directed
towards basic goals and needs (e.g. grasping for an apple to still
hunger). To investigate the impact of the presence of a clear goal for
understanding action sequences and activation of the cerebellum, the
fMRI experiment described in the previous section could be repeated in
two groups, with or without the use of a goal (e.g., monetary award) in
a maze. We expect that the cerebellum is more involved in goal-directed
actions and less so in the same actions without a goal, or in mere se-
quences of meaningless actions (e.g., walking control task).

Specific role of the cerebellum within the mirror network

Another way to test whether clear goals are critical for under-
standing action sequences is pretended action, in which the absence of
objects makes the goal less obvious so that it must be actively retrieved
from internal memory. Research has shown that cerebellar activation is
systematically triggered when participants are misled by pretended
behavior, such as when pretending to put a book on a shelf (although
the book is absent [29]) or to lift a heavier or lighter box than its actual
weight [30,31]. An fMRI experiment can be set up in which (a) ob-
servation of a goal-directed grasping or placing movement is compared
to (b) observation of the same pretended movements (i.e., with an in-
visible object). If the cerebellum is especially involved in interpreting
pretended behavior, there should be stronger cerebellar involvement in
the pretended as compared to the actual behavior conditions.

The three fMRI studies in this section on “Mirroring” could be
conducted on neurotypical participants (n = * 40) as well as on a
matched patient population with cerebellar lesions (n = + 30 with left
and right hemispheric impairments; preferentially in the posterior
cerebellum). The activations observed in the neurotypical participants
would be compared with those of the patients to explore their func-
tional differences.

Mentalizing

As noted earlier, a hallmark of mentalizing is that it involves an
element of false belief, for instance, when an agent is unaware of
changes in object locations during his or her absence. To explore the
role of sequencing in mentalizing, various social cognitive tasks can be
considered, being validated in earlier neuroimaging research and/or in
earlier clinical work with patient groups, covering both visual and
verbal inputs. Most often, these tasks would be adjusted for the novel
purpose of investigating our sequencing hypothesis. This can be easily
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Fig. 2. A: An example of a false belief sequence in the Picture Sequencing task [25] (the correct order is 2 - 1 — 4 — 3). Participants had to select, in the correct order,
the first picture on the screen, then the second picture, and so on. Each time, the pictures moved in the order indicated by the participant. Reproduced by permission
of the first author. B: Comparison of 11 degenerative cerebellar patients in comparison with 9 healthy controls on the Picture Sequencing tasks. Error bars reflect
standard errors. “"p < .002 (one-sided t-test). C: Transverse view of activation in the posterior cerebellum in the Picture and Story Sequencing tasks for true + false
belief > mechanical comparisons (z = —36) shown at an uncorrected threshold of p < .001.

done if we do not only consider the key cerebellar mechanism of se-
quence processing, but also that of error controller when the expected
sequence does not occur. Specifically, the typical sequencing of events
can be altered, or inconsistent actions can be added. We hypothesize
that these alterations or inconsistencies will recruit the social areas in
the cerebellum much more strongly than the regular execution of
consistent sequences or non-sequence controls.

Sequencing when holding false beliefs — spatial belief task

This is a spatial false belief task developed recently by Van
Overwalle’s laboratory [32]. Participants watch animations on the
screen that involve true or false beliefs. In order to investigate viola-
tions of sequencing, the task is adapted in such a way that at the end of
each trial, the true or false belief of an agent is given in a thought
balloon. Half of the thought balloon are consistent with the agent’s
thinking and knowledge, while the other half is not (inconsistent).

Sequencing when holding false beliefs — verbal belief task

A Dutch version of a verbal belief task [33] was developed and used
recently [32]. Participants read short vignettes on the screen. The
vignettes describe a protagonist’s action and require participants to
represent the protagonist’s (false) belief. To investigate violations of
sequencing, the task is adapted so that stories involve a typical (ev-
eryday) sequence followed by a consistent/true or inconsistent/false
event. We do this by altering the critical time period in which the event
happens so that it occurs either before or after the change-of-object
(rendering the protagonist’s belief true or false respectively).

Sequencing when inferring human traits — trait attribution

This trait inference task comes from a study with vmPFC patients by
Kestemont et al. [34]. Participants read 20 pairs of two or more sen-
tences, each describing a behavior that implies the same trait of a
person performing the behavior. After reading the first sentence(s),
participants are asked to choose between the most logical sequence of
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actions (implying the same trait of the target person; based on Keste-
mont et al. [34]) versus distractor sequences that imply different traits.
To investigate violations of sequencing, we can use a similar approach
as above, that is, provide sequences with congruent versus incongruent
actions with respect to a trait, and measure the impact on cerebellar
activation.

Implicit learning of mentalizing sequences

It has been assumed that the cerebellum plays a critical role in the
automatization of behaviors, like riding a bike. This goes beyond the
mere explicit knowing how to ride a bike, since movement execution
and automatization is crucial. Is this also the case for mentalizing? Can
humans acquire and/or apply social knowledge on mental beliefs im-
plicitly and automatically? This can be investigated using a serial re-
action time task [35,36]. In an adapted serial reaction time task using
mentalizing sequences, participants respond rapidly to a series of be-
liefs like in the visual false belief task mentioned earlier [32]. Un-
beknownst to the participants, as in typical serial reaction time ex-
periments, there is a fixed sequence in the location on screen which
shows the relevant information for true and false beliefs. In addition,
there are also fixed sequences in the transition of true and false beliefs,
as well as in the agents involved. These sequences can be relevant for
rapid responding, but it is unclear yet which sequence is more task-
relevant and which can be learned implicitly. We hypothesize that at
least sequences of true and false belief transitions can be learned im-
plicitly, and that this learning covaries with stronger cerebellar activity
(e.g., higher activation at the start of implicit learning and when un-
expected random sequences are introduced).

Autobiographical knowledge

Recent meta-analyses have shown that the representation of auto-
biographical knowledge (e.g., judgments about past and future personal
events) most reliably activates the cerebellum [8,12]. However, the
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exact function of the cerebellum in the processing of autobiographical
knowledge remains largely unknown. Based on the sequencing hy-
pothesis outlined above, our hypothesis is that the cerebellum may
contribute to the sequential organization of autobiographical knowl-
edge at different levels of abstraction and timescales. Research in cog-
nitive psychology and neuroscience has shown that autobiographical
knowledge is organized in partonomic hierarchical knowledge struc-
tures [37]: representations of specific events (e.g., snorkeling in the
Mediterranean) are structured in higher-order themes and event se-
quences (e.g., my vacation in Italy), which are both organized in more
abstract and extended autobiographical periods (e.g., my high school
years). Temporal sequences play a central role in the organization of
autobiographical representations at these different levels of hierarchical
knowledge. In line with our hypothesis, neuroimaging studies revealed
higher activation in the cerebellum when processing the temporal order
of past and future events compared to simply processing their content
[38], and when thinking about past and future events that are orga-
nized in themes and sequences [39].

Segmenting event components

A fundamental process in the representation of autobiographical
episodes is the need to break the continuous stream of perception and
action into meaningful units or event components—a process that has
been referred to as event segmentation [40]. To investigate the role of
the cerebellum in this process, a typical event segmentation task could
be used in which participants have to segment movies depicting actors
engaged in everyday activities (e.g., making breakfast) into meaningful
event units [41]. One can also assess event segmentation processes for
personally experienced events, using movies recorded from a first-
person perspective by a wearable camera while participants are en-
gaged in everyday activities [42]. We expect stronger cerebellar activity
when movies have to be segmented from a self-perspective as opposed
to an other-perspective depicting other actors, or as opposed to movies
that are watched passively from the same perspective. In addition to
measuring segmentation capacities, these tasks would allow to assess
dimensions of participants’ experience that determine the perception of
event boundaries (e.g., agents, goals, causality, and time).

Sequencing event components

Beyond event segmentation, the formation of coherent auto-
biographical representations requires that event components are orga-
nized in meaningful sequences (based on the chronological order of
successive units) that represent specific life episodes [43]. To assess the
contribution of the cerebellum in this sequential organization, one can
use a timed production paradigm that requires participants to list event
components in forwards chronological order, backwards chronological
order, or free order [43].

Sequencing events in clusters

Recent research has shown that many autobiographical events are
not represented in isolation from each other, but instead are organized
in meaningful themes and sequences—referred to as event clusters
[44]. The prevalence and nature of such clusters of past and future
events has been assessed using an event-cueing paradigm in which
participants are asked to produce chains of related events; the types of
relational dimensions that characterize event chains are then used to
infer the organizational principles underlying autobiographical
knowledge [44]. To investigate the role of the cerebellum in this or-
ganization of autobiographical events, an event-cueing paradigm can be
applied, in which demands on sequencing processes by experimentally
manipulating the number of events presented within clusters (from 2 to
5 events) are varied.

Sequencing autobiographical periods
Autobiographical periods refer to temporally defined life periods
(e.g., my college years) and include general knowledge about the
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people, places, activities, and objects characterizing these periods [45].
These autobiographical periods help to integrate and locate specific
past and future events in one’s life story, thereby playing an important
role in the construction of personal identity. The structure of auto-
biographical periods has been assessed by asking people to identify
chapters in their life story [46]. This task can be used to measure the
number of autobiographical periods, as well their temporal coherence
and duration.

The autobiographical sequencing tasks described above can be
adapted in four fMRI studies involving healthy young adults (n = =+ 40
per study). In addition to examining changes in activity within the
cerebellum (using univariate analyses), this approach allows to assess
how the cerebellum interacts with the typical autobiographical network
(using functional connectivity analyses) during autobiographical se-
quencing.

Furthermore, whether the cerebellum plays a causal role in each of
the fundamental sequencing processes described above in this section
on “Autobiographical knowledge” can be tested by temporarily dis-
rupting information processing in this region in healthy individuals
using TMS (n = = 40 per study). TMS would be applied to the right
and left posterior cerebellum where the largest cerebellar mentalizing
and autobiographical areas have been located and its effect on auto-
biographical sequencing will be compared to sham (control) TMS.

To our knowledge, no reports of autobiographical memory deficits
exist in patients with cerebellar lesions, but these patients are not
routinely tested for autobiographical functions and they may present
with subtle impairments. To address this issue, possible deficits in the
representation of autobiographical knowledge in patients with cere-
bellar lesions can be looked for using typical autobiographical memory
tasks [47], as well as tasks specifically assessing autobiographical se-
quencing (described above). Patients with neurodegenerative or acute
vascular cerebellar disorders (n = #+ 30) can be compared against
healthy controls (n = =+ 30) matched for age, education and other
cognitive/executive capacities.

Autism

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition
typically characterized by deficits in social communication and inter-
action and repetitive behavior or restricted interests [48]. The main
behavioral hallmark is an impairment in the ability to recognize and
attribute mental states to others to explain and predict their behavior
[49]. We speculate that behavioral alterations of ASD individuals are a
consequence of a complex of modifications of neuronal networks in
which the cerebellum participates. In support of this hypothesis, ab-
normalities in cerebellar grey matter volume emerged as one of the
biomarkers to discriminate individuals with ASD from typically devel-
oping individuals [50,51]. Furthermore, abnormalities in functional
connectivity between the cerebellum and cortical regions of the social
brain have been described in individuals with ASD [52-54]. The un-
derconnectivity theory of ASD proposed by Just et al. [55] attributes
the psychological impairment, such as social cognition, to disrupted
connectivity within different functional networks [56,57], which have
structural and functional relationships with the social cerebellum
[51,53].

A recent study with ASD adults analyzing anatomical and structural
changes in the cerebellum [58] provided evidence for the social role of
the cerebellum in ASD dysfunctions. The results showed decreased
cerebellar grey matter volume in the right Crus II, a region showing
extensive connections with cerebral areas related to social functions.
This grey matter reduction was correlated with the degree of autistic
traits as measured by the autism-spectrum quotient [59]. Interestingly,
altered functional connectivity was found between the reduced cere-
bellar Crus II and contralateral cerebral regions, such as frontal and
temporal areas [58]. These data suggested that adults with autism
spectrum disorder suffer from specific cerebellar structural alterations
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that may affect functional connectivity within cerebello-cerebral mod-
ules relevant to social processing, and this may account for their autistic
traits [58].

In line with this, the involvement of the cerebellum in social cog-
nition was also observed in a pilot study with 25 degenerative cere-
bellar patients, 13 ASD participants, and 55 control participants [60].
All participants were tested on 4 social cognition tasks: the Emotion
Attributions task [61], the Faux Pas task [62], the Advanced ToM task
[63], and the Reading the Mind in the Eyes test [59]. The results
showed that both cerebellar and ASD groups had a very similar profile
in that they revealed weaker performance on these tests than the con-
trol group, although not always significantly so (see Fig. 3). These data,
although preliminary, suggest that the cerebellum may contribute to
the processing of various social cognition components and that cere-
bellar dysfunctions may affect social cognition abilities of individuals
with ASD.

Social and non-social sequencing

Social cognitive impairments of participants with ASD, and the
specific role of the cerebellum in this process, can be tested in adults
affected by ASD (n = = 20; inclusion criteria: ADOS scores = 7 and IQ
above 70) by means of tasks requiring sequencing processing in social
situations and non-social situations (see Sections above on “Mirroring”
and “Mentalizing”). The performance of the ASD patients can be com-
pared with healthy controls (n = =+ 20), matched for gender, age, and
education, as well as with patients affected only by cerebellar disorders

Cerebello-cerebral social networks

Resting-state fMRI can be used to identify the cerebello-cerebral
networks involved in social cognition processing, and to compare the
pattern of functional connectivity within these networks between par-
ticipants with ASD (n = # 20) and matched neurotypical participants
(n = * 20). First, networks-based statistics [64] or dynamic causal
modelling [65,66] can be used in ASD patients to isolate the two major
mirror and mentalizing networks. Next, topological properties (shape
and efficiency) of the connectivity of the extracted subnetworks can be
estimated and compared between ASD and neurotypical participants,
before and after application of TMS or tDCS over the cerebellum. We
hypothesize that there will be changes in network connectivity before
and after brain stimulation as attested in previous research [67], and
that these changes will differ between ASD and neurotypical popula-
tions because their neural connectivity patterns are different to begin
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with. In addition, it is possible to target a focal area of the cerebellum
with TMS or tDCS, and we can explore how this affects other areas in
the cerebellum and cerebral cortex through their neural connections.
This latter application may highlight the therapeutic potential of cer-
ebellar neuromodulation with TMS or tDCS.

Analogies and discrepancies between social and motor sequencing

Activities of daily life require an accurate integration of spatio-
temporal information in the millisecond range. This millisecond accu-
racy is also required for fluent social interaction and coordination (e.g.,
talking). Cerebellar lesions such as ataxia encompasses errors in force
production and timing [68]. It is speculated that (a) the coding of se-
quences of motor commands is impaired in cerebellar patients and (b)
fundamental errors in motor coordination and social cognition share
similar mechanisms. This assumption is based on one major neuroa-
natomical feature of the cerebellum: for all lobules, cerebellar circuitry
is composed of very similar microzones arranged as narrow strips or-
iented perpendicular to the cortical folds. However, we also predict that
depending on the precise location and connectivity with the cerebral
cortex, either motor or social performance will be more impaired. There
is already some preliminary data from cerebellar patients [24] in-
dicating that there are significant correlations between the degree of
motor ataxia and performance on several cognitive and social tests.
More robust evidence can be obtained from studies conducting tests
encompassing both motor and social performance on larger patient
samples, or applying varying levels of brain stimulation (facilitatory or
inhibitory) using TMS or tDCS which may impact both motor and social
performance.

Basic functionality of the cerebellum: fundamental signatures of social
interactions in rats

Studies on the cognitive, affective and social role of the cerebellum
have been carried out in humans, and suggestive evidence as also
available on non-human animals. For instance, connections between
cortical prefrontal areas and cerebellum (mostly lateral cerebellum/
dentate nucleus) have been described in non-human primates [69]. In
addition, a recent study suggested the putative involvement of the
cerebellum in reward processing and in the control of social behavior of
mice [70].

The rat is an excellent laboratory animal for operant conditioning
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Lever-Feeder

Lever-Door

Fig. 4. Two different experimental designs for the study of motor and cognitive processes in alert behaving rats. A, B: A panoramic photograph and a diagrammatic
representation of the experimental set-up for the study of cooperative behavior between rats obliged to climb onto a (green) platform and to remain on it si-
multaneously (0.5-5s) to obtain a food reward [72]. C, D: A rat located in the box 1 must decide whether pressing the lever to the left to obtain a food pellet or to
press the right lever to open a metal door and interact with a rat located in the box 2 for 10s [73]. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

tasks and the solution of unpredictable environmental situations [71].
Rats can develop prosocial behaviors aimed to interact for the joint
solution of complex operant conditioning tasks [72] and to select be-
tween food or social rewards [73]. For example, we have already shown
that local field potential (LFPs) recorded in the medial prefrontal cortex
increase the spectral power in delta and gamma bands during proper
social interactions in pairs of rats [72,73]. We therefore hypothesize
that rats can be used to elucidate the cerebellar code during social ac-
tivities.

Social cooperation to obtain alimentary rewards

To study rat’s mirroring behaviors while carrying out instrumental
learning tasks [72], pairs of rats can be trained in adjacent Skinner
boxes to obtain a pellet of food when jumping on a platform in front of a
hidden lever. The same rats can be trained to jump simultaneously on
the platform to release a lever to obtain the pellet (Fig. 4A, B). The aim
is to determine coherence between LFPs and unitary activities from
prefrontal and cerebellar cortices when behaviors are synchronized to
obtain the reward. In particular, we expect an increase in coherent
activities in LFPs and unitary firing between prefrontal cortex (decision
making), accumbens septi (positive reinforcing), and lateral cerebellar
cortex (VI-VII layers) and dentate nucleus (attentional and cognitive).
In addition, to test more specifically the sequential nature of cerebellar
involvement, we might manipulate the learning of temporal intervals
for coordination tasks requiring joint motor actions.

Decision making between prosocial and food rewards

As a basic physiological need, food is a natural reward used in many
experimental procedures with rodents to study learning processes or
decision-making abilities. Social interactions also play an important
role in the development of these species and can therefore be used as a
positive reinforcement. To determine rat’s preferences for food or social
contact, and to study the involvement of cerebral and cerebellar
structures, we can present rats with these two types of reinforcements
[73]. For this aim, we will use two modified and adjacent Skinner boxes
separated by a guillotine door (Fig. 4C, D). One of these Skinner boxes
will have two available levers: pressing one lever provides access to
food pellets, and pressing another lever allows 10 s of visual and partial
physical contact with another rat located in the adjacent box. In this
situation, we expect differential LFP and unitary activities in both
cerebral (prefrontal cortex, accumbens septi and ventral tegmental
area) and cerebellar areas (lateral cerebellum and dentate nucleus)
depending upon the alimentary or social nature of the reward. More-
over, as an initial test of the sequential nature of cerebellar involve-
ment, we might manipulate the learning of temporal intervals for food
versus social rewards.

Decision making tasks involving active and passive behavioral responses
In the context of the present hypothesis, it is very important to
design animal experiments in which animals perform motor responses
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as opposed to operant conditioning tasks in the absence of any over
intentional movement. Go/No-Go tasks allow to assess decision making
processes and, in addition, the ability to suppress a specific action ac-
cording to the context, or the ability to cancel an action in progress
when an unpredictable cue indicates that it should be avoided. In the
proposed experiments, rats have to discriminate between two visual
stimuli shown on a computer tablet (Go or No-Go). In this situation, the
execution (Go) or non-execution (No-Go) of the selected action (to
touch or not the visual display) would be reinforced (Fig. 5). Rats will
be trained in a modified Skinner box, equipped with a tablet where the
visual stimuli will appear [74]. LFPs and unitary responses will be re-
corded from cerebral (prefrontal cortex, accumbens septi and ventral
tegmental area) and cerebellar structures (lateral cerebellum and den-
tate nucleus). Since this is a rather complex associative learning test, we
expect differential cerebellar activity when performing Go (cognitive
processes involving motor responses) and no-Go tasks (cognitive pro-
cesses in the absence of motor responses).

Pharmacological, viral, and transcranial direct-current manipulations of
social interactions

The activity in the above-mentioned cerebral and cerebellar cortex
and nuclei can be disrupted by local administration of agonists/an-
tagonists of dopamine (medial prefrontal cortex), GABA (cerebellar
nuclei), and lidocaine (cerebellar cortex) [75]. For longer lasting effects
(days or weeks), cerebellar nuclei can be injected with recombinant
adeno-associated viral system (rAAVs and INSIST systems) releasing a
variant of the tetanus neurotoxin [76] or tDCS (transcranial direct
current stimulation) of selected cerebellar cortical areas [77,78]. These
experimental procedures will provide more insight in the cerebellar
circuitry involved in social coordination among rodents.

Implications of the hypothesis

A strong neural interaction between the cerebellum and cerebrum
during social cognition has recently been confirmed in a meta-analytic
connectivity study on social cognition consisting of 34 fMRI studies and
578 participants [79] as well as in an effective connectivity study of
individual participants pooled across five fMRI studies containing 91
participants [28]. These studies revealed strong evidence for robust
functional cerebro-cerebellar links during social cognition, involving
the mirror and mentalizing network. In particular, connections were
found between the mentalizing network in the cerebellum and the
cerebrum, including core cerebral mentalizing areas such as the tem-
poro-parietal junction and the medial prefrontal cortex. These data
have been also confirmed by behavioral and neuroimaging evidences
from patients with degenerative cerebellar atrophy [60]. In addition,
recent evidence revealed that the posterior cerebellum is functionally
connected to the autobiographical network during autobiographical
memory retrieval [12].

Our hypothesis has major implications for life sciences and human
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Fig. 5. Go/no-Go experiment. A: For the Go situation, and following a tone, the rat has to touch a white horizontal rectangle on a tablet screen to collect a pellet of
food from the dispenser (indicated in red) [74]. The visual stimulus is presented for a short (10-5 s) time. B: For the no Go condition, and following a tone, the rat has
to avoid touching the green vertical rectangle displayed on the tablet (for 2.5-55) to obtain the food reward. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

disorders characterized by defects in social interactions. Many studies
have shown that the cerebellum is crucially implicated in the patho-
physiology of a broad range of neuropsychiatric and neurodevelop-
mental disorders such as autism spectrum disorders, attentional deficit
and hyperkinetic disorder, depression, and schizophrenia [80-82]. For
instance, in more than 90% of individuals with ASD well-defined cer-
ebellar anatomical abnormalities have been identified [83]. Identifi-
cation of the role of the cerebellum in the social characteristics of these
disorders may open novel and innovative avenues for future research,
clinical diagnostics and treatment. Up till now, the investigation of
social skills does not constitute an inherent part of the diagnostic work-
up and treatment of cerebellar impairments, and patients may receive
inadequate guidance because of ignorance of cerebellar involvement in
these pathologies.

After decades of hesitation, evidence has emerged that attributes
key higher functions to the cerebellar circuitry. From an anatomical
point of view, the structural organization of the cerebellum as a mantle
of grey matter surrounding white matter with embedded nuclei is found
in many species, from reptiles and birds to human [84]. The cerebello-
thalamo-cortical tract represents an excellent candidate as the major
highway involved in social cognition that is impaired especially in
autism spectrum disorders, leaving the cerebellum insufficiently con-
nected with the cerebral cortex [53]. Indeed, the functional con-
nectivity between the dentate nucleus and the cerebral cortex is altered
in ASD patients, and potentially also in other psychopathologies in-
volving social deficits. There is a defect in the connectivity between the
left dentate nucleus and cerebral regions implicated in specific net-
works, which might be involved in specific aspects of action
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observation, social mentalizing, and emotional processes [53]. Our
hypothesis might also have a potential impact on basal ganglia dis-
orders such as Parkinson’s disease and dystonic disorders, given the
established anatomical link between cerebellar circuitry and basal
ganglia [85]. This is relevant for both motor and non-motor deficits in
basal ganglia disorders. There is a consensus that neuronal dysfunction
originating in the cerebellum can drive dystonic movements in rodents
[86]. The identification of the neural code underlying social interac-
tions is thus a major challenge for the scientific community.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mehy.2019.05.014.
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