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Abstract

Autism spectrum disorders (ASD) are highly prevalent neurodevelopmental disorders; however,
the neurobiological mechanisms underlying disordered behavior in ASD remain poorly
understood. Notably, individuals with ASD have demonstrated difficulties generating implicitly
derived behavioral predictions and adaptations. Although many brain regions are involved in these
processes, the cerebellum contributes an outsized role to these behavioral functions. Consistent
with this prominent role, cerebellar dysfunction has been increasingly implicated in ASD. In this
review, we will utilize the foundational, theoretical contributions of the late neuroscientist Masao
Ito to establish an internal model framework for the cerebellar contribution to ASD-relevant
behavioral predictions and adaptations. Additionally, we will also explore and then apply his key
experimental contributions towards an improved, mechanistic understanding of the contribution of
cerebellar dysfunction to ASD.
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INTRODUCTION

Autism spectrum disorders (ASD) are prevalent neurodevelopmental disorders characterized
by abnormal social communication and interactions as well as restricted interests and
repetitive behaviors. In addition to these core behavioral deficits, individuals with ASD also
display a spectrum of comorbid symptoms which can include anxiety disorders,
gastrointestinal problems, sleep disturbances, seizures, attentional disorders, and intellectual
disability. Collectively, this varied symptomatology remains a significant challenge to treat.
At the present time, targeted pharmacologic therapies for the core deficits in ASD are not
available, with ASD treatment strategies focusing on treating associated comorbidities.
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To improve therapeutic options for ASD, researchers have sought to understand the
neurobiological underpinnings of the disorder. Studies have identified a strong genetic
contribution to ASD, with now over a thousand genes linked to this disorder (Berg and
Geschwind, 2012). As the functions of these genes have been delineated, various shared
themes have emerged, including a critical role for many of these genes in the regulation of
synapse and circuit function (Kenny et al., 2014; Bourgeron, 2015). Although initial studies
focused on the contribution of circuit dysfunction in the neocortex, increasing studies have
emerged that also support critical roles for sub-cortical structures in the pathogenesis of
ASD - with the most consistently identified anatomic substrate implicated in ASD being the
cerebellum.

CEREBELLAR CONTRIBUTIONS TO ASD

Many lines of evidence support the contribution of the cerebellum to ASD (for reviews see
(D’Mello and Stoodley, 2015; Fatemi et al., 2012; Mosconi et al., 2015b)). The most
consistently identified brain pathology reported in ASD is cerebellar, with postmortem
studies in ASD reporting reduced numbers of cerebellar Purkinje cells (PCs) (Whitney et al.,
2008). Cytoarchitecture within the rest of the cerebellum remains mostly intact, suggesting
that PCs develop and then die instead of failing to develop altogether (Whitney et al., 2009).
In addition to PC loss, human post-mortem studies also report cellular changes within the
cerebellar output nuclei along with cerebellar projections to other brain regions (Bauman
and Kemper, 1985; Fatemi et al., 2002; Palmen et al., 2004). Imaging studies in both
individuals with ASD and rodent models of ASD, including Rett Syndrome, Fragile X
Syndrome, and Tuberous Sclerosis Complex, also report cerebellar structural and functional
differences when compared to control populations (Murakami et al., 1992; Ellegood et al.,
2015; Stoodley et al., 2017; Kelly et al., 2020). Structural magnetic resonance imaging
(MRI) studies in toddlers and young children report significantly larger cerebellar volumes
in ASD subjects (Courchesne et al., 2011). Moreover, these volumetric differences are also
observed in specific cerebellar lobules, many of which have been previously linked with
cognitive functions (Murakami et al., 1992; Duerden et al., 2012; Stoodley, 2014). One
consistent volumetric finding reported in human imaging studies is hypoplasia of the
posterior cerebellar vermis in ASD, with the degree of gray matter loss within the vermis
proportional to severity of repetitive behaviors and poorer social interaction scores
(Courchesne et al., 1988; Scott et al., 2009; D’Mello et al., 2015). Human imaging studies
also support altered vermis activation in ASD, with abnormal activation associated with
processing facial expressions (Critchley et al., 2000; Wang et al., 2007). In addition to the
posterior vermis, the degree of volumetric change in cerebellar lobule VI, specifically area
right crus 1 (Rcrusl) of the cerebellar cortex, also correlates with the degree of ASD
symptom severity, especially with social deficits (Riva et al., 2013; D’Mello et al., 2015).
Additionally, regions of the cerebellar cortex including crusl, lobule VIII and lobule IX
display consistently reduced gray matter volume in ASD (Duerden et al., 2012; Stoodley,
2014), and functional imaging studies suggest differential activation of these cerebellar
regions during complex behavioral tasks in individuals with ASD (Pierce et al., 2004; Wang
et al., 2007; Silani et al., 2008; Mostofsky et al., 2009; Solomon et al., 2009). Preclinical
research studies manipulating cerebellar activity in mice with optogenetic and chemogenetic
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tools have also demonstrated the importance of area Rcrusl and the posterior vermis in
ASD-related behaviors (Stoodley et al., 2017; Badura et al., 2018; Kelly et al., 2020). This
work demonstrates critical contributions of area Rcrusl and the posterior vermis in the
regulation of ASD-relevant behaviors and, importantly, suggests that stimulation of Rcrusl
and the posterior vermis ameliorates social preference / novelty phenotypes and repetitive
behaviors (Stoodley et al., 2017; Kelly et al., 2020). Collectively, these studies point to the
importance of the cerebellum in ASD and ASD-relevant behaviors; however, how the
cerebellum modulates these complex processes and the precise regions of the cerebellum
contributing to ASD-related phenotypes is still under investigation. To understand how the
cerebellum might contribute to social behaviors and specifically how cerebellar dysfunction
influences ASD-related behaviors, we must first examine the functions of the cerebellum.

During any discussion of cerebellar functions, one must highlight the immense contribution
of the late, esteemed neuroscientist Masao Ito. Around the mid-20th century, the basic
understanding of neuroscience was being transformed by the growing understanding of
synaptic communication. This rapid growth in knowledge surrounding nervous system
function also reached the cerebellum around this time, as several scientists produced
pioneering work contributing to our current understanding of the cerebellum. Soon after
John Eccles discovered the concept of inhibition in the spinal cord (Eccles et al., 1962), the
young Japanese neuroscientist, Masao Ito joined his research group. Inspired by his early
training with Eccles, Ito contributed decades of work demonstrating critical properties of the
cerebellum, discoveries that ultimately pioneered advancements that are both practical and
theoretical. Together with Eccles and Janos Szentagothai, Ito published *“The Cerebellum as
a Neuronal Machine,” a work highlighting the stereotyped anatomical connections within
the cerebellum and postulating feedback/feed forward concepts that could be performed by
cerebellar circuitry (Eccles et al., 1962). In this and subsequent studies, Ito made important
theoretical contributions, postulating that the cerebellum provides the brain with a way to
generate internal models, facilitating the smooth pursuit of motor actions (Ito, 2006).
Additionally, Ito theorized that these internal models, which will be discussed in more detail
below, are stored representations of dynamic behavioral actions, such as the movement of
body parts (Ito and Ito, 1984). However, Ito’s foundational theories of internal models have
grown to encompass much more beyond motor learning and sensorimotor behavior. As data
has emerged supporting cerebellar involvement in non-motor behavior, 1to further expanded
his theories of internal models to accommodate the cerebellar contribution to non-motor
behaviors (Ito, 2008).

Ito’s work on the theoretical applications of cerebellar circuitry was complemented by his
and other’s discoveries examining the cellular and physiological mechanisms underlying
these internal models. One of Ito’s earliest experimental findings was that PCs are inhibitory
neurons that utilize the neurotransmitter GABA (Ito and Yoshida, 1964; Ito et al., 1964).
These findings secured the important role PCs play in regulating deep cerebellar nuclear
output to the rest of the brain and showed for the first time that inhibition was a modality
that could extend beyond local circuit networks.

Together, these findings of PC inhibitory function paired with local cerebellar circuitry and
the theoretical framework of internal models creatively influenced other scientists also
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focused on studying cerebellar function. In fact, within five years of the publication of *“The
Cerebellum as a Neuronal Machine”, Marr and Albus both postulated that motor learning,
and specifically motor memory, could be coded at the parallel fiber-PC synapse via changes
in synaptic efficacy. In 1969, Marr suggested such a function would utilize long term
potentiation (Marr, 1969), while Albus, in his conceptualization of the cerebellum as
perceptron, predicted long term depression in 1971 (Albus, 1971). Despite many attempts to
address these hypotheses, a conclusive answer remained elusive until Ito himself
demonstrated the presence of LTD upon simultaneous climbing fiber and parallel fiber
stimulation (Ito et al., 1982; Ito, 2001, 2002).

Collectively, these experimental findings made by Ito and his research group have changed
our fundamental understanding of cerebellar structure and function and have provided a
foundation for decades of further study. In this manuscript, we will first discuss 1to’s
theoretical framework for the cerebellum and utilize this framework to discuss the growing
literature pointing to the contribution of cerebellar dysfunction to ASD. We will then explore
the mechanisms for cerebellar contributions to ASD through the lens of Ito’s discoveries
detailing the inhibitory nature of cerebellar Purkinje cell output and the importance of LTD
in cerebellar learning.

ITO’S CONCEPTUALIZATION OF INTERNAL MODELS

In his description of internal models, Ito provides numerous insights into the contributions of
the cerebellum in ASD. An internal model can be defined as ‘‘any neural representation of
the external world” (Ito, 2006). Ito proposed that the cerebellar contribution to internal
models underlies an organism’s ability to learn motor skills and perform them with
increasing ease and less conscious effort (Ito and 1t6, 1984). For example, as we practice a
movement pattern such as kicking a ball, with more repetitions we are able to perform the
movement more precisely and to do so in an increasingly implicit and automatic manner.
Therefore, practicing these motor patterns refines the internal model representing the motor
action. With this refinement, the internal model can establish predictions about the outcome
of the movement given the context and circumstances and update those predictions to
improve future successful execution of the action (Requarth and Sawtell, 2014; Sokolov et
al., 2017). Ito proposed that these internal models are dependent on cerebellar function.
Since his original proposal, many studies have provided evidence to support the dependence
of these internal models on cerebellar function. This cerebellar dependence has been
demonstrated in both clinical studies of cerebellar injury or dysfunction (Fiez et al., 1992;
Moberget et al., 2014; Cullen and Brooks, 2015; Bodranghien et al., 2016) and in multiple
pre-clinical models where motor learning and performance is disrupted by cerebellar
impairment (Piochon et al., 2014; Ha et al., 2016).

To generate this internal model, 1to predicted that models reliant on waiting for sensory
feedback would operate on too slow a timescale to efficiently receive/predict motor
outcomes to effectively compute motor commands (Ito and 1td 1984). Instead, he proposed
that the cerebellum utilizes two types of predictive feedforward models: inverse and forward.
In a motor context, the inverse model provides a motor command to fit a desired outcome,
thereby replacing the need for another brain area (such as a cerebral-cortical area) to

Neuroscience. Author manuscript; available in PMC 2022 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

Page 5

generate said command. In contrast, the forward model predicts the outcome of the
performed action given the current context. Thus, an organism can generate an efference
copy of the action and compare the activated command with the predicted outcome in real
time while also comparing that predicted outcome with slower feedback from proprioceptive
and other sensory information (Fig. 1) (Ito and 1td, 1984). This efference copy is proposed to
be generated from a corollary discharge received by the cerebellum for motor action
(Person, 2019). These two predictive feed forward programs are hypothesized to be coupled
so that an inverse model learns to provide suitable commands for contexts in which the
related forward model is trained to provide error predictions (Wolpert et al., 1998). In this
way, the models work in tandem to generate proper sensorimotor predictions and intact
motor control.

In the context of a motor action, these postulated internal models are comprised of local
cerebellar circuits that work in concert with connected neocortical areas which serve as a
controller for the internal models of the cerebellum and are responsible for initiating the
motor command (Fig. 1) (Ito, 2006). PC’s receive singular climbing fiber input from the
inferior olive, tens to hundreds of thousands of granule cells via parallel fibers, and a variety
of local interneurons. The integration of these many inputs is thought to represent the
integration of proprioceptive, interoceptive, and exteroceptive sensory inputs. The cerebellar
cortical circuit is stereotypically organized. As this circuit is described in great detail
elsewhere in this special issue, it will not be discussed in detail here.

Although the initial models were based on a sensorimotor framework, Ito expanded his
theoretical predictions to non-motor functions well before a cerebellar role in non-motor
behaviors was widely accepted (Ito and 1td, 1984). He believed that the internal models of
the cerebellum played a critical role in the processing and execution of more diverse
functions including internal thoughts and language (Ito and 1td, 1984). As he conceptualized
within the context of motor behaviors, Ito also theorized that an accurately predictive
internal model would be essential for any complex behavior. Thus, we will next review data
supporting the extension of Ito’s theories beyond motor function and, in specific, to autism-
relevant behaviors.

INTERNAL MODELS — BEYOND MOTOR BEHAVIORS: PREDICTION

Performing social interactions depends on the ability to identify familiar contexts and
individuals while recognizing sequences within a complex interplay of sensory information.
From this sensory information, an organism would then need to be able to generate a
predicted set of behaviors geared towards achieving the desired social outcome based on
recognition of that sensory information. For example, factors such as another individual’s
personality, mood, past experiences, cultural background, the underlying social context, and
purposes of the social interaction are all critical variables to negotiate successful social
interactions and would need to be included into a social predictive model. Likely outcomes
can then be predicted and executed in consideration of these factors. Moreover, as with
motor activity, the precise timing and temporal kinetics required for proper performance of a
complex behavior such as social behavior require feedforward-based approaches, consistent
with Ito’s theorized internal models.
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Unsurprisingly, then, the ability to make accurate predictions has been shown to be disrupted
in individuals with ASD in a number of behavioral spheres, including both social and non-
social behaviors (Tseng et al., 2007; Sinha et al., 2014; Balsters et al., 2016). In
sensorimotor domains, the majority of individuals with ASD have motor skill deficits (Lloyd
etal., 2011), and individuals with ASD have been shown to make abnormal sensorimotor
predictions (Ernst et al., 2019; Kinard et al., 2020). In addition, individuals with ASD who
have difficulties generating accurate predictions demonstrate greater ASD symptom severity
(Greene et al., 2019).

Difficulties with prediction also extend beyond sensorimotor domains. Individuals with ASD
also struggle with interoceptive accuracy and generating predictions about their own internal
state, and these challenges contribute significantly to processing and understanding internal
emotions (DuBois et al., 2016; Garfinkel et al., 2016). Additionally, individuals with ASD
demonstrate difficulties in making proper social predictions and inferences (Chambon et al.,
2017). One way in which social prediction is examined in ASD is through Theory of Mind
tasks. Theory of Mind refers to an individual’s ability to see the world from another’s point
of view (Baron-Cohen, 1997). These tasks are by nature dependent on generating predictions
(or intuiting previous events) based on current observations, a process in which individuals
with ASD struggle (Baron-Cohen et al., 1985; Sinha et al., 2014). Dysfunctional social
prediction and difficulties with Theory of Mind have been linked to cerebellar activity (Ernst
et al., 2019; Kinard et al., 2020), and individuals with cerebellar dysfunction struggle with
socio-emotional perception (Hoche et al., 2016). Functional (f)MRI imaging studies in
individuals who listened to stories that either violate or meet social norms highlight an
important role for the cerebellum in socially-relevant predictions. In these studies, cerebellar
activation was noted (Berthoz et al., 2002), indicating that the cerebellum is involved in the
calculation of social prediction.

In neuro-typical individuals, areas critical for prediction include not only the cerebellum but
also the basal ganglia, anterior cingulate cortex, and striatum (Delgado et al., 2008; Schlerf
etal., 2012; Ide et al., 2013; Tanaka et al., 2016). Interestingly, these are all ASD-implicated
brain areas (Thakkar et al., 2008; Qiu et al., 2010; Fatemi et al., 2012; Araujo et al., 2015),
and many of these areas which have been shown to be instrumental for social prediction/
social prediction error also display aberrant function and connectivity to the cerebellum in
individuals with ASD (Verly et al., 2014; Balsters et al., 2016).

INTERNAL MODELS — BEYOND MOTOR BEHAVIORS: ADAPTATION FROM
ERROR-BASED LEARNING

Inherent in the generation of an internal model is a need to have a mechanism to manage
inaccuracies of the model, or put another way, a prediction error. ‘‘Prediction error” can be
defined as the ability to make predictions and utilize incoming sensory information to
calculate error between the predicted and actual outcomes (Schlerf et al., 2012). This error
calculation allows for the appropriate adaptation to minimize error in the future and thus
refines the predicted action and internal model (Synofzik et al., 2008; Popa et al., 2016). In
motor terms, whether it be a comparison of signals generated by either inverse versus
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forward models or comparing sensory feedback from the execution of the motor command
to the efference feedforward signals, the existence of error can be examined (Requarth and
Sawtell, 2014). If the predicted outcome matches the actual outcome, the signal can be
voided (Brooks and Cullen, 2013); however, when the actual and predicted results are not
alike, the difference constitutes a sensory prediction error. These error calculations allow for
rapid modification of motor output and serve to reduce error upon prediction of subsequent
movements (Bastian, 2006). The inferior olive derived climbing fiber signal is thought to
play an important role in conveying information of both predicted and actual outcomes, as it
receives cortical, subcortical, and cerebellar inputs, placing it in a prime position to perform
sensory error-based functions (De Zeeuw et al., 1990, 1998). Interestingly, recent studies
suggest that climbing fiber input may also provide additional information beyond an error
signal and may also convey information about reward prediction (Heffley and Hull, 2019;
Hull, 2020). The information carried via climbing fiber input is conveyed via complex spike
activity onto PCs (Davie et al., 2008). Therefore, the features of the complex spike as well as
the resulting pause in PC simple spike activity following initiation of the complex spike are
likely to convey error, adaptation, and reward information. However, exactly how this
information is encoded in these features remains to be fully elucidated (Hewitt et al., 2011;
Popa et al., 2016).

Without the ability of the cerebellum to perform precise prediction error calculations, the
accurate and timely predictions of behavioral outputs would be difficult to achieve. In
alliance with these concepts, individuals with ASD have impaired abilities to adapt
predictions in a number of sensorimotor-related tasks such as oculomotor saccade and
reaching tasks (Lawson et al., 2014; Van de Cruys et al., 2014). In these studies, individuals
with ASD showed decreased adaptation, impaired accuracy, and dependence on slower,
often explicit, feedback mechanisms (Mosconi et al., 2015a). These tasks have been
previously demonstrated to rely on proper cerebellar function, further highlighting cerebellar
dysfunction within ASD (Desmurget et al., 1998; Barash et al., 1999). These prediction
errors also extend to social behaviors in individuals with ASD (Balsters et al., 2016; Greene
et al., 2019; Kinard et al., 2020) who demonstrate difficulties with adaptation in social
domains (Pellicano et al., 2007; Rutherford and Troje, 2012; d’Arc et al., 2020).

In addition, deficiencies in error-based adaptation are further implicated in ASD even
beyond social interactions. Although prediction errors clearly apply to social functions as
noted above, these difficulties also apply to the other core deficit category in ASD —
behavioral rigidity, repetitive behaviors, and cognitive inflexibility. Individuals with ASD
tend to hold tightly to specific behavior patterns, have difficulty changing plans, deviating
from routines, and have trouble adapting to novel environments (de Vries and Geurts, 2012).
The DSM-V describes these behaviors as, “‘insistence on sameness”. These restricted
behaviors are often categorized as an expression of cognitive inflexibility. Cognitive
flexibility, or the ability to switch quickly from one task to another, is a means traditionally
ascribed to prefrontal cortex-regulated executive functions (Ragozzino et al., 1999; Monsell,
2003; Bissonette et al., 2008). However, cerebellar involvement in behavioral flexibility is
logical given that the cerebellum and prefrontal cortex have been shown to be both
structurally and functionally connected. Specifically, cerebellar domains implicated in ASD
such as the cerebellar vermis have been shown to be connected to the mPFC, while these
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connections are disrupted in individuals with ASD (Buckner et al., 2011; Kelly et al., 2020).
Moreover, studies in individuals with ASD demonstrate that the change in posterior vermis
volume correlates with restricted, repetitive, and stereotyped behavioral scores on the
Autism Diagnostic Interview-Revised (D’Mello et al., 2015). Moreover, recent studies in
rodents demonstrate that proper function of the posterior vermis is necessary to prevent
ASD-relevant behaviors (Badura et al., 2018; Kelly et al., 2020) and that modulation of
function in this region is sufficient to improve repetitive and inflexible behaviors in an ASD-
relevant mouse model (Kelly et al., 2020).

Accurate prediction error also provides the ability to discriminate between relevant and
irrelevant sensory stimuli, including how to differentiate salient signals from noise. One
example of this would be the ability to differentiate between background contexts that
should be remembered for future behavioral relevance versus irrelevant sensory stimuli such
as background noise (O’Shea et al., 2005; Baker et al., 2008; Brown and Dunn, 2010). This
sensory processing and integration are known challenges for individuals with ASD, with
many demonstrating hyper and/or hyposensitivity to various sensory stimuli, including
auditory, visual, and tactile sensation (Leekam et al., 2007; Marco et al., 2011). These
difficulties often manifest with individuals engaging in behaviors to manage this sensory
information, sometimes by decreasing sensory input (plugging ears or covering eyes) or
conversely by seeking out sensory feedback through actions such as rubbing their face or
utilizing weighted blankets (Rosenhall et al., 2003; De Jonge et al., 2007; Gucli et al.,
2007). Interestingly, abnormal sensory responses have been shown to be correlated with the
severity of social deficits in high functioning individuals with ASD (Hilton et al., 2010).
Taken together, disruptions in both prediction and error-based adaptation as demonstrated in
ASD are likely to contribute to both core and co-morbid behavioral disruption in ASD.
Direct evidence linking cerebellar function with improved adaptation processes is currently
under investigation.

INTERNAL MODELS — BEYOND MOTOR BEHAVIORS: IMPLICITY

Another key property of Ito’s proposed internal model is that the cerebellar capacity for
error prediction and adaptation of learned tasks becomes *“internal” and thus implicit.
Implicit correction has been shown in multiple settings in motor paradigms and to be
dependent on cerebellar function (Kim and Thompson, 1997; Boyden et al., 2004; Tseng et
al., 2007). The cerebellum functions to hold programs required for executing behaviors and,
once acquired, adapts them without conscious intervention (Wolpert et al., 1998). Implicit
learning can be described as learning which occurs without conscious awareness or explicit
understanding of how the learning has happened (Reber, 1993; Callenmark et al., 2014). For
example, children often learn to follow grammatical rules, pronunciation, and syntax when
learning to speak their native language without conscious knowledge of those rules and their
acquisition (Vizcaino et al., 2006). Implicit learning also involves the ability to readily and
unconsciously apply learned concepts to new contexts (Hoffmann and Koch, 1998).

In practice, activation of internal models during explicit learning promotes the generation of
error-based signals as new movements and/or skills are acquired. Once acquired, internal
models are refined and corrected through cerebellar generated error signals, and feedback
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loops supported via internal models promote the switching from explicit to implicit learning.
Individuals with ASD and neurodevelopmental disorders in general struggle with implicitly
learned paradigms and emotional perception (Klinger et al., 2007). Instead of utilizing
implicit learning, many studies support that individuals with ASD rely instead on explicit
strategies to navigate what would otherwise be implicit tasks (Callenmark et al., 2014). As
with motor control, reliance on such strategies in social and cognitive domains, such as
emotional perception, is predicted to result in significant impairment in functionality and
likely contributes to social deficits and restricted behaviors seen in individuals with ASD
(Paul and Cohen, 1985; Frith and Happé, 1999; Klinger et al., 2007; Senju, 2013;
Callenmark et al., 2014). However, explicit learning strategies can assist learning in
sensorimotor domains (Mazzoni and Krakauer, 2006; Taylor et al., 2014) and have been
shown to impact social skill learning. Researchers have found that higher verbal age allows
for more explicit tutelage and helps individuals with ASD successfully navigate what would
be intuitive tasks for typically developing children (Happé, 1995; Klinger and Dawson,
1995; Bowler et al., 1997). This explicit learning approach also underlies one of the most
common and effective ASD treatment options, applied behavioral analysis (ABA) (lvy and
Schreck, 2016). As previously mentioned, one type of task that ASD children struggle with
is Theory of Mind, where one is expected to understand the mental/emotional state of others
and make predictions based on that information. However, instructors have been able to help
individuals with ASD successfully complete these tasks through the teaching of explicit
rules that rely on effortful verbal strategies (Happé, 1995). At present, only a few studies
have specifically evaluated the efficacy of explicit behavioral strategies on social skills
(Begeer et al., 2011; Peters and Thompson, 2018). Direct evidence supporting these
concepts and theories within ASD populations is currently under investigation. Thus, in
ASD, altered cerebellar function and subsequent deficits in error-based learning impair
prediction, adaptation, and implicit learning/processing resulting in the need to perform
tasks explicitly and executing actions that depend on slower, feedback-based adaptation.

CEREBELLAR-CORTICAL CIRCUITRY AND INTERNAL MODELS

In order to generate an internal model within his theoretical framework, Ito proposed and
showed evidence to support that the cerebellum communicated with cortical areas and
specifically the prefrontal and parietal cortices for mental activities, language, and social
interactions (Ito, 2008). Over many decades, studies have supported both structural and
functional connectivity between the cerebellum and non-motor cortical areas, including the
prefrontal and parietal cortices (Strick et al., 2009; Buckner et al., 2011). Recent work has
shown that specific subtypes of cerebellar nuclear neurons may mediate these projections to
differential cortical regions (Fujita et al., 2020). Cerebellar-cerebral cortical connections are
exclusively polysynaptic and are classically thought of as organized in cerebellar-thalamo-
cortical loops (Strick et al., 2009; Buckner et al., 2011; Voogd et al., 2012), although recent
work also demonstrates connectivity through limbic regions such as the Ventral Tegmental
Area (VTA) (Carta et al., 2019). It is through these reciprocal loops with the cortex that the
cerebellum receives cortical information and in turn provides output back to relevant cortical
regions.
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Interestingly, communication between the cerebellum and cortical areas is also altered in
ASD. Functional imaging studies have supported abnormal functional connectivity between
the cerebellum and the cerebral cortex in ASD (Mostofsky et al., 2009; D’Mello and
Stoodley, 2015; Stoodley et al., 2017). Resting state fMRI connectivity between the
cerebellum and the cortex has been reported to be significantly diminished in ASD (Noonan
et al., 2009; Khan et al., 2015). Specifically, areas implicated in ASD including cerebellar
areas crusl and crus2 have reduced connectivity to the dorsolateral and medial prefrontal
cortex, and these connectivity alterations correlate with ASD symptom severity (Jung et al.,
2014; Verly et al., 2014). Moreover, studies have similarly demonstrated disruptions in
Rcrusl connectivity to parietal areas in children with ASD and in ASD-relevant rodent
models (Stoodley et al., 2017). Further, using structural connectivity approaches or an
unbiased fMRI approach, disrupted connectivity can be identified between mPFC and
Rcrusl in both ASD-relevant rodent models and in individuals with ASD (Kelly et al.,
2020).

Additional evidence supporting the importance of cerebellar circuitry in ASD comes from
emerging work demonstrating roles for the cerebellum in processing reward. Studies have
demonstrated outcome prediction and error calculation in cerebellar granule cells for reward
behavior (Wagner et al., 2017). Additionally, climbing fiber activity has also been shown to
convey reward related information (Hull, 2020), and connectivity from the cerebellum to
VTA has been demonstrated to influence non-motor behaviors, including social behaviors
(Carta et al., 2019). Human imaging studies have also found activation of cerebellar regions
during reward-related tasks and differential cerebellar activation in drug users during reward
learning and drug-related cravings and memories (Martin-Sélch et al., 2001; Ramnani et al.,
2004; Anderson et al., 2006; Thoma et al., 2008). Studies in mice have further demonstrated
atypical connectivity between the cerebellum and mPFC, and mPFC dopamine levels are
altered in mouse models of PC loss and ASD (Rogers et al., 2011, 2013). Moreover,
dopamine receptors in the cerebellar output nuclei have been shown to be critical for
cognitive behaviors (Locke et al., 2018), while loss of tyrosine hydroxylase in PCs results in
numerous non-motor deficits (Locke et al., 2020). Taken together, these interactions with
reward pathways point to likely important roles for cerebellar-regulated predictions of
reward and valence that may have critical impacts on non-motor behavior and cognition.
However, the cerebellar networks and the precise interactions and neural circuits that
underlie these cerebellar-regulated internal models remain to be fully established.

THE IMPACT OF LOST PURKINJE CELL INHIBITION ON CORTICAL
DYSFUNCTION IN ASD

One prominent theory in ASD is that individuals with ASD have disruptions in cortical
excitatory/inhibitory (E/I) balance (Rubenstein and Merzenich, 2003; Nelson and Valakh,
2015). In this formulation, the ratio of cortical excitation to inhibition is altered, with the
balance shifted toward an increased excitatory-inhibitory ratio (Rubenstein and Merzenich,
2003; Nelson and Valakh, 2015). In its formulation, function of the cortex is altered when
the balance between excitatory and inhibitory circuits is disrupted with too little inhibition,
excess excitation, or a combination of both factors. Appropriate amounts of inhibition allow
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for excitatory output neurons to fire with high signal to noise ratio, precise timing, and to
have the gain necessary to encode relevant tasks (Rubenstein and Merzenich, 2003; Vogels
and Abbott, 2009). Without proper balance, the timing, quantity, and synchronization
necessary for the appropriate computation are lost (Mogels and Abbott, 2009; Nelson and
Valakh, 2015; Peterson and Voytek, 2017). Some of the strongest support for altered
excitatory-inhibitory balance comes from the high rates of epilepsy in ASD in addition to
electroencephalography studies pointing to excessive circuit excitation. Approximately 30%
of ASD patients have epilepsy (Tuchman et al., 2009), and even in the absence of epilepsy,
epileptiform EEG patterns and cortical hyperactivation are observed in significant
proportions of individuals with ASD (Chez et al., 2006; Spence and Schneider, 2009).

Similar findings for disruptions in E/I balance have also been demonstrated in a number of
mouse models of ASD-linked genes (Gogolla et al., 2009; Pefiagarikano et al., 2011;
Rothwell et al., 2014). Moreover, mouse models with loss of many ASD-related genes
demonstrate increased cortical excitability, often with accompanying seizures (Meikle et al.,
2007; Gibson et al., 2008; Pefiagarikano et al., 2011; Selimbeyoglu et al., 2017).
Furthermore, exogenous alterations in excitation and inhibition with a biasing toward
increased excitation or decreased inhibition affects both social and repetitive behaviors in
these models (Gogolla et al., 2009; Pefiagarikano et al., 2011; Rothwell et al., 2014).
Elevating E/I imbalance in the mPFC by exciting pyramidal neurons or by inhibiting
parvalbumin expressing, inhibitory interneurons in wild-type mice resulted in disrupted
social interactions (Gogolla et al., 2009; Mehta et al., 2011; Yizhar et al., 2011).
Additionally, optogenetic inhibition of somatostatin expressing interneurons abolishes
affective state discrimination, which can also be elicited by synchronous somatostatin
neuron activation (Scheggia et al., 2019). Importantly, reducing excitatory tone in the mPFC
has also been shown to rescue social deficits in a mouse mutant of the ASD-linked genes
Cnt-nap2and Tscl (Selimbeyoglu et al., 2017; Kelly et al., 2020). Reduction of mediodorsal
or ventromedial thalamic activity (thalamic nuclei which project to the mPFC) also impairs
ASD-related behaviors, including cognitive flexibility and social interaction, while
activation of parvalbumin neurons in the mPFC can mitigate these impairments (Parnaudeau
etal., 2013; Bolkan et al., 2017; Ferguson and Gao, 2018; Kelly et al., 2020). Together these
findings support that proper excitatory-inhibitory circuit function is essential for social
behaviors.

One of Ito’s most fundamental discoveries was that the sole output from the cerebellar
cortex, the PC, is inhibitory and utilizes the inhibitory neurotransmitter GABA (lto et al.,
1982). Thus, these cells play critical roles in providing efferent inhibitory influence on
downstream cerebellar nuclear activity (Ito et al., 1982). As noted above, the most
consistently identified pathology in ASD is loss of PCs, while cerebellar output dysfunction
is observed in ASD, consistent with impaired PC function (Ryu et al., 1999; Whitney et al.,
2008). Further support for a critical role for PCs in ASD has emerged from pre-clinical
studies. Mouse mutant models with targeted loss of ASD-related genes in PCs have
consistently demonstrated PC dysfunction. Moreover, these models overwhelmingly
demonstrate social impairment and repetitive and inflexible behavioral phenotypes,
demonstrating that PC dysfunction is sufficient to generate these behaviors. These models
include PC knockout of 7scl, TscZ, and Pten (Tsai et al., 2012; Reith et al., 2013; Cupolillo
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et al., 2016). Additionally, other ASD-related mouse models such as Shank2knockout mice
demonstrate PC dysfunction and similar ASD-related behavioral phenotypes (Peter et al.,
2016). In addition, targeted disruption of the cerebellum using chemogenetic approaches has
also shown that cerebellar dysfunction is sufficient to generate ASD-relevant phenotypes
including social impairment and inflexible behaviors (Stoodley et al., 2017; Badura et al.,
2018; Kelly et al., 2020).

Although the precise relationship between PC and cerebellar nuclear neuronal activity
continues to be actively studied (Person and Raman, 2012), activation of PC activity results
in inhibition of cerebellar nuclear neuronal activity (Chabrol et al 2019) and the loss of this
important inhibitory output from PCs is consistent with increased output from the cerebellar
nuclei, as is observed in individuals with ASD (Asano et al., 2001). Thus, alterations in
cerebellar nuclear output would be predicted to impact neocortical activity via previously
discussed connections to the cerebral cortex and would potentially impact the excitatory
inhibitory imbalance observed in ASD. Recent studies support an impact of PC activity on
neocortical activity consistent with this prediction (Stoodley et al., 2017; Chabrol et al.,
2019; Kelly et al., 2020). As discussed, 1to proposed that cerebellar-mPFC pathways likely
contribute to generation of internal models of behaviors. In alliance with this proposal,
mouse models of PC loss such as the /urcher model display increased mPFC activity (Rogers
etal., 2011, 2013). PC hypoactivity and PC loss is also seen across many mouse models of
ASD with reported increases in cortical excitation. For example, individuals with Fragile X
Syndrome, a neurodevelopmental disorder which is the leading mono-genetic contributor to
ASD, as well as Fmr1 (gene disrupted in Fragile X) mouse mutants have been shown to have
reduced PC activity as well as cortical hyperexcitability and sensory hypersensitivity
(Koekkoek et al., 2005; Gibson et al., 2008; Hays et al., 2011).

Recent investigations have also demonstrated that decreased cerebellar activity results in
increased activity in downstream mPFC and parietal cortical areas, thereby contributing to
the elevated E/I balance in these cortical regions (Stoodley et al., 2017; Kelly et al., 2020).
These studies in mice demonstrated anatomic connections between the ASD-implicated
cerebellar regions, Rcrusl and the posterior vermis, and the mPFC and also confirmed that
output from these cerebellar regions to the mPFC is essential for normal behaviors (Badura
etal., 2018; Kelly et al., 2020). Moreover, studies further identified disruptions in
connectivity between Rcrusl and the mPFC in a cohort of over 100 mouse models of ASD-
linked genes, suggesting a potentially shared circuit disruption across many genetic ASD
models (Kelly et al., 2020). Lastly, these studies highlight the potential translational
applicability of these findings, as modulation at the cerebellum and along the cerebellar-
mPFC circuit results in improved social behaviors in an ASD-relevant genetic mouse model
(Stoodley et al., 2017; Kelly et al., 2020).

Ito’s discovery of the inhibitory nature of the PC thus may inform one of the leading theories
in ASD dysfunction, E/l imbalance (Fig. 2). As discussed above, excitatory-inhibitory
imbalance has been shown to alter cortical function and behaviors relevant to ASD.
Although there has been significant research conducted in this area, additional examination
beyond the present studies (Stoodley et al., 2017; Kelly et al., 2020) of the cerebellar
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contribution to cortical function in ASD will continue to be an important avenue of future
study.

LTD AND CEREBELLAR LEARNING IN ASD

The cerebellum makes important contributions to 1to’s theoretical generation of internal
models; however, the exact mechanisms by which the cerebellum performs those functions
remain largely undefined. Although PCs have a critical role in cerebellar function and have
been implicated in ASD, whether disruptions in cerebellar-regulated learning are involved in
ASD remains unknown.

As noted previously, for decades, competing theories were proposed regarding the neural
mechanisms underlying cerebellar learning. In 1979, Ito showed experimental evidence that
concurrent parallel fiber and climbing fiber activation resulted in LTD (Ito et al., 1979) and
that this mechanism to generate plasticity could underlie cerebellar prediction learning (Ito
and Kano, 1982; Ito et al., 1982). Consistent with the critical role for the inferior olive-
generated climbing fiber in the representation of error, this mechanism does not occur in the
absence of error or in the absence of climbing fiber input (Ito, 2001; Popa et al., 2016).
While much evidence supports that the error signal is carried predominantly by climbing
fiber inputs (Kawato and Gomi, 1992; Wolpert et al., 1998; Ito, 2002, 2013), recent studies
suggest that input from climbing fibers may provide a richer source of information (Hull,
2020). Although studies continue to build on these original observations of cerebellar
learning through LTD, we can apply our present understanding of these insights to better
understand cerebellar dysfunction in ASD (Fig. 2).

One process that is dependent upon LTD-dependent cerebellar learning is eye-blink
conditioning. Eye-blink conditioning is a classical conditioning task which requires the
pairing of the unconditioned stimulus (air puff to the eye) with a conditioned stimulus
(usually a tone) (Kim and Thompson, 1997). Through numerous lesion studies,
electrophysiological recordings, and imaging studies, it has been shown that this task is
dependent upon the cerebellum and more specifically is dependent on cerebellar LTD in
rodents, rabbits, and humans (Woodruff-Pak et al., 1985; Molchan et al., 1994; Shibuki et
al., 1996; Schreurs et al., 1997). Individuals with ASD have been found to have deficits in
delayed eye-blink conditioning, further supporting disruptions in LTD-dependent behaviors
in ASD (Sears et al., 1994; Oristaglio et al., 2013). Moreover, many mouse models for ASD-
linked genes have also been shown to have deficits in eye-blink conditioning. ASD models
of loss of Cnt-nap2, MecpZ2, Shank3, Fmr1, Tsc2and PC knockout of 7sc? all have reported
perturbations in associative sensory learning in the form of delayed eye-blink conditioning
(Auerbach et al., 2011; Kloth et al., 2015). Moreover, mice with 15911-13 duplication, one
of the most prevalent genetic abnormalities in ASD, display aberrant cerebellar LTD and
eye-blink conditioning deficits in addition to social deficits (Piochon et al., 2014). Alongside
this mouse model, a mouse model of the non-syndromic ASD-linked gene Neuroligin-3also
displays dysregulated LTD in the cerebellum, further implicating the prevalence of LTD
deficits in the setting of autism-related gene mutations (Baudouin et al., 2012a). In addition
to changes in cerebellar plasticity, these models also are accompanied by impairments in PC
function, which is postulated to contribute to the timing of parallel fiber and climbing fiber
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activation, thereby potentially contributing to knock on effects on LTD seen in these models
(Tsai et al., 2012; Cupolillo et al., 2015; Chao et al., 2020). Alterations in LTD likely
contribute to the learning, motor, and neuropsychiatric relevant phenotypes exhibited in
these models (Koekkoek et al., 2005; Baudouin et al., 2012b; Piochon et al., 2014).
Although LTD as the mechanism behind cerebellar learning is strongly supported, there is
still a need to further elucidate the specific roles that LTD might play in ASD-relevant
behaviors. Additionally, the role of lesser studied cell types in the cerebellum such as
Bergmann glia may hold deeper insights not only into Ito’s theories of LTD and cerebellar
learning but also in ASD. Studies have shown that Bergmann glia, which are present at
synapses on PC dendrites play a role in the clearing of glutamate and the process of LTD
(Shibuki et al., 1996; Grosche et al., 2002). Bergmann glia have also been indirectly
associated with ASD and may provide another mechanistic contribution to the pathogenesis
of ASD (Kaoirala and Corfas, 2010; Chrobak and Soltys, 2017).

A CONTINUED LEGACY

Masao Ito theorized that the cerebellum provides a critical contribution to internal models of
both motor and non-motor behavior. He proposed and demonstrated that cerebellar cortical
structure and learning capabilities allowed for generation of implicit predictions and
adaptation of those predictions to a changing sensory environment. Ito theorized that these
cerebellar functions would thus apply not only to motor actions but to any complex behavior,
including an individual’s internal thoughts, social behaviors, and behavioral flexibility, the
hallmark behaviors that are disordered in ASD. Consistent with these predictions, cerebellar-
regulated functions of implicitly performed prediction and adaptation are disrupted in ASD,
while increasing evidence implicates cerebellar dysfunction in ASD. Included in this
dysfunction, disruptions in two of Ito’s experimental contributions — PC function and PC-
mediated plasticity — have been consistently identified in ASD and ASD models, which
together would be predicted to result in the disruptions in cerebellar-governed prediction and
behavioral adaptation observed in ASD (Fig. 2). In addition, a specific anatomical
topography for the cerebellar contribution to ASD is beginning to emerge with a regional
organization to behaviors relevant to ASD. However, the cerebellum, in addition to gross
anatomical organization, is also organized into functional modules or microzones (Apps et
al., 2018). These microzones can be further defined by specific PC molecular expression
(including aldolase C, PLCB3 and 4, EAAT4, Pcdh10) while emerging single cell expression
studies are further defining molecularly-characterized cerebellar subsets (Apps et al., 2018;
Fujita et al., 2020). A more detailed examination of the contribution of cerebellar
organization to specific behavioral phenotypes will be a critical avenue of future study.

In addition, Ito also believed that connectivity between the cerebellum and cortex is critical
for proper execution and performance of behavior. As previously noted, cerebellar-cerebral
cortical circuits are organized in cerebello-cortical loops (Strick et al., 2009; Buckner et al.,
2011; Voogd et al., 2012) through which the cerebellum receives cortical information and
provides critical computations to cortical regions. The application of these internal models
onto different behavioral phenotypes will likely depend on the regions of the cerebellum and
cerbral cortex which are connected in these loops. In this way there is a functional
topography of the cerebellum, representing the associated cortical regions and functions
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(Buckner et al., 2011; D’Mello and Stoodley, 2015). Recent work has demonstrated the
importance of these circuit loops in ASD, especially those including cerebellar cortical areas
Rcrusl and the posterior vermis to the mPFC (Kelly et al., 2020). However, altered function
of these circuit loops is unlikely limited to one cerebellar or cortical region. In fact, studies
have demonstrated decreased connectivity between the cerebellum and numerous cortical
areas and abnormal activation of cerebellar and cerebral-cortical areas in individuals with
ASD (Mueller et al., 2013; von dem Hagen et al., 2013). Each of these connected brain areas
may play unique roles in ASD-related behaviors, which may contribute to the vast
heterogeneity in behavioral symptomatology observed in ASD.

Ito further hypothesized that cortical areas, such as the mPFC, send out commands to the
cerebellar-generated internal models, accounting for the cortical-cerebellar projection leg of
the closed loop. However, both he and others also postulated important reciprocal functions
of the return signaling from the cerebellum back to the cortex, suggesting a more
complicated model than the traditionally held view of a top down relationship from the
cortex to cerebellum. Recent work has suggested that cerebellar function and PC activity
dictates mPFC activity, dopamine release, mPFC function, and mPFC behavioral regulation
(Rogers et al., 2013; Parker et al., 2014; Badura et al., 2018; Kelly et al., 2020). These
studies are just beginning to scratch the surface of the precise cerebellar contribution to the
pathogenesis of ASD and the precise role for the cerebellum in the regulation of ASD-
relevant behaviors.

Altogether, Masao Ito has propelled the field of cerebellar research forward with his
innumerable contributions, which have not only enlightened us to the molecular and
microcircuit structure of the cerebellum but have also challenged the conceptual framework
of the cerebellar computation. His foundational discoveries continue to guide work
furthering our understanding of the internal models of the cerebellum, how they operate to
perform, predict, and adapt complex behaviors, and how these processes are disrupted in
neuropsychiatric disorders such as ASD. Additionally, while this review focuses on
cerebellar contributions to ASD, similar cerebellar-regulated mechanisms of disrupted
prediction and adaptation may underlie and contribute to neuropsychiatric dysfunction
observed across other disorders.

Abbreviations:

ASD autism spectrum disorders

E/l excitatory/inhibitory

MRI magnetic resonance imaging

PCs Purkinje cells

VTA Ventral Tegmental Area
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Fig. 1.
Block diagrams of internal model, including both cerebellar-mediated forward and inverse

feedforward models. Diagram for sensorimotor (left) and for social behaviors (right) are
shown. * “*Social Model” represents the multiple effectors required for social behaviors.
Sensory Feedback is represented by dashed lines. Error signals in the forward model are
derived by comparison in the inferior olive (10) of outputs from forward models and sensory
feedback. Error is also derived by comparison of inverse model with all other input to the
10. These models are adapted from models presented by Masao Ito (See ““Control of Mental
Activities by Internal Models in the Cerebellum” Nat. Rev. Neuro. 2008).
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Fig. 2.
Model of cerebellar and cerebral-cortical circuits composing internal models for discrete

behaviors (A) Dysfunction present in autism spectrum disorders and the sequelae of
dysfunction on internal model function (B) and resulting autism-related behavioral

phenotypes (C). ASD: autism spectrum disorder; PC: Purkinje cell; DCN: deep cerebellar
nuclei, LTD: long term depression, E/I: Excitatory/Inhibitory.
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