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Cerebellar contributions to
fear-based emotional processing:
relevance to understanding the
neural circuits involved in autism

Sabina Couto-Ovejero’, Jingjing Ye', Peter C. Kind*, Sally M. Till*'
and Thomas C. Watson*!

Simons Initiative for the Developing Brain, Centre for Discovery Brain Sciences, University of Edinburgh,
Edinburgh, United Kingdom

Cerebellar networks have traditionally been linked to sensorimotor control.
However, a large body of evidence suggests that cerebellar functions extend
to non-motor realms, such as fear-based emotional processing and that these
functions are supported by interactions with a wide range of brain structures.
Research related to the cerebellar contributions to emotional processing has
focussed primarily on the use of well-constrained conditioning paradigms in
both human and non-human subjects. From these studies, cerebellar circuits
appear to be critically involved in both conditioned and unconditioned responses
to threatening stimuli in addition to encoding and storage of fear memory.
It has been hypothesised that the computational mechanism underlying this
contribution may involve internal models, where errors between actual and
expected outcomes are computed within the circuitry of the cerebellum. From
a clinical perspective, cerebellar abnormalities have been consistently linked to
neurodevelopmental disorders, including autism. Importantly, atypical adaptive
behaviour and heightened anxiety are also common amongst autistic individuals.
In this review, we provide an overview of the current anatomical, physiological and
theoretical understanding of cerebellar contributions to fear-based emotional
processing to foster further insights into the neural circuitry underlying emotional
dysregulation observed in people with autism.

KEYWORDS

cerebellum, fear, autism, prediction error, network

Introduction

For decades the cerebellum has been ascribed functions related exclusively to motor control
and motor learning. Many of the major theories of cerebellar information processing within this
field have been based around the concept of internal models, which are neural representations
facilitating comparison of predicted and actual motor states, allowing for efficient behavioural
performance adaptation driven by prediction error (PE; Wolpert et al., 1998; Popa and Ebner,
2018). Within the motor domain, sensorimotor relationships are stored in an updated model
within the central nervous system, in which the cerebellum plays a critical role. Sensory feedback
that diverges from predictions is encoded as PE, which is then used to refine the internal model.
Theoretical and physiological studies have highlighted the important role of the inferior olive,
a pre-cerebellar nuclei, in providing a ‘teaching signal’ via climbing fibre projections to the
Purkinje cells in the cerebellar cortex. This teaching or error signal is thought to be vital for
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modulating predictive states in the cerebellum (see Apps and Garwicz,
2005; Ramnani, 2006; Lang et al., 2017 for reviews on this topic).
Recent studies have revealed that cerebellar functions also extend to
cognitive and fear-based emotional processes (Strick et al., 2009;
Koziol et al., 2014; Apps and Strata, 2015; Strata, 2015; Van Overwalle
etal,, 2020a). The question of how the cerebellum contributes to such
non-motor information processing has received much attention over
the last two decades (Strick et al., 2009; Koziol et al., 2014; Van
Overwalle et al., 2020a). One of the most prominent suggestions is
that the cerebellar internal model system may process information
uniformly (Popa and Ebner, 2018), and that computations are
determined by closed-loop anatomical connectivity of circumscribed
cerebellar regions to either motor or non-motor brain regions,
respectively (Ramnani, 2006). Thus, it is plausible that cerebellar
contributions to fear-based emotional processing may be centred
around computation of predictive models as is thought to occur in the
motor domain (see Ciapponi et al, 2023 for computational
perspective). These models may be updated by PE and supported
through reciprocal anatomical, and functional connectivity with
various structural hubs across the forebrain, midbrain and limbic
circuits (Ernst et al., 2019; Frontera et al., 2020).

Autism is an umbrella term covering a group of complex
neurodevelopmental conditions that become evident in childhood
and can co-occur with intellectual disability and epilepsy. Diagnostic
criteria are based on classic traits such as atypical social interaction
and reciprocal communication as well as repetitive and restricted
interests (American Psychiatric Association, 2013). Emotional
dysregulation is also commonly associated with autism (Mazefsky
et al., 2013; Samson et al., 2015; Macari et al., 2018; Conner et al.,
2020). This altered capacity to modulate arousal and emotional
responses to support adaptive and typical social behaviour may
be linked to other features that frequently co-occur in autistic
individuals including heightened anxiety, difficulty adapting to change
and altered stimulus-response associations (Burke and Cerniglia,
1990; Green et al., 2013; Davis lii et al., 2014; Kerns and Kendall, 2014;
Conner et al., 2020).

Although our understanding of the neurobiological mechanisms
leading to autism symptoms remains incomplete, it has been proposed
that differences in predictive encoding may play a critical role (Kelly
et al,, 2021; Stoodley and Tsai, 2021). Predictive coding is a type of
Bayesian inference the brain uses to efficiently deal with enormous
sensory information (Friston, 2005). In addition to receiving sensory
input, the brain also actively predicts incoming stimuli (de-Wit et al.,
2010); using the discrepancies between expectation and sensory input,
PE, the brain continually generates and updates its perception of the
external world (Lawson et al., 2014). The precision of predictive
coding is subserved by the post-synaptic excitability of cells encoding
PEs, which is influenced by neuromodulator systems commonly
affected in autism (Lawson et al., 2014). Autistic individuals show
aberrant precision of encoding (Friston et al., 2013; Lawson et al,,
2014) and may be biased towards a rote memorization learning style
(Qian and Lipkin, 2011). Furthermore, studies have revealed atypical
anatomical and functional cerebello-cerebral connectivity in autistic
individuals (Hanaie et al., 2013; Stoodley et al., 2017; Arnold
Anteraper et al., 2019; Kelly et al., 2020; Gaudfernau et al., 2022) and
corresponding mouse models (Tsai, 2016; Stoodley et al., 2017; Badura
etal., 2018; Kelly et al., 2020), which may underlie widespread changes
in predictive encoding. However, there is limited research on the
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processing of PEs in cerebellar circuits during fear-based emotional
processing in autism or neurodevelopmental disorders more generally.

Thus, in this review, we will describe known cerebellar roles in
fear, one of the most well studied emotional domains, in both animal
models and humans. We will then describe studies on the intra-
cerebellar mechanisms that may underlie such contributions. In our
final section, we will attempt to bring together these two areas of
research to identify and discuss potential cerebellar contributions to
the dysregulation of fear-based emotional processing observed in
autistic individuals.

Fear and the cerebellum

The detection of threat drives the emotional and defensive
response of fear. The neural basis of fear has been studied
extensively in both humans and animal models for many years
(Ledoux, 1998; Apps and Strata, 2015; Onat and Buchel, 2015;
Tovote et al., 2015; Garcia, 2017). However, the suggestion that the
cerebellum may be involved in fear processing is relatively recent,
with the first studies directly addressing this question arising in the
early 90s (Supple and Leaton, 1990). Since then, there has been a
range of research investigating cerebellar involvement in fear at
cellular, circuits and behavioural levels (see Apps and Strata, 2015;
Strata, 2015; Hwang et al., 2022 for review). The purpose of this
review is not to provide an exhaustive overview of all these studies
but rather we will focus on the recently proposed theory that
prediction error encoding supports cerebellar contributions to fear
and that its aberrance may contribute to the fear-based emotional
dysregulation observed in autism.

Cerebellar gross anatomy

The cerebellum is composed of an outer, folded cortex and deep
cerebellar nuclei, which provide output to the rest of the brain (see
Figure 1). The cerebellar cortex can be separated into longitudinal
regions in the rostro-caudal plane: the vermis (medial), paravermis
(intermediate) and hemispheres (lateral; Figure 1). Each of these
regions is composed of lobules, or folds in the cerebellar structure [for
comprehensive description of cerebellar lobule nomenclature see Apps
and Hawkes (2009)]. The compartmental organisation of the
cerebellum provides the structural basis for the theory of lobule-
specific involvement in motor/cognitive function (Stoodley and
Schmahmann, 2010; Stoodley et al., 2012). Classically, cerebellar
cortical architecture is thought to be homogenous across lobules and
as such, computations are considered uniform across regions (see
Stoodley and Schmahmann, 2010 for discussion of the universal
cerebellar transform). Thus, cerebellar information processing is
thought to be highly dictated by its input from and output to other
regions of the brain. Recent studies have questioned the degree of
physiological uniformity in cerebellar circuits (Cerminara et al., 2015)
and functional units (modules) within the cerebellum may have
overlapping roles in behaviour (Cerminara and Apps, 2011). However,
findings on cerebellar physiological heterogeneity are primarily based
on studies of the motor system and it remains an open question as to
whether they generalise or extend to processing of non-motor
functions, such as emotional control.
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FIGURE 1

Gross anatomical structure of the cerebellum in rats and humans. Cerebellar topography as visualised using structural MRI data (grey) and cerebellar
segmentation (coloured) using (A) the Fisher 344 Rat Brain atlas (Goerzen et al., 2020) and (B) the human Probabilistic Cerebellar Atlas (Diedrichsen
et al,, 2009). Sagittal, coronal, and horizontal planes depicted in left, centre and right panels, respectively. Blue dashed lines and letters indicate
orientation. A-P, anterior—posterior; I-S, inferior—superior; L-R, left—right; FN, fastigial nucleus; IN, nucleus interpositus; DN, dentate nucleus. Images

were generated using FMRIB Software Library (Jenkinson et al., 2012).
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For the cerebellum to efficiently contribute to processes such as
fear-based emotion, direct anatomical projections to fear-related
networks in the brain are required. Therefore, in the following
subsection we will provide an overview of known monosynaptic,
anatomical connections between cerebellum and fear ‘hubs’ across the
brain in both humans and animal models.

Cerebellar anatomical connections
with the fear circuitry

Cerebellar internal models are thought to fundamentally rely on
closed-loop anatomical connectivity with other brain regions. For
example, within the motor domain, regions of the cerebellum that
receive input from the motor cortex also project back to the same area.
This allows for models to constantly receive descending motor
commands, update and transmit back to the cerebral cortex (Ramnani,
2006). It has been suggested that an analogous system may support
cerebellar contributions to non-motor functions, such as emotion, via
connections with brain regions out with the motor realm (Ramnani,
2006; Apps and Strata, 2015; Strata, 2015; Hwang et al., 2022). A
detailed anatomical substrate to support this hypothesis is essential to
further understanding of the cerebellum and emotion, and in
particular, fear. Below, we outline the mono/di-synaptic efferent and
afferent anatomical connectivity via which the cerebellum may send
(via the cerebellar nuclei) and receive (via the pre-cerebellar nuclei
and cerebellar cortex) information from the wider fear network in
animal models (see Figures 2, 3) and humans (Figure 4).
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Animal studies: cerebellar
monosynaptic connections to the
mesencephalic fear regions

The cerebellum projects to multiple regions of the mesencephalon.
Here we describe known monosynaptic connectivity, as identified by
neuroanatomical tracing in animal models, with those regions of the
mesencephalon that are often considered as part of the fear network.
These data are summarised schematically in Figure 2.

Cerebellar projections to ventral tegmental
area

Ventral tegmental area (VTA) plays important roles in reward,
aversion and stress, and as such can be considered a key component
of the fear network (Lammel et al., 2012; Bouarab et al., 2019). Of
particular relevance to this review, the VTA is critical for the
generation of reward PE signals (Hollerman and Schultz, 1998;
Schultz, 1998; Schultz, 2016) and dopaminergic neural activity
patterns in the VTA have also been linked to modulation of fear
extinction learning in animal models (Salinas-Hernandez et al., 2018;
Cai et al., 2020). The VTA receives excitatory input from all three
cerebellar nuclei (Perciavalle et al., 1989; Carta et al., 2019; Fujita et al.,
2020; Judd et al,, 2021; Baek et al., 2022). Importantly, recent work in
mice has shown that modulation of cerebellar projection to the VTA
can drive reward social and stress related behaviours (Carta et al.,
2019; Baek et al., 2022).
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FIGURE 2

Monosynaptic connectivity between cerebellum and other fear-related brain regions in non-human species. Schematic illustration of connections
between cerebellum and known fear-related structures. Exclusively, anatomical mapping data were used to construct this figure. Thickness of arrows
indicates projection density. CBM, cerebellum; VTA, ventral tegmental area; PAG, periaqueductal grey; dmPAG, dorsomedial periaqueductal grey;
dPAG, dorsal periaqueductal grey; IPAG, lateral periaqueductal grey; VIPAG, ventrolateral periaqueductal grey. See Supplementary Table 1 for list of
references used to compile this figure. Figure made with Biorender.com.
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FIGURE 3

Cerebellar inputs arising from fear-related brain structures in non-human species. Schematic diagram illustrating connections between known fear-
related structures and the cerebellum. Both anatomical and physiological mapping data were used to construct this figure. DCN, deep cerebellar
nuclei; FN, fastigial nucleus; Int, interpositus nucleus; DN, dentate nucleus; PFC, prefrontal cortex; PAG, periaqueductal grey; dmPAG, dorsomedial
periaqueductal grey; dPAG, dorsal periaqueductal grey; IPAG, lateral periaqueductal grey; VIPAG, ventrolateral periaqueductal grey. Inset, references
supporting depicted anatomical connections, letter coded. Figure made with Biorender.com. |O, inferior olive cbm, cerebellum SC, superior colliculus
R, Raphe nuclei VTA, ventral tegmental area HTH, hypothalamus LC, locus coeruleus.
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Cerebellar projections to superior
colliculus

The superior colliculus (SC) has been shown to play important
roles in visual fear conditioning (Shang et al., 2018) and threat
assessment, in particular to looming stimuli (Evans et al., 2018). It
projects heavily to the periaqueductal grey, a key region involved in
executing appropriate behavioural responses during threatening
situations (Mobbs et al., 2007; Wang et al., 2022). Several authors
report glutamatergic projections from the interpositus and fastigial
nucleus to all layers of the SC (Gonzalo-Ruiz and Leichnetz, 1987;
Gonzalo-Ruiz et al., 1988; Katoh et al., 2000; Fujita et al., 2020; Heiney
etal, 2021; Judd et al., 2021) and anatomical studies in rats and cats
have shown that all three cerebellar nuclei project to the SC (Hirai
1982; Gonzalo-Ruiz and Leichnetz, 1987). However, an
anatomical study in primates highlighted the absence of dentate
nucleus projections to SC in this species (Gonzalo-Ruiz et al., 1988).

et al,

Cerebellar projections to periaqueductal
grey

The midbrain periaqueductal grey is involved in a variety of
diverse functions ranging from sleep-state control (Weber and Dan,
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2016; Zhong et al., 2019) to descending modulation of painful stimuli,
in addition to well characterised roles in survival behaviours and
defensive responses (Mobbs et al., 2007; Wang et al., 2022). The PAG
can be anatomically subdivided in to at least four main subdivisions:
dorsomedial, dorsolateral, lateral, and ventrolateral (Bandler and
Shipley, 1994), which receive excitatory monosynaptic projections
from the cerebellar nuclei (Beitz, 1982; Beitz, 1989; Judd et al., 2021).
However, the ventrolateral PAG is the only subregion to receive input
from all three cerebellar nuclei (Beitz, 1982; Frontera et al., 2020;
Fujita et al., 2020; Vaaga et al., 2020; Judd et al., 2021). In contrast, the
dorsolateral PAG receives input solely from the interposed nucleus
(Gonzalo-Ruiz and Leichnetz, 1990), the dorsomedial PAG solely
from the dentate nucleus and the lateral PAG solely from the fastigial
nucleus, respectively (Kawamura et al., 1982; Gonzalo-Ruiz et al.,
1990; Apps and Strata, 2015).

Cerebellar projections to locus coeruleus

Locus coeruleus provides the main source of the neuromodulator
noradrenaline to the brain. Via its wide neuromodulatory reach, locus
coeruleus influences several functions relating to fear, including
conditioning and extinction (see Giustino and Maren, 2018 for
review). Situated anatomically in close proximity to the cerebellum, it
receives input from all three cerebellar nuclei. However, the most
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prominent cerebellar inputs to locus coeruleus emanate from the
fastigial nucleus (Cedarbaum and Aghajanian, 1978; Clavier, 1979;
Mezey et al., 1985; Schwarz et al., 2015; Fujita et al., 2020; Kebschull
et al., 2020).

Cerebellar projections to raphe nuclei

As part of the medullary reticular formation, the raphe nuclei are
composed primarily of serotonergic neurons and can be subdivided
into obscurus, magnus and pallidus nuclei. Generally, the raphe nuclei
are involved in functions relating to stress and reward processing
(Crawford et al., 2013; Nakamura, 2013; Luo et al., 2015), and in
relation to fear, the dorsal raphe in particular has been shown to
be critical for extinction learning in rodents (Berg et al., 2014). The
obscurus and magnus nuclei receive excitatory projections from all
cerebellar nuclei (Asanuma et al., 1983; Langer and Kaneko, 1984;
Mezey et al., 1985; Marcinkiewicz et al., 1989; Gonzalo-Ruiz and
Leichnetz, 1990). To the best of our knowledge, cerebellar nuclei
projections to the pallidus nuclei are yet to be described.

Cerebellar monosynaptic connections
to the diencephalic fear regions

The cerebellum projects to multiple diencephalic regions. Here
we describe known monosynaptic connectivity, as identified by
neuroanatomical tracing in animal models, with those regions of the
diencephalon that may be considered as part of the classical
fear network.

Cerebellar projections to hypothalamus

The hypothalamus has a broad range of functions, all linked to
emotional and affective behaviours (Baroncini et al., 2012). Recently,
optogenetic experiments in mice have highlighted multiple roles for
ventromedial hypothalamic neurons in emotional processes, including
fear learning/conditioning (Kunwar et al, 2015) and melanin-
concentrating hormone expressing neurons within the lateral
hypothalamus have been critically linked to fear extinction learning
in mice (Concetti et al., 2020). There is evidence of projections from
all three cerebellar nuclei to the lateral and posterior hypothalamus in
monkey and tree shrew, respectively (Haines and Dietrichs, 1984;
Haines et al., 1990; Apps and Strata, 2015), and also to the dorsomedial
hypothalamus in rat (Cavdar et al, 2001). In rats, ventromedial
hypothalamus receives inhibitory and excitatory input from the
fastigial nucleus (Li et al., 2017).

Cerebellar projections to thalamus

Thalamus is the main conduit via which cerebellar output is
routed to the cerebral cortex (Schafer and Hoebeek, 2018; Habas et al.,
2019). It is divided in four regions: anterior, posterior, medial and
lateral (Lambert et al., 2017). All thalamic nuclei receive monosynaptic
input from the cerebellum, except for the anterior region (Haroian
et al,, 1981). Whilst there are a vast number of studies charting
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cerebello-thalamic connectivity in a range of species (see Habas et al.,
2019 for review), in relation to emotional processing, the mediodorsal
thalamus (MD) has been shown to be particularly involved in both
acquisition and extinction of fear memories (Li et al., 2004; Lee et al.,
2011) via its connectivity with fastigial nucleus (Frontera et al., 2023).
Indeed, several authors reported excitatory projections from the
fastigial nucleus and interposed nucleus to the mediodorsal thalamus
in mouse (Fujita et al., 2020; Judd et al., 2021; Frontera et al., 2023).
Further, studies conducted in monkeys, have identified MD thalamic
projections from the interposed and dentate nucleus (Gonzalo-Ruiz
and Leichnetz, 1990; Sakai et al., 1996) and from all three cerebellar
nuclei in dog (Person et al., 1986; Stepniewska and Kosmal, 1986;
Sakai and Patton, 1993).

Cerebellar projections to zona incerta

Zona incerta supports a wide variety of processes related to
visceral function, arousal, locomotion, and nociception (Spencer et al.,
1988; Nicolelis et al., 1995) as well as fear modulation (Chou et al.,
2018; Venkataraman et al., 2019; Li et al., 2021). It has been shown that
stimulation of GABAergic neurons in zona incerta enhances
extinction of fear memories (Zhou et al., 2018; Venkataraman et al.,
2021). All three cerebellar nuclei send projections to the zona incerta
(Kuramoto et al., 2011; Kebschull et al., 2020) with evidence of
excitatory connections from the fastigial (Fujita et al., 2020),
interpositus and dentate nucleus (Roger and Cadusseau, 1985;
Aumann and Horne, 1996; Mitrofanis and deFonseka, 2001) in rat,
fastigial and interposed nucleus in cat (Sugimoto et al., 1981), and
from interposed nucleus in monkey (Gonzalo-Ruiz and Leichnetz,
1990), respectively.

Fear network projections to the cerebellum

The cerebellum also receives input from a wide variety of fear
related brain structures (see Apps and Strata, 2015 for overview).
However, given that the majority of cerebellar input is routed via
disynaptic pathways through the precerebellar nuclei (e.g., pons or
inferior olive) our understanding of these projections based on strictly
anatomical tracing studies is limited. Therefore, below we outline a
combination of electrophysiological mapping and, where available,
anatomical tracing data describing fear network input to the
cerebellum. These data are summarised schematically in Figure 3.

Cerebral cortical inputs from regions such as the prefrontal
cortex, that are critical to fear learning, have been described to the
cerebellum in both non-human primates (Kelly and Strick, 2003) and
rodent (Watson et al., 2009; Suzuki et al., 2012). The pioneering work
of Strick and colleagues (see Strick et al., 2009 for overview) first used
trans-synaptic viral tracing techniques to reveal dorsolateral prefrontal
cortex-ponto-cerebellar projections, restricted heavily to hemispheric
Crus I/IT and also to vermal lobule VII in primates (Kelly and Strick,
2003). Watson et al. (2009) partially replicated these findings in rodent
using electrophysiological mapping techniques to chart the cerebellar
regions most heavily activated following electrical stimulation of the
prelimbic region. Whilst this study could not categorically identify the
anatomical route via which prelimbic inputs reach the cerebellum,
based upon the physiological characteristics of the evoked
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electrophysiological response, it is highly likely that a prelimbic-olivo-
cerebellar pathway was activated, and this input was restricted to
vermal lobule VII. Using a similar method, Watson et al. (2013) also
described PAG-olivo-cerebellar pathways in anaesthetised rats that
were topographically restricted to lobule VIII. Anatomical tracing
studies have described olivary projections emanating from superior
colliculus and raphe nucleus in rodents (Abols and Basbaum, 1979;
Benavidez et al., 2021); however, it is unclear which regions of the
cerebellum are targeted by these inputs (see Figure 3). In addition to
these disynaptic inputs, arising from component fear network regions,
reports also exist of direct, monosynaptic input to the cerebellum from
VTA (Ikai et al., 1992), hypothalamus (Zhu et al., 2006) and locus
coeruleus (Schwarz et al., 2015; Breton-Provencher et al., 2021).

Cerebellar connections to the fear
network in humans

In addition to the anatomical tracing studies described above in
animal models, neuroimaging tractography studies provide an
opportunity to study cerebellar anatomical connections to fear
network regions in humans. Whilst these studies have confirmed in
many instances that the cerebellum is indeed connected to a multitude
of structures implicated in fear processing (see Habas, 2021 for recent
review) in humans, they also highlight differences in cerebellar
connectivity between human and non-human species. For example,
Cacciola et al. (2019) recently performed constrained spherical
deconvolution probabilistic tractography (a fibre orientation
distribution modelling algorithm used for reliable tracking of fibre
crossing regions) on high-angular resolution diffusion-weighted
imaging (HARDI) data obtained from the Human Connectome
Project repository to chart cerebellar connectivity in typically
developing subjects. This analysis confirmed anatomical tracing
studies in rodents, in that projections were identified from all
cerebellar nuclei to the periaqueductal grey, with the strongest
projection emanating from the fastigial nucleus. In addition,
contrasting to our current understanding in rodents, the authors also
revealed that regions of both cerebellar vermis (lobules IX, III, VI, X)
and hemispheres (hemispheric lobule IX) are connected to the
periaqueductal grey thus indicating the potential presence of a closed
cerebello-midbrain anatomical loop in humans. Using a similar
constrained deconvolution spherical modelling study in humans,
Arrigo et al. (2014) identified direct connectivity between a multitude
of cerebellar cortical regions (lobules VIII, IX, X, Crus I, Crus II),
fastigial nucleus and the hippocampus. This study also contrasts to
previous work in mice, in which only indirect anatomical connections
have been described between restricted regions of the cerebellum and
hippocampus (Watson et al., 2019).

Hemispheric Crus I/II has been consistently reported as a
non-motor, functional hub in the cerebellum of humans (Van
Overwalle et al., 2020a; Habas, 2021). Structural MRI studies have
described, for example, that via output through the dentate nucleus,
the cerebellar hemispheres may connect to thalamic relays that project
onward to both striatal (Pelzer et al., 2013) and cortical (Palesi et al.,
2021) regions potentially involved in fear-based emotional processes.
Structural MRI studies have also described input to the cerebellum,
routed via the pontine nuclei, from frontal, parietal and temporal
cortical regions (Palesi et al., 2017; Karavasilis et al., 2019; Rousseau
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et al,, 2022) and subthalamic nuclei (Pelzer et al., 2020; Wang et al.,
2020). Functional MRI studies also demonstrate Crus I/II connectivity
directed to components of the fear network, such as thalamus (Shen
et al., 2020), prefrontal cortex (O'Reilly et al., 2010; Buckner et al.,
2011; Chen et al, 2022), hippocampus (Fastenrath et al., 2022),
amygdala (Fastenrath et al., 2022) and precuneus (Van Overwalle
etal, 2020b). Additionally, Fastenrath et al. (2022) and Van Overwalle
et al. (2020b) have described bi-directional cerebello-cingulate and
cerebello-parietal interactions, respectively. Whilst the differences
observed in cerebellar connectivity patterns with non-motor or fear-
related brain regions between humans and lower species are currently
not well understood, it has been suggested that they may to some
extent reflect the massive co-expansion of the cerebellar hemispheres
in primates in parallel to cognitive regions of the cortex (Balsters et al.,
2010; Buckner et al, 2011) and intelligence (Barton and
Venditti, 2014).

Overall, the pathways above describe the abundance of anatomical
routes (further overviewed in Figure 4) via which the cerebellum may
engage with the wider fear network. However, it is also critical to
consider how the internal circuitry within the cerebellum may
contribute to the computations related to emotion. Therefore, below
we describe studies on the cellular and synaptic underpinnings of
cerebellar contributions to fear.

Intra cerebellar micro-circuit
mechanisms supporting a role in fear

Cerebellar circuit involvement in fear memory consolidation was first
described in rodent models by Sacchetti et al. (2002). By inactivating the
cerebellar vermis or interpositus nuclei, using tetrodotoxin administered
specifically during the fear consolidation phase, the authors revealed that
functional integrity of these two cerebellar regions was required for
appropriate formation of cued fear memories. Sacchetti et al. (2007)
expanded upon this finding by showing that cerebellar inactivation within
a one-hour window following fear recall was necessary to impair
subsequent memory formation in rats. In addition, Sacchetti and
colleagues also described long-term synaptic changes in the cerebellum
during fear learning (Sacchetti et al., 2004). By measuring the level of
potentiation at the parallel fibre—Purkinje cell synapse in slices obtained
from unconditioned versus cue fear conditioned rats, the authors
observed an o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) dependent, postsynaptic long-term potentiation specifically in
cerebellar cortical lobule V/VI. Further work from the same group
revealed that this fear learning induced synaptic strengthening in the
cerebellar cortex requires an intact basolateral amygdala (Zhu et al., 2011).
These seminal findings (Sacchetti et al., 2002, 2004, 2007; Zhu et al., 2011)
were key to inspiring subsequent research aimed at understanding the
neural basis of cerebellar involvement in associative fear learning.

Indeed, the understanding of cellular processes supporting
cerebellar contributions to fear memory formation has been improved
by subsequent recent studies in a range of species. For example, in
zebrafish, Takeuchi et al. (2017) and Koyama et al. (2021) have
highlighted a key role of cerebellar granule cells in recovery from fear
responses whilst Dubois and Liu (2021) revealed a strict requirement
for decreasing inhibitory transmission in the cerebellar cortex
molecular layer in order to reset cerebellar circuits for fear extinction
learning in mice. Whilst Sacchetti et al. (2004) described that hotfoot
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mice deficient in parallel fibre—Purkinje cell synaptic potentiation
had impaired fear response to conditioned stimuli (Sacchetti et al.,
2004), Han et al. (2021) further revealed that signal transducer and
activator of transcription 3 (STAT3)-dependent molecular regulation
of glutamatergic input to Purkinje cells is indispensable for proper
expression of fear memory. In contrast, GABAergic input to Purkinje
cells mediated via molecular layer interneurons is not required for
both fear memory acquisition and recall (Marshall-Phelps et al., 2020).

Together, these studies have made important steps in unpicking
the cellular mechanisms within the cerebellar cortex that may subserve
its role in fear processes and in particular fear memory formation.
Another major challenge to the field is to understand if these findings
generalise across the cerebellum or are restricted to anatomically,
physiologically, or molecularly defined cerebellar subregions. It will
also be important to understand if these mechanisms remain intact in
animal models of disorders, such as autism. Indeed, in terms of fear
memory and autism, animal model studies have provided evidence for
both enhanced and decreased fear learning, linked to intrinsic changes
in non-cerebellar fear-circuit regions (e.g., amygdala, Markram et al.,
2008; Fernandes et al., 2021 and prefrontal cortex, Tatsukawa et al.,
2019). It remains unknown whether similar cellular mechanisms also
support cerebellar contributions to extinction learning and fear-based
emotional processing in autism. Building upon the studies described
above, in our subsequent section we will outline studies investigating
the neural dynamics within extended cerebellar networks during fear
to understand how the cerebellum interfaces with other brain regions
during fear-based emotional processing.

Physiological and functional
substrates of distributed cerebellar
network contributions to fear

Whilst accumulating evidence outlined above indicates both
intra-cerebellar mechanisms relating to fear memory formation as
well as robust neuroanatomical substrates allowing for cerebellar
interaction with many brain regions previously linked to fear, there
has also been a recent increase in the number of studies investigating
the dynamics of distributed cerebellar network activity during fear-
based emotional processing.

Although many studies have highlighted cerebellar functional
interactions with a multitude of key brain regions considered part of
the fear network, such as prefrontal cortex (Habas et al., 2009; Watson
et al,, 2009, 2014), hippocampus (Watson et al., 2019; Zeidler et al.,
2020) and periaqueductal grey (Cerminara et al., 2009; Koutsikou
etal, 2015) amongst others, only recently have such interactions been
studied specifically during fear and fear-based learning.

Based upon classical Pavlovian conditioning paradigms in which
a neutral stimulus is paired with an aversive stimulus, such as an
electrical shock (Pavlov, 2010), ground-breaking studies in humans
(Ernst et al., 2019; Batsikadze et al., 2022) and rodents (Frontera et al.,
2020; Vaaga et al., 2020; Lawrenson et al., 2022) have begun to detail
the neural dynamics within these circuits during fear. Importantly,
Pavlovian conditioning allows assessment of fear memory formation,
which occurs during or following the initial conditioning stage and
fear extinction learning, when the conditioned stimulus is repeatedly
presented alone. This extinction process, by which the fear response
(often measured as cessation of all body movements or freezing) is
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reduced over time, has been linked by many studies to signalling of
the discrepancy between predicted and actual sensory information
(e.g., the presence or absence of an unexpected or expected footshock,
termed PE; McNally et al., 2011). Indeed, PE signalling has been
observed in different regions of the brain, such as the ventral striatum
(VS; Thiele et al,, 2021), prefrontal cortex (Casado-Roman et al.,
2020), periaqueductal grey (Lawrenson et al., 2022), ventral tegmental
area (Salinas-Hernandez et al., 2018; Cai et al., 2020) and cerebellum
(Ernst et al., 2019). From electrophysiological or calcium imaging
studies, putative PE signals recorded in, for example, VTA and PAG
have been indicated by phasic increases in neuronal activation around
the timing of the unexpected omission of an aversive stimuli (e.g., an
electrical foot shock; see Salinas-Hernandez et al., 2018; Cai et al,,
2020; Lawrenson et al., 2022 for examples of this). Similarly, PE related
responses have been described in functional MRI studies as increases
in blood-oxygen-level-dependent changes within the cerebellar cortex
(Ernst etal., 2019). Strikingly, the magnitude of PE correlates with the
level of fear recall exhibited (see Salinas-Hernandez et al., 2018; Ernst
et al., 2019; Cai et al., 2020). Through the variety of monosynaptic
connections that it has with fear-related brain areas (described in the
preceding section of this review), the cerebellum is indeed well placed
to take part in distributed PE computation. Our understanding of this
process is still in its infancy but recent studies in both rodents and
human have provided an important starting point in addressing this
knowledge gap (Ernst et al., 2019; Frontera et al., 2020; Vaaga et al.,
2020; Lawrenson et al., 2022). In particular, there has been a recent
research focus on projections between the cerebellum and
ventrolateral periaqueductal grey (vIPAG), which is an area of the
midbrain heavily involved in fear behavioural response execution
(e.g., freezing; Vaaga et al., 2020), fear memory formation (Yeh et al.,
2021) and extinction learning (Watson et al., 2016; Arico et al., 2017).
Working with mice, Frontera et al. (2020) charted excitatory
projections from the cerebellar fastigial nucleus to vVIPAG. Using a
combination of virally guided chemo- and opto-genetics the authors
were able to demonstrate that manipulation of this pathway can
bidirectionally control the strength of fear memory formation in
addition to extinction learning. These findings were further supported
and extended by Lawrenson et al. (2022) who also focussed on the
fastigial nuclei interactions with vIPAG in rats and found that
reversible inactivation of this nuclei using the GABA agonist
muscimol during fear memory consolidation led to reduction in
temporal encoding accuracy of VIPAG cells during subsequent recall.
Furthermore, the authors also adopted a chemogenetic approach to
inhibit fastigial projections to VIPAG specifically during fear
acquisition and observed a slower rate of fear extinction learning.
Thus together, these two studies provide evidence that fastigial nucleus
projections to the vVIPAG are important in both the formation of fear
memories and their extinction. Whilst Frontera et al. (2020) revealed
that cerebellar projections target both inhibitory and excitatory cells
within the VIPAG, Vaaga et al. (2020) identified a specific
subpopulation of glutamatergic, chx10 expressing cells in the VIPAG,
that drive freezing. Using optogenetic and in vitro experimental
approaches, the authors then identified a cellular mechanism through
which cerebellar projection neurons synapsing on to chx10 cells can
modulate dopaminergic signalling in the vVIPAG and bias postsynaptic
currents towards inhibition. Thus, output from the medial cerebellum
can regulate freezing via altering synaptic integration within the
vIPAG microcircuit. Although most studies of cerebellar contributions
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to fear have focussed on the A module, composed of vermal regions
and associated fastigial nuclei output, a recent study highlighted the
importance of dopaminergic innervation of the lateral (dentate) nuclei
for contextual fear learning (Carlson et al., 2021). Given that the lateral
cerebellum is often considered to be involved in cognitive functions,
especially in humans (Sokolov et al., 2017), further experiments
investigating lateral cerebellar connections and interactions with fear
networks are warranted.

Whilst these studies have provided important mechanistic insights
into cerebellar contributions to fear processing in rodent models, in
vivo imaging in humans using positron emission tomography (PET)
or functional magnetic resonance imaging (fMRI) to detect changes
in regional blood flow or oxygenation level, respectively, have
identified cerebellar activity patterns across phases of Pavlovian
conditioning paradigms (see Hwang et al., 2022 for recent overview).
Ploghaus et al. (1999) were able to dissociate changes in blood
oxygenation level dependent signals dependent upon expectation of
aversive experience in the cerebellum alongside medial frontal lobe
and insular cortex from those driven directly by aversive stimuli.
Specifically, the authors showed that cerebellar activation during
anticipation of an aversive stimulus was predominantly localised to
the ipsilateral posterior cerebellum. Interestingly, this activation
occurred only during the time immediately preceding aversive stimuli
delivery and the anticipation signal increased in amplitude over
conditioning trials. In contrast, pain-related signal amplitude
remained consistent over time. Fischer et al. (2000) used PET to
compare changes in regional cerebral blood flow (rCBF) in response
to a stimuli paired with an aversive stimuli to an unpaired, conditioned
stimuli alone. When comparing rCBF between the two conditions,
significant increases were observed specifically in the left cerebellum
thus further linking this region to Pavlovian conditioning.

Subsequent imaging studies have highlighted cerebellar activation
as part of the threat processing network alongside amygdala (Linnman
etal,2011; Zhang etal., 2016; Ernst et al., 2019), as well as the frontal,
parietal and temporal cortices (Han et al., 2008). In particular,
cerebellar lobules V, VI, VIII (Zhang et al., 2016) and Crus I (Ernst
etal, 2019) were significantly activated during expectation of aversive
stimuli. In terms of functional coupling, Linnman et al. (2011)
demonstrated decreased coherence between the cerebellar tonsil area
and hippocampus in response to omitted aversive shocks. More
recently, Batsikadze et al. (2022) tested whether memory persists
within the cerebellum following extinction training in humans. Using
a differential fear-learning paradigm to compare responses to
conditioned stimuli paired with aversive stimuli and those driven by
unpaired, conditioned stimuli alone, the authors found comparable
cerebellar activations in Crus I/lobule VI during both associative and
non-associative fear acquisition. Interestingly, during subsequent fear
recall, these Crus I and lobule VT activation patterns were found to
reoccur. In addition to cerebellar activation during aversive stimuli
prediction, during subsequent extinction learning, significant blood
oxygen level dependent activation of Crus I has been observed during
unexpected omission of the conditioned stimuli (PE signalling) and
this activation waned over extinction learning in a manner similar to
that described in other brain regions (Ernst et al., 2019). This study is
supported by findings from Faul et al. (2020) showing that fear
extinction efficacy was related to the level of fear representation
persistence in the cerebellum. In terms of PE encoding specifically, the
studies of Ploghaus et al. (1999) and Ernst et al. (2019) highlight a role
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of cerebellar activation in both fear learning and extinction,
respectively. However, the nature of the roles played by specific
cerebellar regions in these processes remain far from fully understood.

Distributed cerebellar circuits and
autism

Thus far, this review has focussed on cerebellar circuit connectivity
and function in typically developing animal models and humans.
However, our aim is to explore the novel concept that the cerebellum,
through its interactions with the wider brain, may be involved in the
fear and anxiety issues observed in conditions associated with altered
development of the nervous system, such as autism. Therefore, in this
section of this review we will briefly outline research highlighting links
between cerebellar dysfunction and autism. An important caveat of
this discussion is that the majority of studies in humans examine
autistic individuals without intellectual disability and focus on people
with minimal support needs. Moreover, since many early studies failed
to report scores of phenotypic severity, it can be difficult to know what
aspects of autism any reported differences in brain structure and
connectivity relate to. In contrast, the majority of animal studies
model monogenic forms of autism in which intellectual disability,
autism and often childhood epilepsy co-occur. Furthermore, rodents
and humans have distinct evolutionary trajectories imposing different
fitness pressures and hence distinct behavioural repertoires. Hence,
whilst particular genetic alterations may lead to similar cellular and
circuit alterations, the behavioural expression of these changes may
be quite different. Therefore, making cross-species behavioural
comparisons can be quite challenging and can be easily confounded
by anthropomorphisation. Despite these limitations, cross-species
comparisons are an excellent starting point for generating hypotheses
regarding the circuit-basis of autistic features.

Indeed, the circuit pathophysiology underlying the cognitive and
behavioural features associated with autism is currently poorly
understood. Despite the phenotypic heterogeneity across affected
individuals, the cerebellum has been consistently linked to the
pathogenesis of autism (reviewed in Wang et al., 2014). Cerebellar
nuclei and Purkinje cells have been found to be reduced in both
number and size in post-mortem brains from autistic individuals
(Bauman, 1991; Fatemi et al., 2002; Whitney et al., 2008). In addition,
neuroimaging studies have reported cerebellar hypoplasia in lobules
VI and VII of people with autism (Courchesne et al., 1988).

It is thus apparent that changes within cerebellar intrinsic circuitry
may occur in autism. As described in the preceding sections, the
cerebellum has abundant structural and functional connections to
forebrain and midbrain regions associated with fear and emotional
processing in neurotypical brains. Does distributed cerebellar connectivity
and functional interaction with these regions change in autistic
individuals? This question has received considerable attention in recent
years, albeit with a focus on cognitive and social functions rather than
fear-based emotional processing per se. In particular, a growing body of
literature indicates aberrant cerebello-cortical interaction in autism,
which we describe next (see Table 1; for reviews see Becker and Stoodley,
2013; D'mello and Stoodley, 2015; Crippa et al., 2016; Stoodley, 2016).

From the human literature, in 2014, Stoodley conducted an important
anatomical likelihood analysis and meta-analysis of voxel-based
morphometry studies into autism, ADHD and dyslexia (Stoodley, 2014).
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TABLE 1 Disrupted cerebello-cerebral connectivity reported in autism.

Cerebellar circuits

General cerebellar connections

Hyperconnectivity

Cerebellum - visual, somatosensory, motor network (human

rsfMRI, Oldehinkel et al., 2019)

10.3389/fnsys.2023.1229627

Hypoconnectivity

Cerebellum - fusiform/postcentral/temporal gyrus (human

rsfMRI, Ramos et al., 2018)

Right cerebellum - right cerebral cortex (human rsfMRI, Noonan
et al., 2009; Khan et al., 2015)

Cerebellum - sensory cortices (human sMRI, Cardon et al., 2017)

Posterior cerebellum - occipital, parietal cortex (human rsfMRI,

Wang et al., 2019)

Cerebellum - visual cortices (human sMRI, Cardon et al., 2017)

Right posterior cerebellum - bilateral dorsomedial M1 (human
rsfMRI, Lidstone et al., 2021)

Lateral cerebellum — PFC (human rsfMRI, Wang et al., 2019)

Cerebellum - PFC (human EEG during social interaction,

Gaudfernau et al., 2022)

Right posterior cerebellum - left inferior parietal lobule (human

rsfMRI, Lidstone et al., 2021)

Lobule-specific cerebellar

connections

Right Crus I - left inferior parietal lobule (mice sMRI and human
rsfMRI, Stoodley et al., 2017)

Right Crus I - left anterior intraparietal lobule (human visual

motor task fMRI data, Unruh et al., 2023)

Left Crus I - left insula (human rsfMRI, Hanaie et al., 2018)

Right Crus I - mPFC (mice sMRI and human rsfMRI, Kelly et al.,
2020)

Right Crus II - left supramarginal gyrus (human rsfMRI, Hanaie
etal., 2018)

Right Crus I - frontal cortex, supplementary motor area, basal

ganglia, thalamus (human rsfMRI, Okada et al., 2022)

Left Crus II - Right middle frontal gyrus (human rsfMRI, Hanaie
etal., 2018)

Right Crus I - contralateral superior frontal/middle frontal/
anterior cingulate gyrus, parietal areas, thalamus (human rsfMRI,

Verly et al., 2014)

Crus I, lobules VI, VII - STC, S1, PMC, OCC (premotor/M1/S1/the
occipital lobe) (human rsfMRI, Khan et al., 2015)

Right Crus II - frontal/temporal/parietal areas (human rsfMRI,
Olivito et al., 2018)

Left lobule I-1V - ventral DMN (human rsfMRI, Bednarz and Kana,
2019)

Left Crus II - right dorsal temporoparietal junction (human

rsfMRI, Igelstrom et al., 2017)

Lobule IV/V - left middle frontal gyrus (human rsfMRI, Noonan
et al., 2009)

Crus I/11, lobules VI, VII - contralateral PFC, posterior parietal
cortex, inferior/middle temporal gyrus (human rsfMRI, Khan

etal., 2015)

Vermis VIIIa - right angular gyrus (human rsfMRI, Hanaie et al,,
2018)

Crus I/I and lobule IX - parietal cortex, PFC (BA10), posterior
cingulate, inferior frontal gyrus, insula (human rsfMRI, Arnold

Anteraper et al., 2019)

Vermis VIIIb - right supramarginal gyrus (human rsfMRI, Hanaie
etal., 2018)

Vermis X - right middle temporal gyrus (human rsfMRI, Hanaie
etal., 2018)

Vermis VI - left middle frontal gyrus (human rsfMRI, Hanaie
etal., 2018)

DCN-specific connections

DN - supramarginal gyrus (human rsfMRI, Arnold Anteraper
etal., 2019)

Left DN - precentral, angular gyrus and parietal opercular cortex

(human rsfMRI, Olivito et al., 2017)

Right DN - left inferior frontal gyrus, left inferior parietal lobule
(human rsfMRI, Hanaie et al., 2018)

DN - thalamus (human sMRI, Jeong et al., 2012)

This table shows evidence for structural and functional hyper- and hypo-connectivity between cerebellum and cerebral cortical regions in autism. Studies in which details of specific cerebellar
regions involved are included under the section on general cerebellar connections. Other sections include studies in which disruption in specific regions of the cerebellum is described. DCN,
deep cerebellar nuclei; DMN, default mode network; DN, dentate nucleus; M1, primary motor cortex; OCC, occipital cortex; PFC, prefrontal cortex; PMC: premotor cortex, STC: superior
temporal cortex, S1: primary somatosensory cortex. Data sources shown in parentheses, rsfMRI indicating resting state functional MRI data and sMRI representing structural MRI data.

In data obtained from people with autism, reduced grey matter was found
in cerebellar vermal lobules IX, VIII and right Crus I. Importantly, these
regions also showed functional connectivity clusters with fronto-parietal,
default mode, somatomotor and limbic regions, and were distinct from
those seen in ADHD or dyslexia. Resting state neuroimaging studies in
humans, in which there is no explicit cognitive load, have revealed hypo-
connectivity between cerebellar Crus I/IL, lobule IX and a wide range of
cortical regions in people with autism (Ramos et al., 2018; Arnold
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Anteraper et al,, 2019). In contrast, a recent study combining EEG
recordings from cerebral and cerebellar cortices during social tasks found
an increase in connectivity, as evidenced by increased theta band
coherence, between cerebellum and prefrontal cortex compared to
neurotypical subjects (Gaudfernau et al., 2022).

The two studies described above and those shown in Table 1
have indicated state-dependent aberrance in cerebro-cerebellar
coupling in autistic individuals. In addition, recent work has
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attempted to identify the effect of selective disruption on autism-
linked genes in the cerebellum on its functional coupling with other
brain regions. Of particular note, Stoodley et al. (2017) investigated
and compared cerebro-cerebellar interactions in both autistic
children and a mouse model lacking the tuberous sclerosis complex
1 gene specifically in Purkinje cells (tuberous sclerosis is a rare
genetic condition caused by mutations in the TSCI or TSC2 genes;
an estimated 40%-50% of affected children are diagnosed with
autism and/or intellectual disability; see Tsai et al, 2012).
Neuromodulation of Crus I resulted in altered functional
connectivity with the parietal lobe in neurotypical humans and this
network was found to be atypically connected in autistic children.
Interestingly, Crus I—parietal cortex structural connectivity was
altered in mice lacking TscI in Purkinje neurons. Using a
chemogenetic approach, the authors demonstrated that inhibition
of Crus I alone was sufficient to generate abnormal social
interactions and repetitive behaviours in control mice, whereas
stimulation of Crus I Purkinje cells could rescue social impairments
in the TscI mouse model. These findings align with work of Badura
et al. (2018) who showed that chemogenetic modulation of
cerebellar cortex (including Crus I) during juvenile stages of
development correlates with perseverative behaviour and reduces
social preference in adult mice, potentially via changes in long-
range connectivity to non-motor, cerebral cortical regions such as
the prelimbic, cingulate and orbitofrontal cortices, respectively. The
importance of cerebellar interactions with prefrontal cortex were
further highlighted by Kelly et al. (2020) who demonstrated altered
structural covariance between cerebellum and prefrontal cortex in
30 different genetic mouse models of autism. Furthermore, the
authors demonstrated that chemogenetic manipulation of
components of this circuit could improve autism-related behaviours
observed in the Purkinje cell specific TscI mouse model. Thus, the
balance of evidence indicates robust changes in cerebellar
interactions with cognitive regions, such as the prefrontal cortex, in
autism. To date, studies have not yet focussed on the effect of
aberrant prefrontal-cerebellar interaction in relation to fear-related
process in autism. However, given that encoding of prediction error
in prefrontal cortex has been linked to fear learning in humans
(Seymour et al., 2004, 2005; Jensen et al., 2007) and sustained
activity within the prelimbic cortex of rodents is closely correlated
with fear extinction failure (Burgos-Robles et al., 2009), changes in
the neural dynamics within this region could have consequences for
cerebellar encoding of internal models (see Figure 5). For example,
prefrontal cortex top-down control of defensive behaviours involves
interactions with downstream effectors, such as the PAG (Rozeske
etal., 2018). Commands sent to these structures may also reach the
cerebellum in the form of efference copy, routed through the
pontine nuclei (Schmahmann and Pandya, 1995; Suzuki et al,
2012). Abnormal activity within this pathway may drive
inappropriate internal model formation within the cerebellum,
which in turn could contribute to fear extinction failure observed
in rodent models of autism (Katsanevaki et al., 2020). Recent work
has also causally linked 4Hz oscillatory activity within the
prefrontal cortex of rodents in the maintenance of defensive
freezing responses to fear-related stimuli (Karalis et al., 2016).
Intriguingly, this activity pattern is reliant upon input from the
cerebellum, routed through the medio-dorsal thalamus (Frontera
etal., 2023). Thus, disruption of cerebellar output could potentially
lead to fear response imbalance (as recently observed in Katsanevaki
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etal,, 2020; Anstey et al., 2022) via modulation of 4 Hz oscillations
in the prefrontal cortex.

The studies described above indicate that cerebellar interactions
with a multitude of brain regions, including those not classically
considered involved in motor control, are important in the aetiology
of autism (and other neurodevelopmental disorders). In particular, the
recent studies described above have consistently implicated changes
in these connections to the development of social impairments and
presence of repetitive, inflexible behaviours. The fundamental
question of how the cerebellum contributes to these behavioural
changes remains far from understood. However, as mentioned
throughout this review, the known predictive encoding or internal
model function of the cerebellum provides an attractive angle through
which to potentially understand its contribution to non-motor
functions. For example, appropriate social interactions (including
those with fear-based emotional components) require dynamic,
constantly updated predictions of the consequences of given actions
on others (Balsters et al., 2017; Kinard et al., 2020). The generation of
appropriate internal models to smoothly cope with such emotionally-
loaded, context dependent situations may necessitate cerebellar
connectivity and interaction with cortico-limbic regions and indeed
these models may be particularly susceptible to miscalibration
throughout development (though this remains to be tested; see Kelly
etal,, 2021; Stoodley and Tsai, 2021 for recent discussion on the topic).

In the final section of this review, we will discuss the proposal that
the cerebellum may be involved in fear-based emotional dysregulation
in conditions associated with altered development of the
nervous system.

Linking fear-based emotional
processing, cerebellar circuit function
and neurodevelopmental disorders,
such as autism

The fact that predictive encoding is vital for learning and inability
to predict outcomes is known to affect adaptive behaviour has led to
the hypothesis that predictive impairments are central to the
pathophysiology underlying autism traits (Pellicano and Burr, 2012;
Sinha et al, 2014; Van de Cruys et al, 2014). Environmental
unpredictability is a trigger leading to anxiety (Chorpita and Barlow,
1998) and clinically, anxiety disorders and phobias are prevalent in
autistic individuals and often used to inform diagnosis (Kerns and
Kendall, 2014). Moreover, since predictability is also key for the
process of habituation, a change in processing of predictability could
lead to differences in sensory perceptions (e.g., hypo- or hyper-
sensitivity). Consistent with this, many people with autism show
abnormal sensory reactivity (Burke and Cerniglia, 1990; Green et al.,
2013) and some express abnormal fear responses to external stimuli
(Dawson et al., 2004; Gaigg and Bowler, 2007; Top et al., 2016; Macari
etal, 2018; Sapey-Triomphe et al., 2021). Studies in preclinical models
of autism with intellectual disability have reported changes in fear
behaviour as well as cerebellar circuits (Table 2). Surprisingly, links
between the cerebellum and fear related deficits observed in autism
are not widely investigated.

As outlined in the previous sections of this review, abnormalities
in the cerebellum, and its connections to multiple regions of the
cerebral cortex, are observed in people with autism. Some of the areas
in which aberrant cerebellar connectivity has been noted in people
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FIGURE 5

Theoretical framework of distributed, fear-related predictive cerebellar circuits and potential hubs for dysfunction in autism. Theoretical organisation of
information processing flow that could used for generating and updating cerebellar models for fear-based emotional contributions. Red-circled letters
indicate putative loci where circuit differences may occur in autism. Cognitive commands that are sent to executor structures, such as PAG, are also
copied to the cerebellum (efference copy). The generated cerebellar internal models may be able to predict the consequences of PAG output. The site
of comparison between actual consequences of defensive response, driven, e.g., by PAG activity, and those predicted by the cerebellum could in
theory occur in multiple brain regions (examples, such as VTA, LC, and 10 are shown inside dashed grey box). The output from these comparator
regions may then relay back to update the cerebellum in the form of PE through either direct (solid red line) or indirect projections (dashed red lines).
(A) Cerebello-thalamo-cortical interaction has been shown to be important in both fear extinction learning and in autism. (B) Abberant top-down
control of fear behaviour executors may lead to abnormal fear responses in autism. (C) Changes in prediction error input signals to the cerebellum
may drive inappropriate learning in cerebellar circuits. (D) Impairment within the cerebellar circuit itself, including changes in Purkinje cell number,
anatomy and physiological properties may lead to deficits in internal model formation and stimulus—response associations. Thal, thalamus; VTA,
ventral tegmental area; PAG, periaqueductal grey; VIPAG, ventrolateral periaqueductal grey; SC superior colliculus; LC, locus coeruleus; PFC, prefrontal
cortex. Dashed red line indicates indirect olivo-cerebellar pathway. Figure made with Biorender.com.

with autism and preclinical models are particularly pertinent to fear
learning, such as the prefrontal cortex (Becker and Stoodley, 2013;
Kelly et al., 2021). Whilst cerebellar interactions with many of the
connected fear-related regions outlined in Figures 2-4 are yet to
be studied in autism models, disruption at any point within this
distributed network (either at input or output stages) could potentially
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lead to changes in cerebellar fear-related information processing.
Indeed, in Table 2, we highlight literature in which both fear-related
behavioural and cerebellar or fear-circuit deficits have been described
in animal models of autism.

Based upon current findings, in Figure 5 we present potential hubs
for dysfunction within the distributed fear network and overlapping
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TABLE 2 Fear-related behaviour and circuit abnormalities in preclinical models of autism.

Fear behaviour

Fear circuit/cerebellar deficits

VPA Dose dependent memory acquisition and extinction deficit (Banerjee et al., 2014). Increased lobule VI volume in males. Decreased lobule I, VI and X
Enhanced fear memory (Markram et al., 2008). volume in females (Payne et al., 2021).
Homerl Impaired short- and long-term fear memory (Banerjee et al., 2016) Homerl overexpression in BLA (Banerjee et al., 2016)
ARID1B Successful fear memory acquisition and normal fear recall (Ellegood et al., 2021) Smaller cerebellum and larger hippocampus (Ellegood et al., 2021)
PCDHI10 Reduced freezing levels (Ferri et al., 2021) Decreased gamma oscillation in BLA (Ferri et al., 2021)
NLGN3 Aberrant fear behavioural expression. Preference towards flight responses (Anstey Hyperexcitability in dorsal PAG (Anstey et al., 2022)
et al., 2022)
SYNGAP1 | Impaired fear extinction (Katsanevaki et al., 2020) Decreased cortico-cortico coherence during non-rapid eye movement
sleep (Buller-Peralta et al., 2022)
FMR1 Impaired fear recall (Fernandes et al., 2021) Amygdala dysfunction (Fernandes et al., 2021). Impaired Purkinje cell
long term depression and startle response (Koekkoek et al., 2005).
EN2 Less freezing in contextual and cued fear conditioning (Brielmaier et al., 2012) Impaired cerebellar development (James et al., 2013)
CDHI13 Impaired fear extinction (Kiser et al., 2019) Decreased cerebellar connectivity with dorsal raphe nuclei during
development (Kiser et al., 2019)
SCN2A Enhanced fear conditioning and deficient fear extinction (Tatsukawa et al., 2019) Increased gamma band neuronal activity in mPFC (Tatsukawa et al.,
2019)

The above table highlights potential links between fear-based phenotypes in autism models and fear circuitry, including cerebellum where data is available. ARID1B, AT-Rich Interaction
Domain 1B; BLA, basolateral amygdala; CDH13, Cadherin-1; EN2, Engrailed Homeobox 2; FMRI, Fragile X Messenger Ribonucleoprotein 1; HOMER1, homer scaffold protein 1; mPFC,
medial prefrontal cortex; NLGN3, Neuroligin-3; PAG, periaqueductal grey; PCDH10, Protocadherin10; SCN2A, sodium voltage-gated channel alpha subunit 2; SYNGAP1, Synaptic Ras-

GTPase-activating protein; VPA, valproic acid.

autism-related networks that may relate to impaired cerebellar predictive
coding, and could theoretically lead to generation of aberrant fear
responses in this or other disorders, such as post-traumatic stress disorder
(Blithikioti et al., 2022) or schizophrenia (Bernard and Mittal, 2015). As
described in the preceding section of this review, disruption of cerebello-
cortical networks has been reported in both humans with autism and
mouse models (e.g., Stoodley et al., 2017; Kelly et al., 2021) whereas
Frontera et al. (2023) showed that modulation of similar pathways in wild-
type mice can drive changes in fear extinction learning. Thus, cerebello-
thalamo-cortical disruption in autism may contribute to imbalance in the
generation of predictive signals in the extended cerebellar-fear network
that are required for appropriate extinction learning (Figure 5A). Fear-
behaviour execution centres, such as the PAG are also crucial for
appropriate fear-response performance (Tovote et al., 2015). Recently,
Anstey et al. (2022) demonstrated hyperactivity within dorsal PAG and
an imbalance of fear-related defensive responses in a rat model of autism.
Such an imbalance in fear-related behavioural response may in turn
provide unexpected feedback to prediction error systems, leading to
cerebellar internal model maladaptation. Furthermore, sensory
hypersensitivity described in people with autism, could result in high
magnitude reafferent signals driving inappropriate PE and aberrant
updating of cerebellar internal models, which in turn could facilitate
impaired learning (Figure 5B). In addition, changes in brain regions
implicated in broadcasting PE signals, such as the ventral tegmental area
and locus coeruleus have been described in animal models and people
with autism (Bariselli et al., 2018; London, 2018; Huang et al., 2021; Keehn
etal, 2021). Changes at this level could again lead to inaccurate updating
of cerebellar circuits via projections to the cerebellar cortex (Figure 5C).
Another candidate locus for impairment leading to PE is within the
cerebellar circuitry itself (Figure 5D). As described earlier in this review,
changes in Purkinje cell number and anatomy have been reported in post-
mortem analysis of brains from people with autism (Fatemi et al., 2012).
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Purkinje cells are critical components of the cerebellar internal model
system (Popa et al., 2013, 2016; Streng et al., 2018) and abnormalities in
their anatomical or intrinsic properties could lead to inappropriate
responses to error signals from the inferior olive or PE signals broadcast
from neuromodulatory hubs, such as the ventral tegmental area and locus
coeruleus. In line with this, plasticity at parallel fibre to Purkinje cell
synapses has been shown to be altered in models of autism (Simmons
et al,, 2022) and could, for example, lead to inability to form correct
memory associations and effect fear learning. Aberrance in this key
cerebellar cortical computational unit may lead to inappropriate updating
of cerebellar internal models resulting in excessive or maladaptive
behavioural responses to stimuli. Purkinje cell disruption may also lead
to knock on effects in connected deep cerebellar nuclei and impact extra-
cerebellar targets, potentially further exacerbating predictive encoding
issues. For example, as Frontera et al. (2020) demonstrated that fastigial
nucleus-vIPAG interaction is essential for appropriate fear memory
update, abnormality in Purkinje cell populations projecting to fastigial
nucleus, may result in disturbed fear-related processes, abnormal
stimulus-response association formation and extinction learning
in autism.

Future directions

Our survey of the literature clearly indicates substantial theoretical
and functional links exist between cerebellum and both fear and autism.
However, studies spanning these domains are clearly lacking. What is
more, whilst recent studies have made great strides in our understanding
of cerebellar contributions to fear-based emotional processing, the field
is still at an early stage and many gaps in knowledge remain. Below
we give a summary of what we consider the most pertinent research
questions and areas yet to be addressed in the field:
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Understanding cerebellar interactions with
fear networks

1. Itis clear that a great degree of both molecularly-defined and
projection-defined heterogeneity exists within both the
cerebellar cortex (Cerminara et al., 2015) and nuclei (Fujita
et al., 2020); thus, studies are required to fully understand the
contribution that specific cerebellar neuronal subpopulations
make to fear-based emotional processes.

. Equally, many studies on cerebellar functional connectivity with
the fear network to date have focussed on the medial cerebellum-
to-vIPAG pathway; however, it is clear from anatomical studies
that lateral cerebellar cortical regions and associated lateral
cerebellar nuclei are monosynaptically connected with a range
of other brain regions involved in fear-based emotional
processing, such as ventral tegmental area, superior colliculus
and mediodorsal thalamus. It is also unclear to what extent
subpopulations within the cerebellar nuclei provide input to
discrete or overlapping midbrain structures. The functional
significance of these connections requires further investigation.

. Whole brain imaging approaches, such as MRI, will allow
identification of cerebellar interactions with other brain regions
in an unbiased fashion during fear behaviour. Translational
potential could be increased by combining MRI imaging of
cerebellar circuits and, where possible, similar Pavlovian fear
conditioning protocols in both rodents and humans.

. Understanding the computations performed by functional/
dysfunctional cerebellar circuits and how these embed within

networks ~ will

modelling approaches.

whole-brain  fear require computational
. Tt is unclear if mechanisms subserving cerebellar roles in fear
processing also relate to, for example, reward processing. Does
prediction error encoding in populations of cerebellar neurons
support associative learning irrespective of emotional valence

(e.g., reward versus punishment omission)?

Understanding cerebellar contributions to
anxiety and fear-related disorders in
people with autism

1. Although a number of studies have identified cerebellar
differences in people with autism, currently very little is known
about how the cerebellum contributes specifically to commonly
observed fear and anxiety issues. Several studies in animal
models of neurodevelopmental disorders have examined the
cellular, physiological and behavioural effects of disrupting
genes linked to autism specifically in the cerebellum (Koelkoek
et al., 2005; Tsai et al., 2012; Peter et al., 2016; Tsai, 2016;
Stoodley et al., 2017; Kelly et al., 2020). Whilst this is a powerful
approach to improve our understanding of cerebellar circuits,
these models fail to recapitulate the condition accurately in that
genetic mutations observed in autism are not limited to the
cerebellum—most autism associated risk genes are expressed
across many regions of the central (and peripheral) nervous
system. Experiments examining distributed cerebellar function
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during fear behaviour in constitutive transgenic animal models
of neurodevelopmental disorders are required to bridge this gap.

. Finally, as highlighted within this review, the cerebellum is involved
in predictive encoding via internal model generation and studies
suggest this encoding may be aberrant in neurodevelopmental
disorders, such as autism (Kelly et al., 2021). An important question
will be to establish the developmental trajectory of changes
underlying PE miscalibration exhibited by preclinical models
(Dooley et al., 2021) and if it is possible to make early life, circuit-
specific, interventions to reverse or prevent the emergence of
behavioural differences driven by them, such as those related
to fear.

Conclusion

We hope that this review will drive further interest in
understanding the role of the cerebellum in fear-based emotional
processing. In particular, by highlighting the potential for cerebellar
involvement in the fear-based emotional dysregulation often observed
in autistic individuals, we aim to inspire future studies, at both the
animal model and human subject level.

Author contributions

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Funding

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 956414; and the Simons
Initiative for the Developing Brain (SIDB).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnsys.2023.1229627/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnsys.2023.1229627/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnsys.2023.1229627/full#supplementary-material

Couto-Ovejero et al.

References

Abols, I. A., and Basbaum, A. I. (1979). The posterior pretectal nucleus: evidence for
a direct projection to the inferior olive of the cat. Neuroscience letters 13, 111-116. doi:
10.1016/0304-3940(79)90026-0

American Psychiatric Association (2013). Dsm-5 Task Force. Diagnostic And Statistical
Manual Of Mental Disorders: Dsm-5. 5th Edn. Washington, DC: American
Psychiatric Association.

Anstey, N. J., Kapgal, V., Tiwari, S., Watson, T. C., Toft, A. K. H., Dando, O. R,, et al.
(2022). Imbalance of flight-freeze responses and their cellular correlates in the
Nlgn3(—/Y) rat model of autism. Mol. Autism. 13:34. doi: 10.1186/s13229-022-00511-8

Apps, R., and Garwicz, M. (2005). Anatomical and physiological foundations of
cerebellar information processing. Nat. Rev. Neurosci. 6, 297-311. doi: 10.1038/nrn1646

Apps, R., and Hawkes, R. (2009). Cerebellar cortical organization: A one-map
hypothesis. Nat. Rev. Neurosci. 10, 670-681. doi: 10.1038/nrn2698

Apps, R., and Strata, P. (2015). Neuronal circuits for fear and anxiety—the missing
link. Nat. Rev. Neurosci. 16:642. doi: 10.1038/nrn4028

Arico, C., Bagley, E. E., Carrive, P,, Assareh, N., and Mcnally, G. P. (2017). Effects of
Chemogenetic excitation or inhibition of the ventrolateral periaqueductal gray on the
acquisition and extinction of Pavlovian fear conditioning. Neurobiol. Learn. Mem. 144,
186-197. doi: 10.1016/j.nlm.2017.07.006

Arnold Anteraper, S., Guell, X., D'Mello, A., Joshi, N., Whitfield-Gabrieli, S., and
Joshi, G. (2019). Disrupted Cerebrocerebellar intrinsic functional connectivity in Young
adults with high-functioning autism Spectrum disorder: A data-driven, whole-brain,
high-temporal resolution functional magnetic resonance imaging study. Brain Connect.
9, 48-59. doi: 10.1089/brain.2018.0581

Arrigo, A., Mormina, E., Anastasi, G. P, Gaeta, M., Calamuneri, A., Quartarone, A.,
et al. (2014). Constrained spherical deconvolution analysis of the limbic network in
human, with emphasis on A direct Cerebello-limbic pathway. Front. Hum. Neurosci.
8:987. doi: 10.3389/fnhum.2014.00987

Asanuma, C., Thach, W. T, and Jones, E. G. (1983). Brainstem and spinal projections
of the deep cerebellar nuclei in the monkey, with observations on the brainstem
projections of the dorsal column nuclei. Brain Res. 286, 299-322. doi:
10.1016/0165-0173(83)90017-6

Aumann, T. D,, and Horne, M. K. (1996). A comparison of the ultrastructure of
synapses in the Cerebello-Rubral and Cerebello-thalamic pathways in the rat. Neurosci.
Lett. 211, 175-178. doi: 10.1016/0304-3940(96)12757-9

Badura, A, Verpeut, J. L., Metzger, ]. W, Pereira, T. D., Pisano, T. J., Deverett, B., et al.
(2018). Normal cognitive and social development require posterior cerebellar activity.
Elife 7:36401. doi: 10.7554/eLife.36401

Baek, S. ., Park, J. S., Kim, J., Yamamoto, Y., and Tanaka-Yamamoto, K. (2022). Vta-
projecting cerebellar neurons mediate stress-dependent depression-like behaviors. Elife
11:72981. doi: 10.7554/eLife.72981

Balsters, J. H., Apps, M. A., Bolis, D., Lehner, R., Gallagher, L., and Wenderoth, N.
(2017). Disrupted prediction errors index social deficits in autism Spectrum disorder.
Brain 140, 235-246. doi: 10.1093/brain/aww287

Balsters, J. H., Cussans, E., Diedrichsen, J., Phillips, K. A., Preuss, T. M., Rilling, J. K., et al.
(2010). Evolution of the cerebellar cortex: the selective expansion of prefrontal-projecting
cerebellar lobules. Neuroimage 49, 2045-2052. doi: 10.1016/j.neuroimage.2009.10.045

Bandler, R., and Shipley, M. T. (1994). Columnar organization in the midbrain
periaqueductal gray: modules for emotional expression? Trends Neurosci. 17, 379-389.
doi: 10.1016/0166-2236(94)90047-7

Banerjee, A., Engineer, C. T, Sauls, B. L., Morales, A. A., Kilgard, M. P,, and Ploski, J. E.
(2014). Abnormal emotional learning in A rat model of autism exposed to Valproic acid
in utero. Front. Behav. Neurosci. 8:387. doi: 10.3389/fnbeh.2014.00387

Banerjee, A., Luong, J. A., Ho, A,, Saib, A. O., and Ploski, J. E. (2016). Overexpression
of Homerla in the basal and lateral amygdala impairs fear conditioning and induces an
autism-like social impairment. Mol. Autism. 7:16. doi: 10.1186/s13229-016-0077-9

Bariselli, S., Hornberg, H., Prevost-Solie, C., Musardo, S., Hatstatt-Burkle, L.,
Scheiffele, P, et al. (2018). Role of Vta dopamine neurons and Neuroligin 3 in sociability
traits related to nonfamiliar conspecific interaction. Nat. Commun. 9:3173. doi: 10.1038/
541467-018-05382-3

Baroncini, M., Jissendi, P.,, Balland, E., Besson, P,, Pruvo, J. P, Francke, J. P, et al.
(2012). Mri atlas of the human hypothalamus. Neuroimage 59, 168-180. doi: 10.1016/j.
neuroimage.2011.07.013

Barton, R. A., and Venditti, C. (2014). Rapid evolution of the cerebellum in humans
and other great apes. Curr. Biol. 24, 2440-2444. doi: 10.1016/j.cub.2014.08.056

Batsikadze, G., Diekmann, N., Ernst, T. M., Klein, M., Maderwald, S., Deuschl, C., et al.
(2022). The cerebellum contributes to context-effects during fear extinction learning: A 7t
Fmri study. Neuroimage 253:119080. doi: 10.1016/j.neuroimage.2022.119080

Bauman, M. L. (1991). Microscopic neuroanatomic abnormalities in autism. Pediatrics
87,791-796. doi: 10.1542/peds.87.5.791

Becker, E. B., and Stoodley, C. J. (2013). Autism Spectrum disorder and the cerebellum.
Int. Rev. Neurobiol. 113, 1-34. doi: 10.1016/B978-0-12-418700-9.00001-0

Frontiers in Systems Neuroscience

10.3389/fnsys.2023.1229627

Bednarz, H. M., and Kana, R. K. (2019). Patterns of cerebellar connectivity with
intrinsic connectivity networks in autism Spectrum disorders. J. Autism Dev. Disord. 49,
4498-4514. doi: 10.1007/s10803-019-04168-w

Beitz, A. J. (1982). The organization of afferent projections to the midbrain
periaqueductal ~ gray of the rat.  Newuroscience 7, 133-159. doi:
10.1016/0306-4522(82)90157-9

Beitz, A. J. (1989). Possible origin of glutamatergic projections to the midbrain
periaqueductal gray and deep layer of the superior colliculus of the rat. Brain Res. Bull.
23, 25-35. doi: 10.1016/0361-9230(89)90159-7

Benavidez, N. L., Bienkowski, M. S., Zhu, M., Garcia, L. H., Fayzullina, M., Gao, L.,
et al. (2021). Organization of the inputs and outputs of the mouse superior colliculus.
Nature Communications 12, 4004. doi: 10.1038/s41467-021-24241-2

Berg, B. A, Schoenbaum, G., and Mcdannald, M. A. (2014). The dorsal raphe nucleus
is integral to negative prediction errors in Pavlovian fear. Eur. J. Neurosci. 40, 3096-3101.
doi: 10.1111/ejn.12676

Bernard, J. A., and Mittal, V. A. (2015). Dysfunctional activation of the cerebellum in
schizophrenia: A functional neuroimaging Meta-analysis. Clin. Psychol. Sci. 3, 545-566.
doi: 10.1177/2167702614542463

Blithikioti, C., Nuno, L., Guell, X., Pascual-Diaz, S., Gual, A., Balcells-Olivero, M.,
et al. (2022). The cerebellum and psychological trauma: A systematic review of
neuroimaging studies. Neurobiol Stress 17:100429. doi: 10.1016/j.ynstr.2022.100429

Bouarab, C., Thompson, B., and Polter, A. M. (2019). Vta Gaba neurons at the
Interface of stress and reward. Front Neural Circuits 13:78. doi: 10.3389/fncir.2019.00078

Breton-Provencher, V., Drummond, G. T., and Sur, M. (2021). Locus Coeruleus
norepinephrine in learned behavior: anatomical modularity and spatiotemporal
integration in targets. Front Neural Circuits 15:638007. doi: 10.3389/fncir.2021.638007

Brielmaier, J., Matteson, P. G., Silverman, J. L., Senerth, J. M., Kelly, S., Genestine, M.,
etal. (2012). Autism-relevant social abnormalities and cognitive deficits in Engrailed-2
knockout mice. PloS One 7:E40914. doi: 10.1371/journal.pone.0040914

Buckner, R. L., Krienen, E. M., Castellanos, A., Diaz, J. C., and Yeo, B. T. (2011). The
organization of the human cerebellum estimated by intrinsic functional connectivity. J.
Neurophysiol. 106, 2322-2345. doi: 10.1152/jn.00339.2011

Buller-Peralta, I., Maicas-Royo, J., Lu, Z., Till, S. M., Wood, E. R,, Kind, P. C,, et al.
(2022). Abnormal brain state distribution and network connectivity in A Syngapl rat
model. Biorxiv [Preprint], Biorxiv:2022.02.04.479013.

Burgos-Robles, A., Vidal-Gonzalez, I, and Quirk, G. J. (2009). Sustained conditioned
responses in Prelimbic prefrontal neurons are correlated with fear expression and
extinction failure. J. Neurosci. 29, 8474-8482. doi: 10.1523/JNEUROSCI.0378-09.2009

Burke, J. C., and Cerniglia, L. (1990). Stimulus complexity and autistic Children's
responsivity: assessing and training A pivotal behavior. J. Autism Dev. Disord. 20,
233-253. doi: 10.1007/BF02284721

Cacciola, A., Bertino, S., Basile, G. A., Di Mauro, D., Calamuneri, A., Chillemi, G.,
et al. (2019). Mapping the structural connectivity between the periaqueductal gray and
the cerebellum in humans. Brain Struct. Funct. 224, 2153-2165. doi: 10.1007/
500429-019-01893-x

Cai, L. X,, Pizano, K., Gundersen, G. W,, Hayes, C. L., Fleming, W. T., Holt, S., et al.
(2020). Distinct signals in medial and lateral Vta dopamine neurons modulate fear
extinction at different times. Elife 9:54936. doi: 10.7554/eLife.54936

Cardon, G. J., Hepburn, S., and Rojas, D. C. (2017). Structural covariance of sensory
networks, the cerebellum, and amygdala in autism Spectrum disorder. Front. Neurol.
8:615. doi: 10.3389/fneur.2017.00615

Carlson, E. S., Hunker, A. C., Sandberg, S. G., Locke, T. M., Geller, J. M.,
Schindler, A. G., et al. (2021). Catecholaminergic innervation of the lateral nucleus of
the cerebellum modulates cognitive behaviors. J. Neurosci. 41, 3512-3530. doi: 10.1523/
JNEUROSCI.2406-20.2021

Carta, 1., Chen, C. H., Schott, A. L., Dorizan, S., and Khodakhah, K. (2019). Cerebellar
modulation of the reward circuitry and social behavior. Science 363:aav0581. doi:
10.1126/science.aav0581

Casado-Roman, L., Carbajal, G. V., Perez-Gonzalez, D., and Malmierca, M. S. (2020).
Prediction error signaling explains neuronal mismatch responses in the medial
prefrontal cortex. PLoS Biol. 18:E3001019. doi: 10.1371/journal.pbio.3001019

Cavdar, S., San, T., Aker, R., Sehirli, U., and Onat, F. (2001). Cerebellar connections to
the dorsomedial and posterior nuclei of the hypothalamus in the rat. J. Anat. 198, 37-45.
doi: 10.1017/50021878200007172

Cedarbaum, J. M., and Aghajanian, G. K. (1978). Afferent projections to the rat locus
Coeruleus as determined by A retrograde tracing technique. J. Comp. Neurol. 178, 1-16.
doi: 10.1002/cne.901780102

Cerminara, N. L., and Apps, R. (2011). Behavioural significance of cerebellar modules.
Cerebellum 10, 484-494. doi: 10.1007/s12311-010-0209-2

Cerminara, N. L., Koutsikou, S., Lumb, B. M., and Apps, R. (2009). The periaqueductal
Grey modulates sensory input to the cerebellum: A role in coping behaviour? Eur. J.
Neurosci. 29, 2197-2206. doi: 10.1111/j.1460-9568.2009.06760.x

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/0304-3940(79)90026-0
https://doi.org/10.1186/s13229-022-00511-8
https://doi.org/10.1038/nrn1646
https://doi.org/10.1038/nrn2698
https://doi.org/10.1038/nrn4028
https://doi.org/10.1016/j.nlm.2017.07.006
https://doi.org/10.1089/brain.2018.0581
https://doi.org/10.3389/fnhum.2014.00987
https://doi.org/10.1016/0165-0173(83)90017-6
https://doi.org/10.1016/0304-3940(96)12757-9
https://doi.org/10.7554/eLife.36401
https://doi.org/10.7554/eLife.72981
https://doi.org/10.1093/brain/aww287
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/0166-2236(94)90047-7
https://doi.org/10.3389/fnbeh.2014.00387
https://doi.org/10.1186/s13229-016-0077-9
https://doi.org/10.1038/s41467-018-05382-3
https://doi.org/10.1038/s41467-018-05382-3
https://doi.org/10.1016/j.neuroimage.2011.07.013
https://doi.org/10.1016/j.neuroimage.2011.07.013
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.neuroimage.2022.119080
https://doi.org/10.1542/peds.87.5.791
https://doi.org/10.1016/B978-0-12-418700-9.00001-0
https://doi.org/10.1007/s10803-019-04168-w
https://doi.org/10.1016/0306-4522(82)90157-9
https://doi.org/10.1016/0361-9230(89)90159-7
https://doi.org/10.1038/s41467-021-24241-2
https://doi.org/10.1111/ejn.12676
https://doi.org/10.1177/2167702614542463
https://doi.org/10.1016/j.ynstr.2022.100429
https://doi.org/10.3389/fncir.2019.00078
https://doi.org/10.3389/fncir.2021.638007
https://doi.org/10.1371/journal.pone.0040914
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1523/JNEUROSCI.0378-09.2009
https://doi.org/10.1007/BF02284721
https://doi.org/10.1007/s00429-019-01893-x
https://doi.org/10.1007/s00429-019-01893-x
https://doi.org/10.7554/eLife.54936
https://doi.org/10.3389/fneur.2017.00615
https://doi.org/10.1523/JNEUROSCI.2406-20.2021
https://doi.org/10.1523/JNEUROSCI.2406-20.2021
https://doi.org/10.1126/science.aav0581
https://doi.org/10.1371/journal.pbio.3001019
https://doi.org/10.1017/S0021878200007172
https://doi.org/10.1002/cne.901780102
https://doi.org/10.1007/s12311-010-0209-2
https://doi.org/10.1111/j.1460-9568.2009.06760.x

Couto-Ovejero et al.

Cerminara, N. L., Lang, E. ], Sillitoe, R. V., and Apps, R. (2015). Redefining the
cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits. Nat. Rev.
Neurosci. 16, 79-93. doi: 10.1038/nrn3886

Chen, Z., Zhang, R., Huo, H,, Liu, P, Zhang, C., and Feng, T. (2022). Functional
connectome of human cerebellum. Neuroimage 251:119015. doi: 10.1016/j.
neuroimage.2022.119015

Chorpita, B. E, and Barlow, D. H. (1998). The development of anxiety: the role of
control in the early environment. Psychol. Bull. 124, 3-21. doi: 10.1037/0033-2909.124.1.3

Chou, X. L., Wang, X, Zhang, Z. G., Shen, L., Zingg, B., Huang, J,, et al. (2018).
Inhibitory gain modulation of defense behaviors by zona Incerta. Nat. Commun. 9:1151.
doi: 10.1038/s41467-018-03581-6

Ciapponi, C., Li, Y., Osorio Becerra, D. A., Rodarie, D., Casellato, C., Mapelli, L., et al.
(2023). Variations on the theme: focus on cerebellum and emotional processing. Front.
Syst. Neurosci. 17:1185752. doi: 10.3389/fnsys.2023.1185752

Clavier, R. M. (1979). Afferent projections to the self-stimulation regions of the
dorsal pons, including the locus Coeruleus, in the rat as demonstrated by the
horseradish peroxidase technique. Brain Res. Bull. 4, 497-504. doi:
10.1016/0361-9230(79)90034-0

Concetti, C., Bracey, E. F, Peleg-Raibstein, D., and Burdakov, D. (2020). Control of
fear extinction by hypothalamic melanin-concentrating hormone-expressing neurons.
Proc. Natl. Acad. Sci. U. S. A. 117, 22514-22521. doi: 10.1073/pnas.2007993117

Conner, C. M., White, S. W, Scahill, L., and Mazefsky, C. A. (2020). The role of
emotion regulation and Core autism symptoms in the experience of anxiety in autism.
Autism 24, 931-940. doi: 10.1177/1362361320904217

Courchesne, E., Yeung-Courchesne, R., Press, G. A., Hesselink, J. R., and Jernigan, T. L.
(1988). Hypoplasia of cerebellar Vermal lobules vi and vii in autism. N. Engl. J. Med. 318,
1349-1354. doi: 10.1056/NEJM198805263182102

Crawford, L. K., Rahman, S. F, and Beck, S. G. (2013). Social stress alters inhibitory
synaptic input to distinct subpopulations of raphe serotonin neurons. ACS Chem.
Nerosci. 4, 200-209. doi: 10.1021/cn300238j

Crippa, A., Del Vecchio, G., Busti Ceccarelli, S., Nobile, M., Arrigoni, F, and
Brambilla, P. (2016). Cortico-cerebellar connectivity in autism Spectrum disorder: what
do we know so far? Front. Psych. 7:20. doi: 10.3389/fpsyt.2016.00020

Davis Iii, T. E., Ollendick, T. H., and White, S. W. (2014). Handbook of autism and
anxiety. Autism and child psychopathology,. 1stst Ed. Cham: Springer International
Publishing, Springer,.

Dawson, G., Webb, S. J., Carver, L., Panagiotides, H., and Mcpartland, J. (2004).
Young children with autism show atypical brain responses to fearful versus neutral
facial expressions of  emotion. Dev. Sci. 7, 340-359. doi:
10.1111/j.1467-7687.2004.00352.x

De-Wit, L., Machilsen, B., and Putzeys, T. (2010). Predictive coding and the neural
response to predictable stimuli. J. Neurosci. 30, 8702-8703. doi: 10.1523/
JNEUROSCI.2248-10.2010

Diedrichsen, J., Balsters, J. H., Flavell, J., Cussans, E., and Ramnani, N. (2009). A
probabilistic Mr atlas of the human cerebellum. Neuroimage 46, 39-46. doi: 10.1016/j.
neuroimage.2009.01.045

D'mello, A. M., and Stoodley, C. J. (2015). Cerebro-cerebellar circuits in autism
Spectrum disorder. Front. Neurosci. 9:408. doi: 10.3389/fnins.2015.00408

Dooley, J. C., Sokoloff, G., and Blumberg, M. S. (2021). Movements during sleep reveal
the developmental emergence of A cerebellar-dependent internal model in motor
thalamus. Curr. Biol. 31, 5501-5511. doi: 10.1016/j.cub.2021.10.014

Dubois, C. ], and Liu, S. J. (2021). Glun2d Nmda receptors gate fear extinction
learning and interneuron plasticity. Front Synaptic Neurosci 13:681068. doi: 10.3389/
fnsyn.2021.681068

Ellegood, J., Petkova, S. P, Kinman, A., Qiu, L. R., Adhikari, A., Wade, A. A, et al.
(2021). Neuroanatomy and behavior in mice with A Haploinsufficiency of at-rich
interactive domain 1b (Arid1b) throughout development. Mol. Autism. 12:25. doi:
10.1186/513229-021-00432-y

Ernst, T. M., Brol, A. E,, Gratz, M, Ritter, C., Bingel, U., Schlamann, M., et al. (2019).
The cerebellum is involved in processing of predictions and prediction errors in A fear
conditioning paradigm. Elife 8:e46831. doi: 10.7554/eLife.46831

Evans, D. A, Stempel, A. V., Vale, R., Ruehle, S., Lefler, Y., and Branco, T. (2018). A

synaptic threshold mechanism for computing escape decisions. Nature 558, 590-594.
doi: 10.1038/541586-018-0244-6

Fastenrath, M., Spalek, K., Coynel, D., Loos, E., Milnik, A., Egli, T., et al. (2022).
Human cerebellum and Corticocerebellar connections involved in emotional memory
enhancement. Proc. Natl. Acad. Sci. U. S. A. 119:E2204900119. doi: 10.1073/
pnas.2204900119

Fatemi, S. H., Aldinger, K. A., Ashwood, P, Bauman, M. L., Blaha, C. D,, Blatt, G. J.,
etal. (2012). Consensus paper: pathological role of the cerebellum in autism. Cerebellum
11, 777-807. doi: 10.1007/s12311-012-0355-9

Fatemi, S. H., Halt, A. R., Realmuto, G., Earle, J., Kist, D. A., Thuras, P, et al. (2002).
Purkinje cell size is reduced in cerebellum of patients with autism. Cell. Mol. Neurobiol.
22, 171-175. doi: 10.1023/A:1019861721160

Frontiers in Systems Neuroscience

10.3389/fnsys.2023.1229627

Faul, L., Stjepanovic, D,, Stivers, J. M., Stewart, G. W, Graner, J. L., Morey, R. A, et al.
(2020). Proximal threats promote enhanced acquisition and persistence of reactive fear-
learning circuits. Proc. Natl. Acad. Sci. U. S. A. 117, 16678-16689. doi: 10.1073/
pnas.2004258117

Fernandes, G., Mishra, P. K., Nawaz, M. S., Donlin-Asp, P. G., Rahman, M. M.,
Hazra, A, et al. (2021). Correction of Amygdalar dysfunction in A rat model of fragile
X syndrome. Cell Rep. 37:109805. doi: 10.1016/j.celrep.2021.109805

Ferri, S. L., Dow, H. C,, Schoch, H., Lee, J. Y., Brodkin, E. S., and Abel, T. (2021). Age-
and sex-specific fear conditioning deficits in mice lacking Pcdh10, an autism associated
gene. Neurobiol. Learn. Mem. 178:107364. doi: 10.1016/j.n1m.2020.107364

Fischer, H., Andersson, J. L., Furmark, T, and Fredrikson, M. (2000). Fear
conditioning and brain activity: A positron emission tomography study in humans.
Behav. Neurosci. 114, 671-680. doi: 10.1037/0735-7044.114.4.671

Friston, K. (2005). A theory of cortical responses. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 360, 815-836. doi: 10.1098/rstb.2005.1622

Friston, K. J., Lawson, R., and Frith, C. D. (2013). On Hyperpriors and Hypopriors:
comment on Pellicano and Burr. Trends Cogn. Sci. 17:1. doi: 10.1016/j.tics.2012.11.003

Frontera, J. L., Baba Aissa, H., Sala, R. W,, Mailhes-Hamon, C., Georgescu, 1. A.,
Lena, C,, et al. (2020). Bidirectional control of fear memories by cerebellar neurons
projecting to the ventrolateral periaqueductal Grey. Nat. Commun. 11:5207. doi:
10.1038/541467-020-18953-0

Frontera, J. L., Sala, R. W,, Georgescu, I. A., Baba Aissa, H., D'almeida, M. N., Popa, D.,
et al. (2023). The cerebellum regulates fear extinction through Thalamo-prefrontal
cortex interactions in male mice. Nat. Commun. 14:1508. doi: 10.1038/
541467-023-36943-w

Fujita, H., Kodama, T., and Du Lac, S. (2020). Modular output circuits of the fastigial
nucleus for diverse motor and nonmotor functions of the cerebellar vermis. Elife
9:58613. doi: 10.7554/eLife.58613

Gaigg, S. B., and Bowler, D. M. (2007). Differential fear conditioning in Asperger's
syndrome: implications for an amygdala theory of autism. Neuropsychologia 45,
2125-2134. doi: 10.1016/j.neuropsychologia.2007.01.012

Garcia, R. (2017). Neurobiology of fear and specific phobias. Learn. Mem. 24,
462-471. doi: 10.1101/1m.044115.116

Gaudfernau, F, Lefebvre, A., Engemann, D. A., Pedoux, A., Banki, A., Baillin, E, et al.
(2022). Cortico-cerebellar Neurodynamics during social interaction in autism Spectrum
disorder. Medrxiv [Preprint], Medrxiv: 2022.10.17.22281189.

Giustino, T. F, and Maren, S. (2018). Noradrenergic modulation of fear conditioning
and extinction. Front. Behav. Neurosci. 12:43. doi: 10.3389/fnbeh.2018.00043

Goerzen, D., Fowler, C., Devenyi, G. A., Germann, J, Madularu, D,
Chakravarty, M. M, et al. (2020). An Mri-derived neuroanatomical atlas of the Fischer
344 rat brain. Sci. Rep. 10:6952. doi: 10.1038/s41598-020-63965-x

Gonzalo-Ruiz, A., and Leichnetz, G. R. (1987). Collateralization of cerebellar efferent
projections to the Paraoculomotor region, superior colliculus, and medial pontine
reticular formation in the rat: A fluorescent double-labeling study. Exp. Brain Res. 68,
365-378. doi: 10.1007/BF00248802

Gonzalo-Ruiz, A., and Leichnetz, G. R. (1990). Connections of the caudal cerebellar
Interpositus complex in A New World monkey (Cebus Apella). Brain Res. Bull. 25,
919-927. doi: 10.1016/0361-9230(90)90189-7

Gonzalo-Ruiz, A., Leichnetz, G. R., and Hardy, S. G. (1990). Projections of the medial
cerebellar nucleus to oculomotor-related midbrain areas in the rat: an anterograde and
retrograde Hrp study. J. Comp. Neurol. 296, 427-436. doi: 10.1002/cne.902960308

Gonzalo-Ruiz, A., Leichnetz, G. R., and Smith, D. J. (1988). Origin of cerebellar
projections to the region of the oculomotor complex, medial pontine reticular
formation, and superior colliculus in New World monkeys: A retrograde horseradish
peroxidase study. J. Comp. Neurol. 268, 508-526. doi: 10.1002/cne.902680404

Green, S. A, Rudie, J. D., Colich, N. L., Wood, J. J., Shirinyan, D., Hernandez, L., et al.
(2013). Overreactive brain responses to sensory stimuli in youth with autism Spectrum
disorders. J. Am. Acad. Child Adolesc. Psychiatry 52, 1158-1172. doi: 10.1016/j.
jaac.2013.08.004

Habas, C. (2021). Functional connectivity of the cognitive cerebellum. Front. Syst.
Neurosci. 15:642225. doi: 10.3389/fnsys.2021.642225

Habas, C., Kamdar, N., Nguyen, D., Prater, K., Beckmann, C. E, Menon, V., et al.
(2009). Distinct cerebellar contributions to intrinsic connectivity networks. J. Neurosci.
29, 8586-8594. doi: 10.1523/INEUROSCI.1868-09.2009

Habas, C., Manto, M., and Cabaraux, P. (2019). The cerebellar thalamus. Cerebellum
18, 635-648. doi: 10.1007/s12311-019-01019-3

Haines, D. E., and Dietrichs, E. (1984). An Hrp study of Hypothalamo-cerebellar and
Cerebello-hypothalamic connections in squirrel monkey (Saimiri Sciureus). J. Comp.
Neurol. 229, 559-575. doi: 10.1002/cne.902290409

Haines, D. E., May, P. J., and Dietrichs, E. (1990). Neuronal connections between the
cerebellar nuclei and hypothalamus in Macaca Fascicularis: Cerebello-visceral circuits.
J. Comp. Neurol. 299, 106-122. doi: 10.1002/cne.902990108

Han, S., Gao, X., Humphreys, G. W,, and Ge, J. (2008). Neural processing of threat cues
in social environments. Hum. Brain Mapp. 29, 945-957. doi: 10.1002/hbm.20439

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/nrn3886
https://doi.org/10.1016/j.neuroimage.2022.119015
https://doi.org/10.1016/j.neuroimage.2022.119015
https://doi.org/10.1037/0033-2909.124.1.3
https://doi.org/10.1038/s41467-018-03581-6
https://doi.org/10.3389/fnsys.2023.1185752
https://doi.org/10.1016/0361-9230(79)90034-0
https://doi.org/10.1073/pnas.2007993117
https://doi.org/10.1177/1362361320904217
https://doi.org/10.1056/NEJM198805263182102
https://doi.org/10.1021/cn300238j
https://doi.org/10.3389/fpsyt.2016.00020
https://doi.org/10.1111/j.1467-7687.2004.00352.x
https://doi.org/10.1523/JNEUROSCI.2248-10.2010
https://doi.org/10.1523/JNEUROSCI.2248-10.2010
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.3389/fnins.2015.00408
https://doi.org/10.1016/j.cub.2021.10.014
https://doi.org/10.3389/fnsyn.2021.681068
https://doi.org/10.3389/fnsyn.2021.681068
https://doi.org/10.1186/s13229-021-00432-y
https://doi.org/10.7554/eLife.46831
https://doi.org/10.1038/s41586-018-0244-6
https://doi.org/10.1073/pnas.2204900119
https://doi.org/10.1073/pnas.2204900119
https://doi.org/10.1007/s12311-012-0355-9
https://doi.org/10.1023/A:1019861721160
https://doi.org/10.1073/pnas.2004258117
https://doi.org/10.1073/pnas.2004258117
https://doi.org/10.1016/j.celrep.2021.109805
https://doi.org/10.1016/j.nlm.2020.107364
https://doi.org/10.1037/0735-7044.114.4.671
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1016/j.tics.2012.11.003
https://doi.org/10.1038/s41467-020-18953-0
https://doi.org/10.1038/s41467-023-36943-w
https://doi.org/10.1038/s41467-023-36943-w
https://doi.org/10.7554/eLife.58613
https://doi.org/10.1016/j.neuropsychologia.2007.01.012
https://doi.org/10.1101/lm.044115.116
https://doi.org/10.3389/fnbeh.2018.00043
https://doi.org/10.1038/s41598-020-63965-x
https://doi.org/10.1007/BF00248802
https://doi.org/10.1016/0361-9230(90)90189-7
https://doi.org/10.1002/cne.902960308
https://doi.org/10.1002/cne.902680404
https://doi.org/10.1016/j.jaac.2013.08.004
https://doi.org/10.1016/j.jaac.2013.08.004
https://doi.org/10.3389/fnsys.2021.642225
https://doi.org/10.1523/JNEUROSCI.1868-09.2009
https://doi.org/10.1007/s12311-019-01019-3
https://doi.org/10.1002/cne.902290409
https://doi.org/10.1002/cne.902990108
https://doi.org/10.1002/hbm.20439

Couto-Ovejero et al.

Han, J. K., Kwon, S. H., Kim, Y. G., Choi, J., Kim, J. I, Lee, Y. S., et al. (2021). Ablation
of Stat3 in Purkinje cells reorganizes cerebellar synaptic plasticity in long-term fear
memory network. Elife 10:e63291. doi: 10.7554/eLife.63291

Hanaie, R., Mohri, I, Kagitani-Shimono, K., Tachibana, M., Azuma, J., Matsuzaki, .,
etal. (2013). Altered microstructural connectivity of the superior cerebellar peduncle is
related to motor dysfunction in children with autistic Spectrum disorders. Cerebellum
12, 645-656. doi: 10.1007/s12311-013-0475-x

Hanaie, R., Mohri, I, Kagitani-Shimono, K., Tachibana, M., Matsuzaki, J., Hirata, I.,
et al. (2018). Aberrant cerebellar-cerebral functional connectivity in children and
adolescents with autism Spectrum disorder. Front. Hum. Neurosci. 12:454. doi: 10.3389/
fnhum.2018.00454

Haroian, A. J., Massopust, L. C., and Young, P. A. (1981). Cerebellothalamic
projections in the rat: an autoradiographic and degeneration study. J. Comp. Neurol. 197,
217-236. doi: 10.1002/cne.901970205

Heiney, S. A., Wojaczynski, G. J., and Medina, J. F. (2021). Action-based organization
of A cerebellar module specialized for predictive control of multiple body parts. Neuron
109, 2981-2994. doi: 10.1016/j.neuron.2021.08.017

Hirai, T., Onodera, S., and Kawamura, K. (1982). Cerebellotectal projections studied
in cats with horseradish peroxidase or Tritiated amino acids axonal transport. Exp. Brain
Res. 48, 1-12. doi: 10.1007/BF00239567

Hollerman, J. R, and Schultz, W. (1998). Dopamine neurons report an error in the
temporal prediction of reward during learning. Nat. Neurosci. 1, 304-309. doi:
10.1038/1124

Huang, Y., Yu, S., Wilson, G., Park, J., Cheng, M., Kong, X., et al. (2021). Altered
extended locus Coeruleus and ventral tegmental area networks in boys with autism
Spectrum disorders: A resting-state functional connectivity study. Neuropsychiatr. Dis.
Treat. 17, 1207-1216. doi: 10.2147/NDT.S301106

Hwang, K. D., Kim, S. ], and Lee, Y. S. (2022). Cerebellar circuits for classical fear
conditioning. Front. Cell. Neurosci. 16:836948. doi: 10.3389/fncel.2022.836948

Igelstrom, K. M., Webb, T. W,, and Graziano, M. S. A. (2017). Functional connectivity
between the Temporoparietal cortex and cerebellum in autism Spectrum disorder.
Cereb. Cortex 27, 2617-2627. doi: 10.1093/cercor/bhw079

Tkai, Y., Takada, M., Shinonaga, Y., and Mizuno, N. (1992). Dopaminergic and non-
dopaminergic neurons in the ventral tegmental area of the rat project, respectively, to
the cerebellar cortex and deep cerebellar nuclei. Neuroscience 51, 719-728. doi:
10.1016/0306-4522(92)90310-X

James, S. J., Shpyleva, S., Melnyk, S., Pavliv, O., and Pogribny, I. P. (2013). Complex
epigenetic regulation of Engrailed-2 (En-2) Homeobox gene in the autism cerebellum.
Transl. Psychiatry 3:E232. doi: 10.1038/tp.2013.8

Jenkinson, M., Beckmann, C. E, Behrens, T. E., Woolrich, M. W, and Smith, S. M.
(2012). Fsl. Neuroimage 62, 782-790. doi: 10.1016/j.neuroimage.2011.09.015

Jensen, J., Smith, A. J., Willeit, M., Crawley, A. P,, Mikulis, D. J., Vitcu, I, et al. (2007).
Separate brain regions code for salience vs. valence during reward prediction in humans.
Hum. Brain Mapp. 28, 294-302. doi: 10.1002/hbm.20274

Jeong, J. W., Chugani, D. C., Behen, M. E,, Tiwari, V. N., and Chugani, H. T. (2012).
Altered White matter structure of the Dentatorubrothalamic pathway in children with
autistic Spectrum disorders. Cerebellum 11, 957-971. doi: 10.1007/s12311-012-0369-3

Judd, E. N, Lewis, S. M., and Person, A. L. (2021). Diverse inhibitory projections from
the cerebellar interposed nucleus. Elife 10:66231. doi: 10.7554/eLife.66231

Karalis, N., Dejean, C., Chaudun, E, Khoder, S., Rozeske, R. R., Wurtz, H., et al.
(2016). 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior.
Nat. Neurosci. 19, 605-612. doi: 10.1038/nn.4251

Karavasilis, E., Christidi, E, Velonakis, G., Giavri, Z., Kelekis, N. L.,
Efstathopoulos, E. P, et al. (2019). Ipsilateral and contralateral Cerebro-cerebellar White
matter connections: A diffusion tensor imaging study in healthy adults. J. Neuroradiol.
46, 52-60. doi: 10.1016/j.neurad.2018.07.004

Katoh, Y. Y., Arai, R., and Benedek, G. (2000). Bifurcating projections from the
cerebellar fastigial neurons to the thalamic Suprageniculate nucleus and to the superior
colliculus. Brain Res. 864, 308-311. doi: 10.1016/S0006-8993(00)02156-9

Katsanevaki, D., Till, S., Buller-Peralta, 1., Watson, T., Nawaz, M., Arkell, D,, et al.
(2020). Heterozygous deletion of Syngap enzymatic domains in rats causes selective
learning, social and seizure phenotypes. Biorxiv [Preprint], Biorxiv: 2020.10.14.339192.

Kawamura, S., Hattori, S., Higo, S., and Matsuyama, T. (1982). The cerebellar projections to
the superior colliculus and Pretectum in the cat: an autoradiographic and horseradish
peroxidase study. Neuroscience 7, 1673-1689. doi: 10.1016/0306-4522(82)90026-4

Kebschull, J. M., Richman, E. B., Ringach, N., Friedmann, D., Albarran, E.,
Kolluru, S. S., et al. (2020). Cerebellar Nuclei Evolved By Repeatedly Duplicating A
Conserved Cell-Type Set. Science:370:eabd5059. doi: 10.1126/science.abd5059

Keehn, B., Kadlaskar, G., Bergmann, S., Mcnally Keehn, R., and Francis, A. (2021).
Attentional disengagement and the locus Coeruleus-norepinephrine system in children
with autism Spectrum disorder. Front. Integr. Neurosci. 15:716447. doi: 10.3389/
fnint.2021.716447

Kelly, E., Escamilla, C. O., and Tsai, P. T. (2021). Cerebellar dysfunction in autism
Spectrum disorders: deriving mechanistic insights from an internal model framework.
Neuroscience 462, 274-287. doi: 10.1016/j.neuroscience.2020.11.012

Frontiers in Systems Neuroscience

17

10.3389/fnsys.2023.1229627

Kelly, E., Meng, E, Fujita, H., Morgado, F, Kazemi, Y., Rice, L. C,, et al. (2020).
Regulation of autism-relevant behaviors by cerebellar-prefrontal cortical circuits. Nat.
Neurosci. 23, 1102-1110. doi: 10.1038/541593-020-0665-z

Kelly, R. M., and Strick, P. L. (2003). Cerebellar loops with motor cortex and prefrontal
cortex of A nonhuman primate. J. Neurosci. 23, 8432-8444. doi: 10.1523/
JNEUROSCI.23-23-08432.2003

Kerns, C. M., and Kendall, P. C. (2014). “Autism and anxiety: overlap, similarities, and
differences” in Handbook Of Autism And Anxiety, Eds. Thompson, E., Davis, III., Susan
W., White, Thomas H, Ollendick (Switzerland: Springer International Publishing).
75-89.

Khan, A. J., Nair, A., Keown, C. L., Datko, M. C., Lincoln, A. J., and Muller, R. A.
(2015). Cerebro-cerebellar resting-state functional connectivity in children and
adolescents with autism Spectrum disorder. Biol. Psychiatry 78, 625-634. doi: 10.1016/j.
biopsych.2015.03.024

Kinard, J. L., Mosner, M. G., Greene, R. K., Addicott, M., Bizzell, J., Petty, C., et al.
(2020). Neural mechanisms of social and nonsocial reward prediction errors in
adolescents with autism Spectrum disorder. Autism Res. 13, 715-728. doi: 10.1002/
aur.2273

Kiser, D. P, Popp, S., Schmitt-Bohrer, A. G., Strekalova, T., Van Den Hove, D. L.,
Lesch, K. P, et al. (2019). Early-life stress impairs developmental programming in
cadherin 13 (Cdh13)-deficient mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 89,
158-168. doi: 10.1016/j.pnpbp.2018.08.010

Koekkoek, S. K., Yamaguchi, K., Milojkovic, B. A., Dortland, B. R., Ruigrok, T. J.,
Maex, R., et al. (2005). Deletion of Fmrl in Purkinje cells enhances parallel Fiber ltd,
enlarges spines, and attenuates cerebellar eyelid conditioning in fragile X syndrome.
Neuron 47, 339-352. doi: 10.1016/j.neuron.2005.07.005

Koutsikou, S., Watson, T. C., Crook, J. J., Leith, J. L., Lawrenson, C. L., Apps, R., et al.
(2015). The periaqueductal gray orchestrates sensory and motor circuits at multiple levels
of the Neuraxis. J. Neurosci. 35, 14132-14147. doi: 10.1523/JNEUROSCI.0261-15.2015

Koyama, W., Hosomi, R., Matsuda, K., Kawakami, K., Hibi, M., and Shimizu, T.
(2021). Involvement of cerebellar neural circuits in active avoidance conditioning in
zebrafish. Eneuro 8:ENEURO.0507-20.2021. doi: 10.1523/ENEURO.0507-20.2021

Koziol, L. F, Budding, D., Andreasen, N., D'arrigo, S., Bulgheroni, S., Imamizu, H.,
et al. (2014). Consensus paper: the Cerebellum's role in movement and cognition.
Cerebellum 13, 151-177. doi: 10.1007/s12311-013-0511-x

Kunwar, P. S., Zelikowsky, M., Remedios, R., Cai, H., Yilmaz, M., Meister, M., et al.
(2015). Ventromedial hypothalamic neurons control A defensive emotion state. Elife
4:6633. doi: 10.7554/eLife.06633

Kuramoto, E., Fujiyama, F, Nakamura, K. C., Tanaka, Y., Hioki, H., and Kaneko, T.
(2011). Complementary distribution of glutamatergic cerebellar and Gabaergic basal
ganglia afferents to the rat motor thalamic nuclei. Eur. J. Neurosci. 33, 95-109. doi:
10.1111/j.1460-9568.2010.07481.x

Lambert, C., Simon, H., Colman, J., and Barrick, T. R. (2017). Defining thalamic nuclei
and topographic connectivity gradients in vivo. Neuroimage 158, 466-479. doi:
10.1016/j.neuroimage.2016.08.028

Lammel, S., Lim, B. K., Ran, C., Huang, K. W, Betley, M. ], Tye, K. M,, et al. (2012).
Input-specific control of reward and aversion in the ventral tegmental area. Nature 491,
212-217. doi: 10.1038/nature11527

Lang, E. ], Apps, R., Bengtsson, E,, Cerminara, N. L., De Zeeuw, C. 1., Ebner, T. ], et al.
(2017). The roles of the Olivocerebellar pathway in motor learning and motor control.
A Consensus Paper. Cerebellum 16, 230-252. doi: 10.1007/s12311-016-0787-8

Langer, T. P, and Kaneko, C. R. (1984). Brainstem afferents to the Omnipause region
in the cat: A horseradish peroxidase study. J. Comp. Neurol. 230, 444-458. doi: 10.1002/
cne.902300312

Lawrenson, C., Paci, E., Pickford, J., Drake, R. A. R., Lumb, B. M., and Apps, R. (2022).
Cerebellar modulation of memory encoding in the periaqueductal Grey and fear
behaviour. Elife 11:76278. doi: 10.7554/eLife.76278

Lawson, R. P, Rees, G., and Friston, K. J. (2014). An aberrant precision account of
autism. Front. Hum. Neurosci. 8:302. doi: 10.3389/fnhum.2014.00302

Ledoux, J. (1998). Fear and the brain: where have we been, and where are we going?
Biol. Psychiatry 44, 1229-1238. doi: 10.1016/S0006-3223(98)00282-0

Lee, S., Ahmed, T, Lee, S., Kim, H., Choi, S., Kim, D. S., et al. (2011). Bidirectional
modulation of fear extinction by Mediodorsal thalamic firing in mice. Nat. Neurosci. 15,
308-314. doi: 10.1038/nn.2999

Li, X. B,, Inoue, T., Nakagawa, S., and Koyama, T. (2004). Effect of Mediodorsal
thalamic nucleus lesion on contextual fear conditioning in rats. Brain Res. 1008,
261-272. doi: 10.1016/j.brainres.2004.02.038

Li, Z., Rizzi, G., and Tan, K. R. (2021). Zona Incerta activity dynamics underlying
associative fear learning and fear generalization. Biorxiv [Preprint],
Biorxiv:2021.07.31.454576.

Li, B,, Zhuang, Q. X,, Gao, H. R., Wang, J. ], and Zhu, J. N. (2017). Medial cerebellar
nucleus projects to feeding-related neurons in the ventromedial hypothalamic nucleus
in rats. Brain Struct. Funct. 222, 957-971. doi: 10.1007/500429-016-1257-2

Lidstone, D. E., Rochowiak, R., Mostofsky, S. H., and Nebel, M. B. (2021). A data
driven approach reveals that anomalous motor system connectivity is associated

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.7554/eLife.63291
https://doi.org/10.1007/s12311-013-0475-x
https://doi.org/10.3389/fnhum.2018.00454
https://doi.org/10.3389/fnhum.2018.00454
https://doi.org/10.1002/cne.901970205
https://doi.org/10.1016/j.neuron.2021.08.017
https://doi.org/10.1007/BF00239567
https://doi.org/10.1038/1124
https://doi.org/10.2147/NDT.S301106
https://doi.org/10.3389/fncel.2022.836948
https://doi.org/10.1093/cercor/bhw079
https://doi.org/10.1016/0306-4522(92)90310-X
https://doi.org/10.1038/tp.2013.8
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1002/hbm.20274
https://doi.org/10.1007/s12311-012-0369-3
https://doi.org/10.7554/eLife.66231
https://doi.org/10.1038/nn.4251
https://doi.org/10.1016/j.neurad.2018.07.004
https://doi.org/10.1016/S0006-8993(00)02156-9
https://doi.org/10.1016/0306-4522(82)90026-4
https://doi.org/10.1126/science.abd5059
https://doi.org/10.3389/fnint.2021.716447
https://doi.org/10.3389/fnint.2021.716447
https://doi.org/10.1016/j.neuroscience.2020.11.012
https://doi.org/10.1038/s41593-020-0665-z
https://doi.org/10.1523/JNEUROSCI.23-23-08432.2003
https://doi.org/10.1523/JNEUROSCI.23-23-08432.2003
https://doi.org/10.1016/j.biopsych.2015.03.024
https://doi.org/10.1016/j.biopsych.2015.03.024
https://doi.org/10.1002/aur.2273
https://doi.org/10.1002/aur.2273
https://doi.org/10.1016/j.pnpbp.2018.08.010
https://doi.org/10.1016/j.neuron.2005.07.005
https://doi.org/10.1523/JNEUROSCI.0261-15.2015
https://doi.org/10.1523/ENEURO.0507-20.2021
https://doi.org/10.1007/s12311-013-0511-x
https://doi.org/10.7554/eLife.06633
https://doi.org/10.1111/j.1460-9568.2010.07481.x
https://doi.org/10.1016/j.neuroimage.2016.08.028
https://doi.org/10.1038/nature11527
https://doi.org/10.1007/s12311-016-0787-8
https://doi.org/10.1002/cne.902300312
https://doi.org/10.1002/cne.902300312
https://doi.org/10.7554/eLife.76278
https://doi.org/10.3389/fnhum.2014.00302
https://doi.org/10.1016/S0006-3223(98)00282-0
https://doi.org/10.1038/nn.2999
https://doi.org/10.1016/j.brainres.2004.02.038
https://doi.org/10.1007/s00429-016-1257-2

Couto-Ovejero et al.

with the severity of Core autism symptoms. Autism Res. 22:2476. doi: 10.1002/
aur.2476

Linnman, C., Rougemont-Bucking, A., Beucke, J. C., Zeffiro, T. A., and Milad, M. R.
(2011). Unconditioned responses and functional fear networks in human classical
conditioning. Behav. Brain Res. 221, 237-245. doi: 10.1016/j.bbr.2011.02.045

London, E. B. (2018). Neuromodulation and A reconceptualization of autism
Spectrum disorders: using the locus Coeruleus functioning as an exemplar. Front.
Neurol. 9:1120. doi: 10.3389/fneur.2018.01120

Luo, M., Zhou, J., and Liu, Z. (2015). Reward processing by the dorsal raphe nucleus:
5-Ht and beyond. Learn. Mem. 22, 452-460. doi: 10.1101/Im.037317.114

Macari, S., Dinicola, L., Kane-Grade, F,, Prince, E., Vernetti, A., Powell, K, et al.
(2018). Emotional expressivity in toddlers with autism Spectrum disorder. J. Am. Acad.
Child Adolesc. Psychiatry 57, 828-836. doi: 10.1016/j.jaac.2018.07.872

Marcinkiewicz, M., Morcos, R., and Chretien, M. (1989). Cns connections with the
median raphe nucleus: retrograde tracing with Wga-Apohrp-gold complex in the rat. J.
Comp. Neurol. 289, 11-35. doi: 10.1002/cne.902890103

Markram, K., Rinaldi, T., La Mendola, D., Sandi, C., and Markram, H. (2008).
Abnormal fear conditioning and amygdala processing in an animal model of autism.
Neuropsychopharmacology 33, 901-912. doi: 10.1038/sj.npp.1301453

Marshall-Phelps, K. L. H., Riedel, G., Wulff, P,, and Woloszynowska-Fraser, M. (2020).
Cerebellar molecular layer interneurons are dispensable for cued and contextual fear
conditioning. Sci. Rep. 10:20000. doi: 10.1038/s41598-020-76729-4

Mazefsky, C. A., Herrington, J., Siegel, M., Scarpa, A., Maddox, B. B., Scahill, L., et al.
(2013). The role of emotion regulation in autism Spectrum disorder. J. Am. Acad. Child
Adolesc. Psychiatry 52, 679-688. doi: 10.1016/j.jaac.2013.05.006

Mcnally, G. P, Johansen, J. P,, and Blair, H. T. (2011). Placing prediction into the fear
circuit. Trends Neurosci. 34, 283-292. doi: 10.1016/j.tins.2011.03.005

Mezey, E., Kiss, J., and Palkovits, M. (1985). Bidirectional neuronal connections
between the cerebellar Interpositus nucleus and the brainstem (an autoradiographic
study). Acta Morphol. Hung. 33, 45-60.

Mitrofanis, J., and Defonseka, R. (2001). Organisation of connections between the
zona Incerta and the interposed nucleus. Anat. Embryol. 204, 153-159. doi: 10.1007/
5004290100187

Mobbs, D., Petrovic, P., Marchant, J. L., Hassabis, D., Weiskopf, N., Seymour, B., et al.
(2007). When fear is Near: threat imminence elicits prefrontal-periaqueductal gray shifts
in humans. Science 317, 1079-1083. doi: 10.1126/science.1144298

Nakamura, K. (2013). The role of the dorsal raphe nucleus in reward-seeking behavior.
Front. Integr. Neurosci. 7:60. doi: 10.3389/fnint.2013.00060

Nicolelis, M. A., Chapin, J. K., and Lin, R. C. (1995). Development of direct Gabaergic
projections from the zona Incerta to the somatosensory cortex of the rat. Neuroscience
65, 609-631. doi: 10.1016/0306-4522(94)00493-O

Noonan, S. K., Haist, F,, and Muller, R. A. (2009). Aberrant functional connectivity in
autism: evidence from low-frequency bold signal fluctuations. Brain Res. 1262, 48-63.
doi: 10.1016/j.brainres.2008.12.076

Okada, N. J., Liu, J., Tsang, T., Nosco, E., Mcdonald, N. M., Cummings, K. K., et al.
(2022). Atypical cerebellar functional connectivity at 9 months of age predicts delayed
socio-communicative profiles in infants at high and low risk for autism. J. Child Psychol.
Psychiatry 63, 1002-1016. doi: 10.1111/jcpp.13555

Oldehinkel, M., Mennes, M., Marquand, A., Charman, T,, Tillmann, J., Ecker, C., et al.
(2019). Altered connectivity between cerebellum, visual, and sensory-motor networks in
autism Spectrum disorder: results from the Eu-aims longitudinal European autism project.
Biol Psychiatry Cogn Neurosci Neuroimaging 4, 260-270. doi: 10.1016/j.bpsc.2018.11.010

Olivito, G., Clausi, S., Laghi, E, Tedesco, A. M., Baiocco, R., Mastropasqua, C., et al.
(2017). Resting-state functional connectivity changes between dentate nucleus and
cortical social brain regions in autism Spectrum disorders. Cerebellum 16, 283-292. doi:
10.1007/s12311-016-0795-8

Olivito, G., Lupo, M., Laghi, E, Clausi, S., Baiocco, R., Cercignani, M., et al. (2018).
Lobular patterns of cerebellar resting-state connectivity in adults with autism Spectrum
disorder. Eur. J. Neurosci. 47, 729-735. doi: 10.1111/ejn.13752

Onat, S., and Buchel, C. (2015). The neuronal basis of fear generalization in humans.
Nat. Neurosci. 18, 1811-1818. doi: 10.1038/nn.4166

O'reilly, J. X., Beckmann, C. E, Tomassini, V., Ramnani, N., and ]ohansen—Berg, H.
(2010). Distinct and overlapping functional zones in the cerebellum defined by resting
state functional connectivity. Cereb. Cortex 20, 953-965. doi: 10.1093/cercor/bhp157

Palesi, E, De Rinaldis, A., Castellazzi, G., Calamante, F, Muhlert, N., Chard, D., et al.
(2017). Contralateral Cortico-Ponto-cerebellar pathways reconstruction in humans
in vivo: implications for reciprocal Cerebro-cerebellar structural connectivity in motor
and non-motor areas. Sci. Rep. 7:12841. doi: 10.1038/s41598-017-13079-8

Palesi, E, Ferrante, M., Gaviraghi, M., Misiti, A., Savini, G., Lascialfari, A., et al. (2021).
Motor and higher-order functions topography of the human dentate nuclei identified
with Tractography and clustering methods. Hum. Brain Mapp. 42, 4348-4361. doi:
10.1002/hbm.25551

Pavlov, P. I. (2010). Conditioned reflexes: an investigation of the physiological activity
of the cerebral cortex. Ann. Neurosci. 17, 136-141. doi: 10.5214/ans.0972-7531.1017309

Frontiers in Systems Neuroscience

10.3389/fnsys.2023.1229627

Payne, M., Mali, I., Mckinnell, Z. E., Vangsness, L., Shrestha, T. B., Bossmann, S. H.,
et al. (2021). Increased volumes of lobule vi in A Valproic acid model of autism are
associated with worse set-shifting performance in male long-Evan rats. Brain Res.
1765:147495. doi: 10.1016/j.brainres.2021.147495

Pellicano, E., and Burr, D. (2012). When the world becomes "Too Real': A Bayesian
explanation of autistic perception. Trends Cogn. Sci. 16, 504-510. doi: 10.1016/j.
tics.2012.08.009

Pelzer, E. A., Hintzen, A., Goldau, M., Von Cramon, D. Y., Timmermann, L., and
Tittgemeyer, M. (2013). Cerebellar networks with basal ganglia: feasibility for tracking
Cerebello-Pallidal and Subthalamo-cerebellar projections in the human brain. Eur. J.
Neurosci. 38, 3106-3114. doi: 10.1111/ejn.12314

Pelzer, E. A, Pauls, K. A. M., Braun, N., Tittgemeyer, M., and Timmermann, L.
(2020). Probabilistic Tractography in the ventrolateral thalamic nucleus: cerebellar
and Pallidal connections. Brain Struct. Funct. 225, 1685-1689. doi: 10.1007/
500429-020-02076-9

Perciavalle, V., Berretta, S., and Raffaele, R. (1989). Projections from the Intracerebellar
nuclei to the ventral midbrain tegmentum in the rat. Neuroscience 29, 109-119. doi:
10.1016/0306-4522(89)90336-9

Person, R. J., Andrezik, J. A., Dormer, K. ], and Foreman, R. D. (1986). Fastigial
nucleus projections in the midbrain and thalamus in dogs. Neuroscience 18, 105-120.
doi: 10.1016/0306-4522(86)90182-X

Peter, S., Ten Brinke, M. M., Stedehouder, J., Reinelt, C. M., Wu, B., Zhou, H., et al.
(2016). Dysfunctional cerebellar Purkinje cells contribute to autism-like behaviour in
Shank2-deficient mice. Nat. Commun. 7:12627. doi: 10.1038/ncomms12627

Ploghaus, A., Tracey, L, Gati, J. S., Clare, S., Menon, R. S., Matthews, P. M., et al.
(1999). Dissociating pain from its anticipation in the human brain. Science 284,
1979-1981. doi: 10.1126/science.284.5422.1979

Popa, L. S., and Ebner, T. J. (2018). Cerebellum, Predictions And Errors. Front. Cell.
Neurosci. 12:524. doi: 10.3389/fncel.2018.00524

Popa, L. S., Hewitt, A. L., and Ebner, T. J. (2013). Purkinje cell simple spike discharge
encodes error signals consistent with A forward internal model. Cerebellum 12, 331-333.
doi: 10.1007/s12311-013-0452-4

Popa, L. S., Streng, M. L., Hewitt, A. L., and Ebner, T. . (2016). The errors of our ways:
understanding error representations in cerebellar-dependent motor learning.
Cerebellum 15, 93-103. doi: 10.1007/s12311-015-0685-5

Qian, N,, and Lipkin, R. M. (2011). A learning-style theory for understanding autistic
behaviors. Front. Hum. Neurosci. 5:77. doi: 10.3389/fnhum.2011.00077

Ramnani, N. (2006). The primate Cortico-cerebellar system: anatomy and function.
Nat. Rev. Neurosci. 7, 511-522. doi: 10.1038/nrn1953

Ramos, T. C., Balardin, J. B, Sato, J. R., and Fujita, A. (2018). Abnormal Cortico-
cerebellar functional connectivity in autism Spectrum disorder. Front. Syst. Neurosci.
12:74. doi: 10.3389/fnsys.2018.00074

Roger, M., and Cadusseau, J. (1985). Afferents to the zona Incerta in the rat: A
combined retrograde and anterograde study. J. Comp. Neurol. 241, 480-492. doi:
10.1002/cne.902410407

Rousseau, P. N., Chakravarty, M. M., and Steele, C. J. (2022). Mapping pontocerebellar
connectivity with diffusion Mri. Neuroimage 264:119684. doi: 10.1016/j.
neuroimage.2022.119684

Rozeske, R. R., Jercog, D., Karalis, N., Chaudun, E, Khoder, S., Girard, D, et al. (2018).
Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination.
Neuron 97, 898-910. doi: 10.1016/j.neuron.2017.12.044

Sacchetti, B., Baldi, E., Lorenzini, C. A., and Bucherelli, C. (2002). Cerebellar role in
fear-conditioning consolidation. Proc. Natl. Acad. Sci. U. S. A. 99, 8406-8411. doi:
10.1073/pnas.112660399

Sacchetti, B., Sacco, T., and Strata, P. (2007). Reversible inactivation of amygdala and
cerebellum but not Perirhinal cortex impairs reactivated fear memories. Eur. J. Neurosci.
25, 2875-2884. doi: 10.1111/j.1460-9568.2007.05508.x

Sacchetti, B., Scelfo, B., Tempia, E, and Strata, P. (2004). Long-term synaptic changes
induced in the cerebellar cortex by fear conditioning. Neuron 42, 973-982. doi: 10.1016/j.
neuron.2004.05.012

Sakai, S. T., Inase, M., and Tanji, J. (1996). Comparison of Cerebellothalamic and
Pallidothalamic projections in the monkey (Macaca Fuscata): A double anterograde
labeling study. J. Comp. Neurol. 368, 215-228. doi: 10.1002/(SICI)1096-9861(19960429
)368:2<215::AID-CNE4>3.0.CO;2-6

Sakai, S. T.,, and Patton, K. (1993). Distribution of Cerebellothalamic and
Nigrothalamic projections in the dog: A double anterograde tracing study. J. Comp.
Neurol. 330, 183-194. doi: 10.1002/cne.903300204

Salinas-Hernandez, X. I, Vogel, P, Betz, S., Kalisch, R,, Sigurdsson, T., and Duvarci, S.
(2018). Dopamine neurons drive fear extinction learning by signaling the omission of
expected aversive outcomes. Elife 7:818. doi: 10.7554/eLife.38818

Samson, A. C., Hardan, A. Y., Lee, I. A,, Phillips, J. M., and Gross, J. J. (2015).
Maladaptive behavior in autism Spectrum disorder: the role of emotion experience
and emotion regulation. J. Autism Dev. Disord. 45, 3424-3432. doi: 10.1007/
510803-015-2388-7

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/aur.2476
https://doi.org/10.1002/aur.2476
https://doi.org/10.1016/j.bbr.2011.02.045
https://doi.org/10.3389/fneur.2018.01120
https://doi.org/10.1101/lm.037317.114
https://doi.org/10.1016/j.jaac.2018.07.872
https://doi.org/10.1002/cne.902890103
https://doi.org/10.1038/sj.npp.1301453
https://doi.org/10.1038/s41598-020-76729-4
https://doi.org/10.1016/j.jaac.2013.05.006
https://doi.org/10.1016/j.tins.2011.03.005
https://doi.org/10.1007/s004290100187
https://doi.org/10.1007/s004290100187
https://doi.org/10.1126/science.1144298
https://doi.org/10.3389/fnint.2013.00060
https://doi.org/10.1016/0306-4522(94)00493-O
https://doi.org/10.1016/j.brainres.2008.12.076
https://doi.org/10.1111/jcpp.13555
https://doi.org/10.1016/j.bpsc.2018.11.010
https://doi.org/10.1007/s12311-016-0795-8
https://doi.org/10.1111/ejn.13752
https://doi.org/10.1038/nn.4166
https://doi.org/10.1093/cercor/bhp157
https://doi.org/10.1038/s41598-017-13079-8
https://doi.org/10.1002/hbm.25551
https://doi.org/10.5214/ans.0972-7531.1017309
https://doi.org/10.1016/j.brainres.2021.147495
https://doi.org/10.1016/j.tics.2012.08.009
https://doi.org/10.1016/j.tics.2012.08.009
https://doi.org/10.1111/ejn.12314
https://doi.org/10.1007/s00429-020-02076-9
https://doi.org/10.1007/s00429-020-02076-9
https://doi.org/10.1016/0306-4522(89)90336-9
https://doi.org/10.1016/0306-4522(86)90182-X
https://doi.org/10.1038/ncomms12627
https://doi.org/10.1126/science.284.5422.1979
https://doi.org/10.3389/fncel.2018.00524
https://doi.org/10.1007/s12311-013-0452-4
https://doi.org/10.1007/s12311-015-0685-5
https://doi.org/10.3389/fnhum.2011.00077
https://doi.org/10.1038/nrn1953
https://doi.org/10.3389/fnsys.2018.00074
https://doi.org/10.1002/cne.902410407
https://doi.org/10.1016/j.neuroimage.2022.119684
https://doi.org/10.1016/j.neuroimage.2022.119684
https://doi.org/10.1016/j.neuron.2017.12.044
https://doi.org/10.1073/pnas.112660399
https://doi.org/10.1111/j.1460-9568.2007.05508.x
https://doi.org/10.1016/j.neuron.2004.05.012
https://doi.org/10.1016/j.neuron.2004.05.012
https://doi.org/10.1002/(SICI)1096-9861(19960429)368:2<215::AID-CNE4>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1096-9861(19960429)368:2<215::AID-CNE4>3.0.CO;2-6
https://doi.org/10.1002/cne.903300204
https://doi.org/10.7554/eLife.38818
https://doi.org/10.1007/s10803-015-2388-7
https://doi.org/10.1007/s10803-015-2388-7

Couto-Ovejero et al.

Sapey-Triomphe, L. A., Temmerman, J., Puts, N. A. J., and Wagemans, J. (2021).
Prediction learning in adults with autism and its molecular correlates. Mol. Autism.
12:64. doi: 10.1186/s13229-021-00470-6

Schafer, C. B., and Hoebeek, F. E. (2018). Convergence of primary sensory cortex and
cerebellar nuclei pathways in the whisker system. Neuroscience 368, 229-239. doi:
10.1016/j.neuroscience.2017.07.036

Schmahmann, J. D., and Pandya, D. N. (1995). Prefrontal cortex projections to the
basilar pons in Rhesus monkey: implications for the cerebellar contribution to higher
function. Neurosci. Lett. 199, 175-178. doi: 10.1016/0304-3940(95)12056-A

Schultz, W. (1998). Predictive reward signal of dopamine neurons. J. Neurophysiol. 80,
1-27. doi: 10.1152/jn.1998.80.1.1

Schultz, W. (2016). Dopamine reward prediction-error Signalling: A two-component
response. Nat. Rev. Neurosci. 17, 183-195. doi: 10.1038/nrn.2015.26

Schwarz, L. A., Miyamichi, K., Gao, X. ], Beier, K. T., Weissbourd, B., Deloach, K. E.,
et al. (2015). Viral-genetic tracing of the input-output organization of A central
noradrenaline circuit. Nature 524, 88-92. doi: 10.1038/nature14600

Seymour, B., O'doherty, J. P,, Dayan, P, Koltzenburg, M., Jones, A. K., Dolan, R. J.,
et al. (2004). Temporal difference models describe higher-order learning in humans.
Nature 429, 664-667. doi: 10.1038/nature02581

Seymour, B., O'doherty, J. P,, Koltzenburg, M., Wiech, K., Frackowiak, R., Friston, K.,
etal. (2005). Opponent appetitive-aversive neural processes underlie predictive learning
of pain relief. Nat. Neurosci. 8, 1234-1240. doi: 10.1038/nn1527

Shang, C,, Chen, Z,, Liu, A,, Li, Y., Zhang, J., Qu, B,, et al. (2018). Divergent midbrain
circuits orchestrate escape and freezing responses to looming stimuli in mice. Nat.
Commun. 9:1232. doi: 10.1038/s41467-018-03580-7

Shen, L, Jiang, C., Hubbard, C. S., Ren, J., He, C., Wang, D., et al. (2020). Subthalamic
nucleus deep brain stimulation modulates 2 distinct Neurocircuits. Ann. Neurol. 88,
1178-1193. doi: 10.1002/ana.25906

Simmons, D. H., Busch, S. E,, Titley, H. K., Grasselli, G., Shih, J., Du, X,, et al. (2022).
Sensory over-responsivity and aberrant plasticity in cerebellar cortex in A mouse model
of syndromic autism. Biol Psychiatry Glob Open Sci 2, 450-459. doi: 10.1016/j.
bpsgos.2021.09.004

Sinha, P, Kjelgaard, M. M., Gandhi, T. K., Tsourides, K., Cardinaux, A. L., Pantazis, D.,
et al. (2014). Autism as A disorder of prediction. Proc. Natl. Acad. Sci. U. S. A. 111,
15220-15225. doi: 10.1073/pnas.1416797111

Sokolov, A. A., Miall, R. C.,, and Ivry, R. B. (2017). The cerebellum: adaptive
prediction for movement and cognition. Trends Cogn. Sci. 21, 313-332. doi:
10.1016/j.tics.2017.02.005

Spencer, S. E., Sawyer, W. B., and Loewy, A. D. (1988). L-glutamate stimulation of the
zona Incerta in the rat decreases heart rate and blood pressure. Brain Res. 458, 72-81.
doi: 10.1016/0006-8993(88)90497-0

Stepniewska, I., and Kosmal, A. (1986). Subcortical afferents to the Mediodorsal
thalamic nucleus of the dog. Acta Neurobiol. Exp. 46, 323-339.

Stoodley, C. J. (2014). Distinct regions of the cerebellum show gray matter decreases
in autism, Adhd, And Developmental Dyslexia. Front Syst Neurosci 8:92. doi: 10.3389/
fnsys.2014.00092

Stoodley, C.J. (2016). The cerebellum and neurodevelopmental disorders. Cerebellum
15, 34-37. doi: 10.1007/s12311-015-0715-3

Stoodley, C. J., D'mello, A. M., Ellegood, J., and Jakkamsetti, V., P. Liu, Nebel, M. B.,
Gibson, J. M., et al. (2017). Altered cerebellar connectivity in autism and cerebellar-
mediated rescue of autism-related behaviors in mice. Nat. Neurosci., 20, 1744-1751, doi:
10.1038/s41593-017-0004-1

Stoodley, C. J., and Schmahmann, J. D. (2010). Evidence for topographic organization
in the cerebellum of motor control versus cognitive and affective processing. Cortex 46,
831-844. doi: 10.1016/j.cortex.2009.11.008

Stoodley, C. J., and Tsai, P. T. (2021). Adaptive prediction for social contexts: the
cerebellar contribution to typical and atypical social behaviors. Annu. Rev. Neurosci. 44,
475-493. doi: 10.1146/annurev-neuro-100120-092143

Stoodley, C. J., Valera, E. M., and Schmahmann, J. D. (2012). Functional topography
of the cerebellum for motor and cognitive tasks: an Fmri study. Neuroimage 59,
1560-1570. doi: 10.1016/j.neuroimage.2011.08.065

Strata, P. (2015). The emotional cerebellum. Cerebellum 14, 570-577. doi: 10.1007/
s12311-015-0649-9

Streng, M. L., Popa, L. S., and Ebner, T. J. (2018). Modulation of sensory prediction
error in Purkinje cells during visual feedback manipulations. Nat. Commun. 9:1099. doi:
10.1038/s41467-018-03541-0

Strick, P. L., Dum, R. P, and Fiez, J. A. (2009). Cerebellum and nonmotor function.
Annu. Rev. Neurosci. 32, 413-434. doi: 10.1146/annurev.neuro.31.060407.125606

Sugimoto, T., Mizuno, N., and Itoh, K. (1981). An autoradiographic study on the
terminal distribution of Cerebellothalamic fibers in the cat. Brain Res. 215, 29-47. doi:
10.1016/0006-8993(81)90489-3

Supple, W. E., and Leaton, R. N. (1990). Cerebellar vermis: essential for classically
conditioned bradycardia in the rat. Brain Res. 509, 17-23. doi:
10.1016/0006-8993(90)90303-S

Frontiers in Systems Neuroscience

10.3389/fnsys.2023.1229627

Suzuki, L., Coulon, P, Sabel-Goedknegt, E. H., and Ruigrok, T. J. (2012). Organization of
cerebral projections to identified cerebellar zones in the posterior cerebellum of the rat. J.
Neurosci. 32, 10854-10869. doi: 10.1523/J]NEUROSCI.0857-12.2012

Takeuchi, M., Yamaguchi, S., Sakakibara, Y., Hayashi, T., Matsuda, K., Hara, Y., et al.
(2017). Gene expression profiling of granule cells and Purkinje cells in the zebrafish
cerebellum. J. Comp. Neurol. 525, 1558-1585. doi: 10.1002/cne.24114

Tatsukawa, T., Raveau, M., Ogiwara, I, Hattori, S., Miyamoto, H., Mazaki, E., et al.
(2019). Scn2a Haploinsufficient mice display A Spectrum of phenotypes affecting
anxiety, sociability, memory flexibility and Ampakine Cx516 rescues their hyperactivity.
Mol. Autism. 10:15. doi: 10.1186/s13229-019-0265-5

Thiele, M., Yuen, K. S. L., Gerlicher, A. V. M., and Kalisch, R. (2021). A ventral striatal
prediction error signal in human fear extinction learning. Neuroimage 229:117709. doi:
10.1016/j.neuroimage.2020.117709

Top, D. N., Stephenson, K. G., Doxey, C. R., Crowley, M. ], Kirwan, C. B., and
South, M. (2016). Atypical amygdala response to fear conditioning in autism Spectrum
disorder. Biol Psychiatry Cogn Neurosci Neuroimaging 1, 308-315. doi: 10.1016/j.
bpsc.2016.01.008

Tovote, P,, Fadok, J. P,, and Luthi, A. (2015). Neuronal circuits for fear and anxiety.
Nat. Rev. Neurosci. 16, 317-331. doi: 10.1038/nrn3945

Tsai, P. T. (2016). Autism and cerebellar dysfunction: evidence from animal models.
Semin. Fetal Neonatal Med. 21, 349-355. doi: 10.1016/j.siny.2016.04.009

Tsai, P. T., Hull, C., Chu, Y., Greene-Colozzi, E., Sadowski, A. R., Leech, J. M., et al.
(2012). Autistic-like behaviour and cerebellar dysfunction in Purkinje cell Tsc1 mutant
mice. Nature 488, 647-651. doi: 10.1038/nature11310

Unruh, K. E., Bartolotti, J. V., Mckinney, W. S., Schmitt, L. M., Sweeney, J. A., and
Mosconi, M. W. (2023). Functional connectivity of cortical-cerebellar networks in
relation to sensorimotor behavior and clinical features in autism Spectrum disorder.
Cereb. Cortex 33, 8990-9002. doi: 10.1093/cercor/bhad177

Vaaga, C. E., Brown, S. T., and Raman, I. M. (2020). Cerebellar modulation of synaptic
input to freezing-related neurons in the periaqueductal gray. Elife 9:54302. doi: 10.7554/
eLife.54302

Van De Cruys, S., Evers, K., Van Der Hallen, R., Van Eylen, L., Boets, B., De-Wit, L.,
et al. (2014). Precise minds in uncertain worlds: predictive coding in autism. Psychol.
Rev. 121, 649-675. doi: 10.1037/a0037665

Van Overwalle, E, Manto, M., Cattaneo, Z., Clausi, S., Ferrari, C., Gabrieli, J. D. E.,
et al. (2020a). Consensus paper: cerebellum and social cognition. Cerebellum 19,
833-868. doi: 10.1007/s12311-020-01155-1

Van Overwalle, E, Van De Steen, E, Van Dun, K., and Heleven, E. (2020b).
Connectivity between the cerebrum and cerebellum during social and non-social
sequencing using dynamic causal modelling. Neuroimage 206:116326. doi: 10.1016/j.
neuroimage.2019.116326

Venkataraman, A., Brody, N., Reddi, P,, Guo, J., Gordon Rainnie, D., and Dias, B. G.
(2019). Modulation of fear generalization by the zona Incerta. Proc. Natl. Acad. Sci. U.
S. A. 116, 9072-9077. doi: 10.1073/pnas.1820541116

Venkataraman, A., Hunter, S. C., Dhinojwala, M., Ghebrezadik, D., Guo, J., Inoue, K., et al.
(2021).  Incerto-thalamic modulation of fear via Gaba and dopamine.
Neuropsychopharmacology 46, 1658-1668. doi: 10.1038/s41386-021-01006-5

Verly, M., Verhoeven, J., Zink, 1., Mantini, D., Peeters, R., Deprez, S., et al. (2014).
Altered functional connectivity of the language network in Asd: role of classical
language areas and cerebellum. Neuroimage Clin 4, 374-382. doi: 10.1016/j.
nicl.2014.01.008

Wang, S. S., Kloth, A. D., and Badura, A. (2014). The cerebellum, sensitive periods,
and autism. Neuron 83, 518-532. doi: 10.1016/j.neuron.2014.07.016

Wang, S., Veinot, J., Goyal, A., Khatibi, A., Lazar, S. W,, and Hashmi, J. A. (2022).
Distinct networks of periaqueductal gray columns in pain and threat processing.
Neuroimage 250:118936. doi: 10.1016/j.neuroimage.2022.118936

Wang, Z., Wang, Y., Sweeney, J. A., Gong, Q. Lui, S., and Mosconi, M. W. (2019). Resting-
state brain network dysfunctions associated with Visuomotor impairments in autism
Spectrum disorder. Front. Integr. Neurosci. 13:17. doi: 10.3389/fnint.2019.00017

Wang, Z. M., Wei, P. H., Shan, Y., Han, M., Zhang, M., Liu, H., et al. (2020). Identifying
and characterizing projections from the subthalamic nucleus to the cerebellum in
humans. Neuroimage 210:116573. doi: 10.1016/j.neuroimage.2020.116573

Watson, T. C., Becker, N., Apps, R., and Jones, M. W. (2014). Back to front: cerebellar
connections and interactions with the prefrontal cortex. Front. Syst. Neurosci. 8:4. doi:
10.3389/fnsys.2014.00004

Watson, T. C., Cerminara, N. L., Lumb, B. M., and Apps, R. (2016). Neural correlates
of fear in the periaqueductal gray. J. Neurosci. 36, 12707-12719. doi: 10.1523/
JNEUROSCI.1100-16.2016

Watson, T. C., Jones, M. W,, and Apps, R. (2009). Electrophysiological mapping of
novel prefrontal—cerebellar pathways. Front. Integr. Neurosci. 3:18. doi: 10.3389/
neuro.07.018.2009

Watson, T. C., Koutsikou, S., Cerminara, N. L., Flavell, C. R., Crook, J. J., Lumb, B. M.,
et al. (2013). The Olivo-cerebellar system and its relationship to survival circuits. Front
Neural Circuits 7:72. doi: 10.3389/fncir.2013.00072

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s13229-021-00470-6
https://doi.org/10.1016/j.neuroscience.2017.07.036
https://doi.org/10.1016/0304-3940(95)12056-A
https://doi.org/10.1152/jn.1998.80.1.1
https://doi.org/10.1038/nrn.2015.26
https://doi.org/10.1038/nature14600
https://doi.org/10.1038/nature02581
https://doi.org/10.1038/nn1527
https://doi.org/10.1038/s41467-018-03580-7
https://doi.org/10.1002/ana.25906
https://doi.org/10.1016/j.bpsgos.2021.09.004
https://doi.org/10.1016/j.bpsgos.2021.09.004
https://doi.org/10.1073/pnas.1416797111
https://doi.org/10.1016/j.tics.2017.02.005
https://doi.org/10.1016/0006-8993(88)90497-0
https://doi.org/10.3389/fnsys.2014.00092
https://doi.org/10.3389/fnsys.2014.00092
https://doi.org/10.1007/s12311-015-0715-3
https://doi.org/10.1038/s41593-017-0004-1
https://doi.org/10.1016/j.cortex.2009.11.008
https://doi.org/10.1146/annurev-neuro-100120-092143
https://doi.org/10.1016/j.neuroimage.2011.08.065
https://doi.org/10.1007/s12311-015-0649-9
https://doi.org/10.1007/s12311-015-0649-9
https://doi.org/10.1038/s41467-018-03541-0
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1016/0006-8993(81)90489-3
https://doi.org/10.1016/0006-8993(90)90303-S
https://doi.org/10.1523/JNEUROSCI.0857-12.2012
https://doi.org/10.1002/cne.24114
https://doi.org/10.1186/s13229-019-0265-5
https://doi.org/10.1016/j.neuroimage.2020.117709
https://doi.org/10.1016/j.bpsc.2016.01.008
https://doi.org/10.1016/j.bpsc.2016.01.008
https://doi.org/10.1038/nrn3945
https://doi.org/10.1016/j.siny.2016.04.009
https://doi.org/10.1038/nature11310
https://doi.org/10.1093/cercor/bhad177
https://doi.org/10.7554/eLife.54302
https://doi.org/10.7554/eLife.54302
https://doi.org/10.1037/a0037665
https://doi.org/10.1007/s12311-020-01155-1
https://doi.org/10.1016/j.neuroimage.2019.116326
https://doi.org/10.1016/j.neuroimage.2019.116326
https://doi.org/10.1073/pnas.1820541116
https://doi.org/10.1038/s41386-021-01006-5
https://doi.org/10.1016/j.nicl.2014.01.008
https://doi.org/10.1016/j.nicl.2014.01.008
https://doi.org/10.1016/j.neuron.2014.07.016
https://doi.org/10.1016/j.neuroimage.2022.118936
https://doi.org/10.3389/fnint.2019.00017
https://doi.org/10.1016/j.neuroimage.2020.116573
https://doi.org/10.3389/fnsys.2014.00004
https://doi.org/10.1523/JNEUROSCI.1100-16.2016
https://doi.org/10.1523/JNEUROSCI.1100-16.2016
https://doi.org/10.3389/neuro.07.018.2009
https://doi.org/10.3389/neuro.07.018.2009
https://doi.org/10.3389/fncir.2013.00072

Couto-Ovejero et al.

Watson, T. C., Obiang, P, Torres-Herraez, A., Watilliaux, A., Coulon, P, Rochefort, C.,
et al. (2019). Anatomical and physiological foundations of Cerebello-hippocampal
interaction. Elife 8:41896. doi: 10.7554/eLife.41896

Weber, E, and Dan, Y. (2016). Circuit-based interrogation of sleep control. Nature 538,
51-59. doi: 10.1038/nature19773

Whitney, E. R., Kemper, T. L., Bauman, M. L., Rosene, D. L., and Blatt, G. J. (2008).
Cerebellar Purkinje cells are reduced in A subpopulation of autistic brains: A stereological
experiment using Calbindin-D28k. Cerebellum 7, 406-416. doi: 10.1007/s12311-008-0043-y

Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the
cerebellum. Trends Cogn. Sci. 2, 338-347. doi: 10.1016/S1364-6613(98)01221-2

Yeh, L. E, Ozawa, T, and Johansen, J. P. (2021). Functional organization of the
midbrain periaqueductal gray for regulating aversive memory formation. Mol. Brain
14:136. doi: 10.1186/s13041-021-00844-0

Zeidler, Z., Hoffmann, K., and Krook-Magnuson, E. (2020). Hippobellum: acute
cerebellar modulation alters hippocampal dynamics and function. J. Neurosci. 40,
6910-6926. doi: 10.1523/JNEUROSCI.0763-20.2020

Frontiers in Systems Neuroscience

20

10.3389/fnsys.2023.1229627

Zhang, S., Mano, H., Ganesh, G., Robbins, T., and Seymour, B. (2016). Dissociable
learning processes underlie human pain conditioning. Curr. Biol. 26, 52-58. doi:
10.1016/j.cub.2015.10.066

Zhong, P, Zhang, Z., Barger, Z., Ma, C,, Liu, D., Ding, X, et al. (2019). Control of
non-rem sleep by midbrain Neurotensinergic neurons. Neuron 104, 795-809. doi:
10.1016/j.neuron.2019.08.026

Zhou, M., Liu, Z., Melin, M. D., Ng, Y. H., Xu, W,, and Sudhof, T. C. (2018). A
central amygdala to zona Incerta projection is required for acquisition and remote
recall of conditioned fear memory. Nat. Neurosci. 21, 1515-1519. doi: 10.1038/
541593-018-0248-4

Zhu, L., Sacco, T,, Strata, P, and Sacchetti, B. (2011). Basolateral amygdala inactivation
impairs learning-induced long-term potentiation in the cerebellar cortex. PloS One
6:E16673. doi: 10.1371/journal.pone.0016673

Zhu, J. N,, Yung, W. H., Kwok-Chong Chow, B., Chan, Y. S., and Wang, J. J. (2006). The
cerebellar-hypothalamic circuits: potential pathways underlying cerebellar involvement in
somatic-visceral integration. Brain Res. Rev. 52,93-106. doi: 10.1016/j.brainresrev.2006.01.003

frontiersin.org


https://doi.org/10.3389/fnsys.2023.1229627
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.7554/eLife.41896
https://doi.org/10.1038/nature19773
https://doi.org/10.1007/s12311-008-0043-y
https://doi.org/10.1016/S1364-6613(98)01221-2
https://doi.org/10.1186/s13041-021-00844-0
https://doi.org/10.1523/JNEUROSCI.0763-20.2020
https://doi.org/10.1016/j.cub.2015.10.066
https://doi.org/10.1016/j.neuron.2019.08.026
https://doi.org/10.1038/s41593-018-0248-4
https://doi.org/10.1038/s41593-018-0248-4
https://doi.org/10.1371/journal.pone.0016673
https://doi.org/10.1016/j.brainresrev.2006.01.003

	Cerebellar contributions to fear-based emotional processing: relevance to understanding the neural circuits involved in autism
	Introduction
	Fear and the cerebellum
	Cerebellar gross anatomy
	Cerebellar anatomical connections with the fear circuitry
	Animal studies: cerebellar monosynaptic connections to the mesencephalic fear regions
	Cerebellar projections to ventral tegmental area
	Cerebellar projections to superior colliculus
	Cerebellar projections to periaqueductal grey
	Cerebellar projections to locus coeruleus
	Cerebellar projections to raphe nuclei

	Cerebellar monosynaptic connections to the diencephalic fear regions
	Cerebellar projections to hypothalamus
	Cerebellar projections to thalamus
	Cerebellar projections to zona incerta
	Fear network projections to the cerebellum

	Cerebellar connections to the fear network in humans
	Intra cerebellar micro-circuit mechanisms supporting a role in fear
	Physiological and functional substrates of distributed cerebellar network contributions to fear
	Distributed cerebellar circuits and autism
	Linking fear-based emotional processing, cerebellar circuit function and neurodevelopmental disorders, such as autism
	Future directions
	Understanding cerebellar interactions with fear networks
	Understanding cerebellar contributions to anxiety and fear-related disorders in people with autism

	Conclusion
	Author contributions

	References

