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ABSTRACT 

Autism spectrum disorders are common neurodevelopmental disorders 
that are defined by core behavioral symptoms but have diverse genetic 
and environmental risk factors. Despite its etiological heterogeneity, 
several unifying theories of autism have been proposed, including a 
central role for cerebellar dysfunction. The cerebellum follows a 
protracted course of development that culminates in an exquisitely 
crafted brain structure containing over half of the neurons in the entire 
brain densely packed into a highly organized structure. Through its 
complex network of connections with cortical and subcortical brain 
regions, the cerebellum acts as a sensorimotor regulator and affects 
changes in executive and limbic processing. In this review, we summarize 
the structural, functional, and genetic contributions of the cerebellum to 
autism. 
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INTRODUCTION 

Autism spectrum disorders (ASD) are a group of phenotypically and 
genetically heterogeneous neurodevelopmental disorders that are 
diagnosed by core deficits in social communication and the presence of 
repetitive, stereotyped behaviors [1]. Individuals diagnosed with ASD 
exhibit a wide range of clinical features that vary in severity. Notably, 
motor impairment is the most common non-diagnostic clinical feature 
observed among individuals diagnosed with ASD [2–4].  

Mounting evidence has implicated the cerebellum in ASD due its 
central role in regulating sensorimotor functions [5–7]. However, the 
cerebellum’s influence far exceeds this classically-defined purpose. 
Studies over the last few decades have unearthed the cerebellum’s 
essential responsibilities in motor and nonmotor learning, higher 
executive functions, affect regulation, language comprehension and 
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production, social skill, visual-spatial performance, and memory functions 
[8–11]. Aberrations in cerebellar function have extensive overlap with 
ASD symptomology; both ASD and cerebellar dysfunction can result in 
adverse effects on language, visual-spatial performance, working 
memory, executive function, and affect regulation [1,2,7,10]. 

Autism is now diagnosed early in childhood, often prompted by delayed 
milestones [12]. Thus, atypical brain function begins long before neurons 
and their connections are fully mature. As such, essential questions in the 
field remain. ASD is a clinical diagnosis that relies on detecting the 
presence or absence of symptoms present in a child. In the absence of 
biomarkers for ASD testable prior to symptom onset (e.g., prenatally), it is 
not yet clear when neurodevelopmental processes first deviate from 
neurotypical development. Concurrently, the extreme diversity of ASD 
features and great overlap of symptomology with cerebral functions 
makes cerebello- vs cerebro-specific contributions to dysfunction 
important—but difficult—to disentangle.  

Here we discuss how abnormalities in the cerebellum of individuals 
diagnosed with ASD may give rise to clinical features. We consider altered 
cytoarchitectural findings, subcortical and cortical projections, and gene 
expression patterns in the cerebellum of individuals with ASD. We 
examine how these findings interplay with the excitatory/inhibitory 
imbalance hypothesis of autism. 

CEREBELLAR DEVELOPMENT 

In humans, cerebellar development begins in the embryonic period, 
continues through the fetal period, and completes its volumetric growth 
arc after about a decade of postnatal life [13,14]. Two progenitor niches 
are established sequentially: first, the ventricular zone and second, the 
rhombic lip [15]. These proliferative regions give rise to GABAergic and 
glutamatergic neurons, respectively. After neurogenesis in proliferative 
niches, cerebellar cortical neurons migrate radially and tangentially. 
GABAergic Purkinje cells (PCs) exiting the ventricular zone migrate along 
a scaffold of radial glial fibers towards the pial surface, while 
glutamatergic neurons, including granule cells, initially migrate 
tangentially; both pathways are mediated by distinct signaling molecules 
[16–18]. Glutamatergic granule cells later migrate radially inwards along 
Bergmann Glial fibers, the descendants of radial glia [19]. Each cell type 
follows a unique developmental timeline of neurogenesis, migration, 
neurite development, and synaptogenesis [13,15,20]. The details for each 
of these processes remain to be meticulously defined, as studies of fetal 
tissue are limited, and intact samples are especially difficult to acquire in 
the third trimester. However, timelines with respect to PCs and internal 
and external granule cells within the broader context of the developing 
cerebellum are approximated in Figure 1. 
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Figure 1. Approximate human and mouse timelines of relevant Purkinje cell (PC), deep cerebellar nuclei (DCN), 
and granule cell development. CF = Climbing Fiber; GCPs = Granule Cell Precursors; EGL = External Granular 
Layer; IGL = Internal Granular Layer; MLI = Molecular Layer Interneuron, RL = Rhombic Lip. Relationships 
between the timeline of developmental landmarks may be causative, in some cases. For example, coexpression 
levels of SHH (sonic hedgehog) in granule cells and PCs have been shown to regulate cerebellar foliation 
initiation and lobule number [21] and both proliferation of granule cell precursors and thickness of the PC 
layer [22]. An approximate third-trimester-to-birth timeline for the potential existence of human traveling PC-
to-PC activation waves in the developing cerebellum is depicted, as activation waves among expansive 
monosynaptic PC-to-PC connection networks, although not explored in this paper, can be found up to 2 
postnatal weeks in mice [23]. Figure inspired by Contractor et al. [24]. Other sources: [1,15–18,25–33]. 

CEREBELLAR STRUCTURE 

The resultant mature cerebellar circuit has a repeated, uniform 
cytoarchitecture. As shown in Figure 2, the cerebellum receives two 
distinct afferents: excitatory climbing fiber (CF) inputs from the inferior 
olive and excitatory mossy fiber (MF) inputs from the brain stem nuclei, 
midbrain, spinal cord, and recursive cerebellar connections. CF and MF 
inputs send collaterals directly to the deep cerebellar nuclei (DCN) and 
project into cerebellar cortical layers. MFs’ primary projections are to 
granule cells, whose axons bifurcate in the molecular layer into parallel 
fibers (PFs). Collectively, these PFs form hundreds of thousands of 
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excitatory synapses with PCs [33], as each PF forms 1–2 synapses at the 
distal dendrites of each PC [34]. The only other cerebellar afferent, CFs, 
project directly to PCs, weaving around and innervating their soma and 
proximal smooth dendrites [35,36]. A single CF innervates each PC in 
neurotypical individuals, forming hundreds to thousands of synapses on 
the PC dendrite and soma [37]. 

 

Figure 2. The cytoarchitecture and circuitry of the human cerebellar cortex. Purkinje cells (PCs) send one 
or two primary, fan-like dendrites into the molecular layer, extending in a plane orthogonal to the long axis 
of parallel fibers (PFs) [38]. PFs of granule cells (GrCs) form synapses with PCs. PCs also receive input from 
climbing fibers (CFs) that carry information from the brain stem nuclei, midbrain, spinal cord, and recursive 
inputs from the cerebellum. GrCs receive input from many cells, including cerebellar afferents called mossy 
fibers (MFs) from brain stem nuclei and spinal cord. The monolayer of PC somas, the Purkinje cell layer, 
also includes candelabrum cells (CCs) [39] and the somas of Bergmann glia (BG). PCs receive inhibitory 
inputs from stellate cell (SC) and basket cell (BC) molecular layer interneurons, at PC distal dendrites and 
somas, respectively. BC projections to PC somas are located within pinceaux formations involving astrocytes 
(As), depicted in purple. Pinceau are an active area of research that may be especially pertinent in the future 
of ASD studies and cerebellar development [40]. SCs form synapses at PC distal dendrites while BCs connect 
with the proximal dendrites and somas of PCs [35]. PCs integrate cerebellar cortical information and send 
their output to the deep cerebellar nuclei (DCN). DCN project to many cortical, subcortical, and descending 
motor and somatosensory targets. GrCs, unipolar brush cells (UBCs), globular cells (GCs), Golgi cells (GoCs), 
and Lugaro cells (LCs) are also found in the granular layer. Excitatory projections are marked with green at 
their synapses, whereas inhibitory projections are marked with red. Other sources: [41–43]. 
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Molecular layer interneurons (MILs), which include basket and stellate 
cells, are the main inhibitors of PCs. PCs are the only output of the 
cerebellar cortex [44] and primarily serve to inhibit DCN. The DCN then 
project to the cortical and subcortical networks via mono- and 
polysynaptic circuitry with the majority of their primary connections at 
the thalamus, while simultaneously projecting to descending motor and 
somatosensory targets (see Figure 2 for more details) [45–50]. DCN output 
is largely, although not exclusively, excitatory [45]. Excitatory projection 
neurons, constituting 50–60% of the total DCN cell population, make 
polysynaptic cerebellocerebral projections through the thalamus and 
extend projections to other subcortical structures as shown in Figure 3 [46]. 
Inhibitory DCN projection neurons, comprising 30-35% of all DCN cells, 
project extensively to the inferior olive, creating a strong cerebellar 
feedback loop. Many of the remainder of DCN neurons are local inhibitory 
DCN interneurons.  

CEREBELLAR STRUCTURE AND CONNECTIVITY IN ASD 

Unveiled in convergent evidence from diffusion tensor imaging, 
functional magnetic resonance imaging, and lesion-based symptom mapping, 
the cerebellum has many higher-order sensory, motor, cognitive, and limbic 
connections. The simplified circuit diagram depicted in Figure 3 shows some 
mono- and polysynaptic projections of the cerebellum to the cerebral cortex 
and to subcortical structures, including some reciprocal cerebrocerebellar 
connections. Although not an exhaustive diagram, these regions could be 
drastically and immediately affected by alterations in cerebellar output. 

Both neuroimaging and histopathological studies have documented 
atypical structure and functional connectivity of the cerebellum that 
correlate findings with severity of ASD symptoms. Hypoplasia of the 
posterior cerebellar vermis with an enlarged cisterna magna was first 
described in a 21-year-old man diagnosed with autism without intellectual 
disability [51]. Subsequent human neuroimaging studies support both 
posterior vermis hypoplasia [52–54] and mega cisterna magna [55,56]. ASD 
have shown decreases in the posterior vermis across diverse 
demographics [52,57], and hypoplasia of the posterior vermis has been 
shown to strongly predict ASD evaluation scores [58]. Some of these 
abnormalities are less prevalent or disappear altogether at later ages, 
consistent with the notion that development is blunted at young ages in 
ASD. The variability noted across studies is likely also due to the genetic 
and observed phenotypic diversity among diagnosed individuals and the 
differing ages of study participants. 

Further age-dependent trends in ASD can be found in lobular volumes 
in structural MRI studies, with findings often limited to certain younger 
age groups [59,60]. Broadly, studies investigating age-based trajectories 
have found overgrowth in early development followed by either 
degeneration or retention of abnormal connections in adolescence and 
adulthood. Studies of white matter integrity and atypical connective 
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patterns in different age groups have detected aberrations both in the 
cerebral cortex and in the cerebellum of adolescents with ASD, suggesting 
that arrested development may occur in late childhood or early 
adolescence [5,61,62]. The connective abnormalities often present as 
reduced lateralization of typically asymmetrical processes and could be 
the result of abnormal retention of early-developmental connections or 
recruitment of extra computational power as compensation for 
developmental damage. Although too numerous to explore in detail here, 
a few examples of larger trends are noted below. 

 

Figure 3. Simplified circuit diagram of cerebellar projection pathways. Efferent projections from a group of 
nuclei or a grouped region are represented with dashed arrows. Projections from non-grouped 
regions/nuclei are represented with solid arrows. Cerebellar projections to socially relevant areas of the 
brain are also outlined in pink and blue arrows. Pink arrows represent limbic system projections, and blue 
arrows represent projections to dopaminergic areas. Importantly, not all monosynaptic projections as 
outlined may be true monosynaptic projections. Further work will elucidate the true connectivity patterns 
of different brain regions. Sources: [42,47–50]. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 7 of 22 

Additional functional connectivity studies have also found atypical 
lateralization patterns, including reduced lateralization to the left cerebral 
and right cerebellar hemispheres and vermes in ASD during language 
processing and production [61,62]. Although similarly bilateral in 
childhood, these language-based cerebellocerebral connections typically 
become very one-sided in the mature brain to an extent that is not found 
in ASD brains. Interestingly, in neurotypical children who suffer from a 
unilateral speech injury, this less-lateralized pattern correlates with the 
ability to recover language skills, acting as a beneficial adaptation [62]. In 
contrast, this reduced lateralization correlates with decreased language 
ability in ASD. Thus, it is considered maladaptive in this context. 

Functional connectivity studies have detected noncanonical activity in 
cerebrocerebellar networks related to social interaction and language in 
adolescents with ASD. This is evident in multiple domains: global 
cerebellar increases in connectivity [63], increases in non-canonical 
cerebellocerebral and cerebrocerebellar connections between regions of 
differing domains (supramodal cerebral connections to classically 
sensorimotor cerebellar regions, for example), and decreases in resting 
state connectivity between right Crus I/II and multiple expected 
contralateral supramodal regions of the cerebral cortex, as well as the 
thalamus, in functional MRI studies [63]. Each increase in network activity 
was significantly correlated with increased ASD behaviors, although these 
changes in network activity often do not persist into adulthood. 

Further increases in neurotypically out-of-network cerebellocortical 
functional activity have also been identified in ASD. Findings include 
overconnectivity between cerebellar cortex and ipsilateral cerebral 
regions in a manner that falls outside of topographical principles of 
cerebellar organization, as contralateral cerebellocerebral connections 
are much more common in neurotypical individuals [63,64]. This is 
reflected, for example, in asymmetries found in fractional anisotropy (FA) 
studies of the cerebellar peduncles, which are bundles of myelinated 
axons connecting the cerebellum to other brain regions. Specifically, 
asymmetries between the inferior and middle cerebellar peduncles have 
been found in individuals with ASD [5,65,66]. FA findings indicated 
different density, inflammation, or myelination of white matter than 
expected of neurotypical individuals between comparative peduncles (e.g., 
between left and right inferior cerebellar peduncles). Many other aberrant 
connections have also been identified in ASD, including additional 
connections of classically considered nonmotor areas of the cerebellum to 
sensorimotor cerebral cortices: particularly, regions of the occipital lobe, 
premotor and primary motor cortices, and primary somatosensory cortex 
[63]. Atypical eye gaze [67], delayed orienting [68], impairments in smooth 
pursuit [69], altered movement perception, and deficits in facial 
perception [70] demonstrated by individuals with ASD (details reviewed 
by [71,72]) are likely mediated by these abnormal sensorimotor 
connections, other alterations in olivofloccular circuitry [73], and altered 
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PC activity and number. In rodents, some PC projections bypass the DCN 
and synapse directly within the vestibular nuclei, suggesting that PC 
alterations in ASD could directly exacerbate vestibuloocular reflex 
abnormalities [74,75]. Additional out-of-network connections have also 
been found in ASD, including strong, atypical connections between right 
anterior cerebellum (lobules IV/V), which would normally predominantly 
project to somatosensory networks, and the left middle frontal gyrus, 
which is normally associated with literacy [5]. Collectively, preliminary 
findings in functional connectivity studies of ASD indicate the need for 
age-based studies of these larger volumetric and connective changes. 

EXCITATORY/INHIBITORY IMBALANCE AND PURKINJE CELL 
CHANGES IN AUTISM 

Higher excitation to inhibition (E/I) ratios have been extensively 
reported in the cerebral cortex of individuals with autism [76–78]. Robust 
evidence supports projection-based and neuronal-circuit-based 
alterations that could serve as the foundation for E/I imbalances. 
Alterations in glutamatergic and GABAergic signaling, which have been 
robustly demonstrated among orthogonal studies, result in higher E/I 
ratios in the cerebral cortex of those with autism and subcortical 
structures [79–83]. Although the cerebral cortex has historically been the 
focus of E/I imbalance studies, ASD-specific alterations in the cerebellum 
could have broad influence on the overall E/I imbalances found in the 
cerebral cortex of individuals with autism. 

The cerebellum’s vast connective network to large-scale cortical and 
subcortical networks could serve to propagate massive excitatory 
imbalances throughout the brain and is vastly affected by alterations in 
PCs in autism. The role of the PC is to integrate multiple time-sensitive, 
complex inputs from throughout the cerebellar cortex, create 
appropriately-timed simple [84,85] and complex spikes [86,87], and serve 
as the only output of the cerebellar cortex [44]. Therefore, there is no 
capacity to multiplex cerebellar cortical output and thus no room for PC 
error without compromising the entire functionality of the cerebellum. 
Thus, cerebellocortical outputs are heavily affected in most individual 
with ASD due to well documented reductions in PC number and 
morphology, which are summarized below. 

Convergent lines of evidence have repeatedly documented alterations 
in PCs in ASD. Studies of human postmortem cerebellum from individuals 
with ASD detected reductions in PC size, density, and expression of the 
GABAergic precursor, glutamate decarboxylase 65 (GAD65) and GAD67 
[8,76,88,89]. At the same time, increased GAD67 transcripts have been 
noted in cerebellar interneurons [90]. Reductions in GAD65 and GAD67 
transcripts and GABA receptor densities have been detected in the 
cerebral cortex and subcortical areas of postmortem ASD tissue [76,91]. 
GAD65 is a predominantly dormant apoenzyme that is important for fast 
modulation of inhibitory transmission during intense bouts of activity, 
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whereas GAD67 is responsible for the majority of GABA synthesis [92]. 
Thus, as a fast-spiking inhibitory neuron [93], reduced GAD65 and GAD67 
production severely limit proper PC function. In mice lacking either 
GAD67 or GAD65, PCs and basket cell interneurons are correlated with 
higher paired-pulse ratios of inhibitory post-synaptic currents, lower 
decay time constants, and deterioration of intracortical cerebellar basket 
cell to PC connections [92]. Additionally, altered GAD expression levels are 
known to impact synaptic plasticity throughout the cerebellar cortex [94]. 
Therefore, reductions in GAD are of massive concern for broad cerebellar 
computation and function and they may drastically affect the DCN and its 
downstream targets (Figure 4). Compensatory mechanisms may exist in 
human cerebellar efferent pathway as in mouse models [95] but remain to 
be investigated. 

 

Figure 4. Proposed impact of cerebellar cortical GABAergic expression alterations on recursive cerebellar, 
cerebellocerebral, and cerebrocerebellar circuits. Reductions in deep cerebellar nuclei (DCN) inhibition, due 
to reduced Purkinje cell (PC) output may result in increased excitation of downstream excitatory targets of 
the DCN. These targets also serve to reciprocally excite the cerebellar cortex through mossy fiber (MF) 
connections, further altering the cerebellocortical computational relationship. Reductions in PC inhibition 
may alter inferior olive (IO) neurons’ rhythmicity by reducing activity in IO climbing fiber (CF) outputs. 
However, reductions in intrinsic dentate nuclei expression of GAD65 may decrease inhibition to IO neurons 
[96]. Subbranches are pathway representations, not eminences from singular neurons. Arrow size is a 
representation of relative presumed impact. CCN = cerebellar cortex neurons of types other than those 
explicitly discussed. Figure adapted from Mapelli et al. [8]. 
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These PC-specific alterations are coupled with other known 
cerebellocortical neuronal circuit abnormalities that may further 
exacerbate E/I imbalances and ASD symptomology. This includes the 
retention of, on average, four CF inputs per PC whereas neurotypical 
cerebella retain only a single CF afferent per PC [35]. In neurotypical 
development, granule cell input contributes to the pruning of 
supernumerary CF inputs in a process beginning during the second 
trimester and continuing up until two postnatal years [43]. This CF 
retention in ASD has many potential implications on cerebellar function, 
as each CF has hundreds of synapses with each PC in neurotypical 
individuals, and CFs are responsible for inciting the largest depolarizing 
response of any neuron in the human body: the PC complex spike [97,98]. 
Thus, this retention of multiple CF inputs may irreparably alter PC 
computations, contributing to cerebellum-wide dysfunction. 

PC afferents may be further altered in ASD. Their loss likely occurs after 
the development of cerebellar MLIs in ASD, as proper migration of basket 
and stellate cells rely upon PC signaling, and no cytoarchitectural MLI 
abnormalities—density of MLIs or proportion of MLI to PCs—have been 
found based on sampling right Crus II in ASD [89]. However, more studies on 
MLIs are required to verify these results and to expand our knowledge of 
regional alterations in MLI density and MLI expression patterns.  

Ultimately, this reduction in GABAergic transmission and reports of 
glutamatergic alterations [76,99] (reviewed in [81]), not explored here, may 
predispose the developing cerebellum to larger network E/I balances, as the 
formation and refinement of synaptic inputs is dependent upon GABAergic 
activity during development [92]. Thus, abnormal cytoarchitecture can 
arise from large-scale alterations in GABAergic activity in the cerebellar 
cortex and other brain areas during the prenatal period. 

GENETIC CONTEXT OF THE CEREBELLUM IN ASD 

ASD is highly heritable [100]. This feature has led to numerous studies 
that together define the genetic architecture of autism (reviewed in [101]). 
ASD displays considerable heterogeneity with both common and rare 
genetic variation in hundreds of genes likely contributing to the clinical 
variability observed among diagnosed individuals. Despite this complexity, 
pathway enrichment among ASD-implicated genes suggests some 
functional commonalities, including impairments in synapse function and 
chromatin modification [102]. Even so, these important molecular clues 
into the etiology of ASD provide limited information regarding the time 
periods, brain regions, cell types, and circuits that are likely to be impacted 
by these genetic events. 

Gene expression studies of the developing human brain provide an 
important resource for preliminary investigation of where and when ASD-
implicated genes are likely to act. Enrichment of high-confidence ASD gene 
expression has repeatedly detected peak expression in prenatal 
development and implicated excitatory pyramidal neurons and inhibitory 
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interneurons in the neocortex and medium spiny neurons of the striatum 
[102–107]. Far fewer ASD gene enrichment analyses have implicated the 
cerebellum [103,106]. However, the cerebellum is not well represented in 
transcriptomic studies of the developing brain, including the commonly 
used BrainSpan dataset [108], which limits the statistical power to detect 
associations with the cerebellum.  

New studies of human cerebellar development that apply single-cell 
technology at unprecedented scale provide an opportunity to examine the 
expression profiles of high-confidence ASD genes in the context of human 
cerebellar development. Investigation of 108 high-confidence ASD genes in 
a single-nucleus RNA-seq dataset of 69,174 nuclei from the prenatal human 
cerebellum spanning 9 to 21 postconceptional weeks detected prominent 
expression in neuronal and non-neuronal cell types, including PCs [109]. To 
extend this analysis, we compiled a list of 345 ASD genes from exome and 
genome sequencing studies [105,109–114] and the SPARK gene list [115] 
(Supplementary Table S1), then examined gene expression in the same 
human cerebellar development dataset (Figure 5). Among the 21 distinct cell 
clusters defined in the cerebellum dataset, ASD genes were significantly 
expressed in 17 (81%) of them, with most ASD genes expressed in just three 
clusters: endothelial cells, PCs, and choroid plexus/ependyma. Consistent 
with previous studies, the subset of ASD genes that are expressed among 
these cell types in the cerebellum show enrichment of protein-protein 
interactions that converge on chromatin organization (Figure 6). 
Additionally, the protein network associated with ASD gene expression in 
PCs is enriched for neuron development, while the protein network in 
endothelial cells is enriched for the regulation of cellular and metabolic 
processes. 

Initial ASD exome sequencing studies identified de novo rare variants 
in many genes, but only a few individuals accounted for the variants in 
any gene. Similarly, exome sequencing of individuals with cerebellar 
malformations identified de novo rare variants in many genes that were 
mostly unique to a single family [116]. The cerebellar malformation genes 
were associated with nearly all previously known genetic disorders, 
though a cerebellar phenotype had not been described for many of these 
syndromes. To more broadly investigate whether ASD genes have a known 
association with cerebellar impairment, we queried OMIM [117] and 
curated the clinical evidence for cerebellar malformations and cerebellar 
dysfunction. Of the 345 ASD genes queried, 219 (63%) were associated with 
a genetic disorder, and 99 (45%) reported at least one patient with 
abnormal cerebellar neuroimaging or ataxia. A cerebellar malformation 
was noted for 73 genetic disorders, mostly cerebellar hypoplasia and 
cerebellar atrophy; other malformations included Chiari I, Dandy-Walker 
malformation, and cerebellar cortical dysplasia. Ataxia was reported for 
32 genetic disorders. The ASD genes associated with cerebellar 
malformations were highly expressed in PCs and endothelial cells, while 
the ataxia-associated genes showed less discrete expression. For example, 
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BCL11A and FOXP1 are expressed in a subset of PCs and endothelial cells 
[116], while MBD5 and TRIO are moderately expressed in all 21 cell types 
of the developing cerebellum. Expanding the spatiotemporal analysis of 
these genes across cerebellar development is needed. 

 

Figure 5. Distribution of ASD gene expression among cell types of the prenatal human cerebellum. To 
identify the cell type specificity of ASD gene expression, we compared the expression of each gene in a cell 
type relative to its expression in all other cell types using Seurat v4 [118] and the prenatal human cerebellum 
dataset [109]. This analysis revealed that 238 of the 345 ASD genes were significantly expressed in distinct 
cell types (average logFC >1.5 and FDR < 0.05). Overlapping expression of ASD genes among the top 9 cell 
types of the prenatal cerebellum is indicated by the numbers of genes (x-axis) and the numbers of genes per 
cell type (y-axis; circles with connecting lines indicate genes expressed in additional cell types); cell types 
with <5 genes expressed were omitted from the display. Colors correspond to cell type expression for the 
genes included in the protein-protein network, as shown in Figure 6. 

Cerebellar hypoplasia is often a nonspecific feature with variable 
penetrance that is associated with numerous genetically defined 
neurodevelopmental disorders [119]. However, deeper investigation of 
specific genetic disorders has revealed that cerebellar hypoplasia is a 
prominent feature in some of these disorders, including BCL11A and 
FOXP1, which are also notable ASD genes [116,120]. BCL11A and FOXP1 
are transcription factors that are expressed in both the hematopoietic and 
central nervous systems, where they regulate progenitor cell proliferation, 
differentiation, and migration (reviewed in [121–123]). Their function and 
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target genes have not yet been studied in the cerebellum, but BCL11A and 
FOXP1 are highly expressed in the striatum, further complicating their 
impacts to motor and behavioral functions. Motor coordination deficits 
that are frequently documented in ASD may simply be denoted as ataxia 
in genetic disorders and are not captured consistently in focused single-
gene studies. Thus, the extent to which cerebellar dysfunction contributes 
to the impact and prognosis of ASD is not well known and warrants further 
study among individuals with ASD and in phenotypic studies of ASD 
single-gene disorders. 

 

Figure 6. STRING protein-protein interaction analysis for three cell types of the developing cerebellum that 
express the most ASD genes. Genes are represented as nodes that are scaled in size relative to the number 
of interactions and colored based on cell type expression. Three STRING v11.5 [124] networks were 
constructed using the lists of ASD genes expressed in PCs, endothelial cells, and choroid plexus/ependyma 
then merged into a new network, retaining only the connected gene nodes. Functional annotation for gene 
sets is shown in rectangles; several gene sets did not have functional enrichment. Cytoscape v3.9.1 was used 
for network visualization [125]. 

CONCLUSIONS 

Convergent evidence across multiple studies and modalities 
demonstrates structural and functional impact to the cerebellum in ASD. 
Precise mapping between macroscopic and microscopic differences in the 
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cerebellum with clinical features and subdomains of ASD is still emerging. 
Transcriptomic, histological, and functional studies converge on Purkinje 
cell dysfunction in ASD, but many of the other neuronal and non-neuronal 
cell types of the cerebellum have not been studied in ASD and require 
investigation. ASD-specific impairments in cerebellar function are 
reciprocally connected to impaired cerebral cortex function. Thus, the 
next frontier requires coordinating studies to disentangle the complex 
interplay between the cerebrum and the cerebellum in ASD. 

SUPPLEMENTARY MATERIALS 

The Supplementary Table S1 is available online at 
https://doi.org/10.20900/jpbs.20220008. 

DATA AVAILABILITY 

• The single-cell dataset analyzed in the study can be found at https://cbl-
dev.cells.ucsc.edu [109] 

• The gene list generated from the study is available in the 
Supplementary Table S1. 

AUTHOR CONTRIBUTIONS 

LMS conceived the content and initiated the manuscript. LMS and KAA 
constructed the figures and wrote the manuscript. 

CONFLICTS OF INTEREST 

The authors declares that they have no conflicts of interest. 

FUNDING 

This research was funded by the National Institute of Health, grant 
number R21MH126244. 

ACKNOWLEDGMENTS 

The authors thank Felipe Dezem for assistance with the gene 
enrichment analysis. Figures 1–4 were created with BioRender.com. 

REFERENCES 

1. Lord C, Brugha TS, Charman T, Cusack J, Dumas G, Frazier T, et al. Autism 

spectrum disorder. Nat Rev Dis Primers. 2020 Jan 16;6(1):5. 

2. Bhat AN. Motor Impairment Increases in Children With Autism Spectrum 

Disorder as a Function of Social Communication, Cognitive and Functional 

Impairment, Repetitive Behavior Severity, and Comorbid Diagnoses: A SPARK 

Study Report. Autism Res. 2021 Jan;14(1):202-19. 

3. Geschwind DH. Advances in autism. Annu Rev Med. 2009;60(1):367-80. 

4. Fournier KA, Hass CJ, Naik SK, Lodha N, Cauraugh JH. Motor coordination in 

autism spectrum disorders: A synthesis and meta-analysis. J Autism Dev 

Disord. 2010 Oct;40(10):1227-40. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008
https://doi.org/10.20900/jpbs.20220008
https://cbl-dev.cells.ucsc.edu/
https://cbl-dev.cells.ucsc.edu/


 
Journal of Psychiatry and Brain Science 15 of 22 

5. D'Mello AM, Stoodley CJ. Cerebro-cerebellar circuits in autism spectrum 

disorder. Front Neurosci. 2015 Nov 5;9:408. 

6. Fatemi SH, Aldinger KA, Ashwood P, Bauman ML, Blaha CD, Blatt GJ, et al. 

Concensus paper: Pathological role of the cerebellum in autism. Cerebellum 

2012 Sep;11(3):777-807. 

7. Rogers TD, McKimm E, Dickson PE, Goldowitz D, Blaha CD, Mittleman G. Is 

autism a disease of the cerebellum? an integration of clinical and pre-clinical 

research. Front Syst Neurosci. 2013;7:15. 

8. Mapelli L, Soda T, D’Angelo E, Prestori F. The Cerebellar Involvement in 

Autism Spectrum Disorders: From the Social Brain to Mouse Models. Int J Mol 

Sci. 2022 Mar 31;23(7):3894. 

9. Stoodley CJ. The cerebellum and cognition: evidence from functional imaging 

studies. Cerebellum. 2011 Jun 4;11(2):352-65. 

10. Hoche F, Guell X, Vangel MG, Sherman JC, Schmahmann JD. The cerebellar 

cognitive affective syndrome/Schmahmann syndrome scale. Brain. 2018 Jan 

1;141(1):248-70. 

11. Starowicz-Filip A, Chrobak A, Moskała M, Krzyżewski R, Kwinta B, 

Kwiatkowski S, et al. The role of the cerebellum in the regulation of language 

functions. Psychiatr Pol. 2017 Aug 29;51(4):661-71. 

12. Tsang LP, How CH, Yeleswarapu SP, Wong CM. Autism spectrum disorder: 

Early identification and management in Primary Care. Singapore Med J. 2019 

Jul;60(7):324-8. 

13. Rakic P, Sidman RL. Histogenesis of cortical layers in human cerebellum, 

particularly the lamina dissecans. J Comp Neurol. 1970 Aug;139(4):473-500.  

14. Tiemeier H, Lenroot RK, Greenstein DK, Tran L, Pierson R, Giedd JN. 

Cerebellum development during childhood and adolescence: A longitudinal 

morphometric MRI study. NeuroImage. 2010;49(1):63-70. 

15. Volpe JJ. Cerebellum of the premature infant: Rapidly developing, vulnerable, 

clinically important. J Child Neurol. 2009;24(9):1085-104. 

16. Miyata T, Ono Y, Okamoto M, Masaoka M, Sakakibara A, Kawaguchi A, et al. 

Migration, early axonogenesis, and reelin-dependent layer-forming behavior 

of early/posterior-born purkinje cells in the developing mouse lateral 

cerebellum. Neural Dev. 2010 Sep 1;5(1):23. 

17. Rahimi-Balaei M, Bergen H, Kong J, Marzban H. Neuronal migration during 

development of the cerebellum. Front Cell Neurosci. 2018;12:484. 

18. Sotelo S, Rossi F. Purkinje Cell Migration and Differentiation. In: Manto M, 

Gruol D, Schmahmann J, Koibuchi N, Rossi F. Handbook of the cerebellum and 

cerebellar disorders. Dordrecht (The Netherlands): Springer; 2013. p. 147-78. 

19. Yamada K, Watanabe M. Cytodifferentiation of bergmann glia and its 

relationship with Purkinje cells. Anat Sci Int. 2002 Jun;77(2):94-108. 

20. Xu H, Yang Y, Tang X, Zhao M, Liang F, Xu P, et al. Bergmann glia function in 

granule cell migration during cerebellum development. Mol Neurobiol. 2013 

Jan 19;47(2):833-44. 

21. Corrales JMD, Rocco GL, Blaess S, Guo Q, Joyner AL. Spatial pattern of sonic 

hedgehog signaling through Gli genes during cerebellum development. 

Development. 2004 Nov 15;131(22):5581-90. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 16 of 22 

22. Lewis PM, Gritli-Linde A, Smeyne R, Kottmann A, McMahon AP. Sonic 

hedgehog signaling is required for expansion of granule neuron precursors 

and patterning of the mouse cerebellum. Dev Biol. 2004 Jun 15;270(2):393-410. 

23. Watt AJ, Cuntz H, Mori M, Nusser Z, Sjostrom PJ, Hausser M. Traveling waves 

in developing cerebellar cortex mediated by asymmetrical Purkinje cell 

connectivity. Nat Neurosci. 2009 Mar 15;12:463-73. 

24. Contractor A, Ethell IM, Portera-Cailliau C. Cortical interneurons in autism. 

Nat Neurosci. 2021 Dec;24(12):1648-59.  

25. Haldipur P, Sullivan E, Aldinger K, Bernardo S, Deng M, Timms A, et al. 

Spatiotemporal expansion of primary progenitor zones in the developing 

human cerebellum. Science. 2019;366(6464):454-60. 

26. Cheng XS, Li MS, Du J, Jiang Q-Y, Wang L, Yan SY, et al. Neuronal apoptosis in 

the developing cerebellum. Anat Histol Embryol. 2011 Feb;40(1):21-7. 

27. Haldipur P, Millen KJ, Aldinger KA. Human cerebellar development and 

transcriptomics: Implications for neurodevelopmental disorders. Annu Rev 

Neurosci. 2022;45(1):515-31. 

28. Komuro Y, Kumada T, Komuro H, Foote KD, Ohno N. Migration of Purkinje 

Cells. In: Cellular Migration and Formation of Neuronal Connections. 

Cambridge (MA, US): Academic Press; 2013. p. 281-97. 

29. Legué E, Gottshall JL, Jaumouillé E, Roselló-Díez A, Shi W, Barraza LH, et al. 

Differential timing of granule cell production during cerebellum 

development underlies generation of the foliation pattern. Neural Dev. 2016 

Sep 8;11(1):17. 

30. Leto K, Arancillo M, Becker EB, Buffo A, Chiang C, Ding B, et al. Consensus 

paper: Cerebellar development. Cerebellum. 2015;15(6):789-828. 

31. Leto K, Rossi F. Specification and differentiation of cerebellar GABAergic 

neurons. Cerebellum. 2012 Jun;11(2):434-5. 

32. Wefers AK, Haberlandt C, Surchev L, Steinhäuser C, Jabs R, Schilling K. 

Migration of Interneuron precursors in the nascent cerebellar cortex. 

Cerebellum. 2017 Nov 17;17(1):62-71. 

33. Hashimoto K, Ichikawa R, Kitamura K, Watanabe M, Kano M. Translocation 

of a “winner” climbing fiber to the Purkinje cell dendrite and subsequent 

elimination of “losers” from the Soma in developing cerebellum. Neuron. 

2009;63(1):106-18. 

34. Fujishima K, Kawabata Galbraith K, Kengaku M. Dendritic self-avoidance and 

morphological development of cerebellar Purkinje cells. Cerebellum. 

2018;17(6):701-8. 

35. Zang Y, De Schutter E. Climbing fibers provide graded error signals in 

cerebellar learning. Front Syst Neurosci. 2019 Sep 11;13. 

36. Zang Y, Dieudonné S, De Schutter E. Voltage- and branch-specific climbing 

fiber responses in Purkinje cells. Cell Rep. 2018;24(6):1536-49. 

37. Knierim J. Cerebellum (section 3, Chapter 5) Neuroscience Online: An 

electronic textbook for the Neurosciences: Department of Neurobiology and 

Anatomy. The University of Texas Medical School at Houston. Available from: 

https://nba.uth.tmc.edu/neuroscience/m/s3/chapter05.html. Accessed 2022 

Jun 29. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008
https://nba.uth.tmc.edu/neuroscience/m/s3/chapter05.html


 
Journal of Psychiatry and Brain Science 17 of 22 

38. Prestori F, Mapelli L, D’Angelo E. Diverse neuron properties and complex 

network dynamics in the cerebellar cortical inhibitory circuit. Front Mol 

Neurosci. 2019 Nov 7;12:267. 

39. Osorno T, Rudolph S, Nguyen T, Kozareva V, Nadaf N, Macosko EZ, et al. 

Candelabrum cells are molecularly distinct, ubiquitous interneurons of the 

cerebellar cortex with specialized circuit properties. Nat Neurosci. 

2021;25:702-13. 

40. Zhou J, Brown AM, Lackey EP, Arancillo M, Lin T, Sillitoe RV. Purkinje cell 

neurotransmission patterns cerebellar basket cells into zonal modules 

defined by distinct pinceau sizes. eLife. 2020 Sep 29;9:e55569. 

41. Consalez GG, Goldowitz D, Casoni F, Hawkes R. Origins, development, and 

compartmentation of the granule cells of the cerebellum. Front Neural 

Circuits. 2020;14:611841. 

42. Gao Z, van Beugen BJ, De Zeeuw CI. Distributed synergistic plasticity and 

cerebellar learning. Nat Rev Neurosci. 2012 Aug 16;13(9):619-35. 

43. van der Heijden ME, Gill JS, Sillitoe RV. Abnormal cerebellar development in 

autism spectrum disorders. Dev Neurosci. 2021 Feb 10;43(3-4):181-90. 

44. Ramón y Cajal S. Structure and connections of neurons. Bull Los Angel Neurol 

Soci. 1952 Mar;12(1-2):5-46. 

45. Judd EN, Lewis SM, Person AL. Diverse inhibitory projections from the 

cerebellar interposed nucleus. eLife. 2021 Sep 20;10:e66231. 

46. Baumel Y. Implications of functional anatomy on information processing in 

the deep cerebellar nuclei. Front Cell Neurosci. 2009 Nov 20;3:14. 

47. Bostan AC, Dum RP, Strick PL. The basal ganglia communicate with the 

cerebellum. Proc Natl Acad Sci U S A. 2010 May 4;107(18):8452-6. 

48. Cruz KG, Leow YN, Le NM, Adam E, Huda R, Sur M. Cortical-subcortical 

interactions in goal-directed behavior. Physiol Rev. 2022 Jun 30;103(1):347-89. 

49. O’Shea IM, Popal HS, Olson IR, Murty VP, Smith DV. Distinct alterations in 

cerebellar connectivity with substantia nigra and ventral tegmental area in 

parkinson’s disease. Sci Rep. 2022 Feb 28;12:3289. 

50. Palesi F, De Rinaldis A, Castellazzi G, Calamante F, Muhlert N, Chard D, et al. 

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. 2017 Oct 9;7(1):1284. 

51. Courchesne E, Hesselink JR, Jernigan TL, Yeung-Courchesne R. Abnormal 

neuroanatomy in a nonretarded person with autism. Unusual findings with 

magnetic resonance imaging. Arch Neurol. 1987 Mar;44(3):335-41. 

52. Courchesne E, Hesselink JR, Jernigan TL, Yeung-Courchesne R. Hypoplasia of 

cerebellar vermal lobules VI and VII in autism. N Engl J Med. 1988 May 

26;318(21):1349-54. 

53. Scott JA, Schumann CM, Goodlin-Jones BL, Amaral DG. A comprehensive 

volumetric analysis of the cerebellum in children and adolescents with 

autism spectrum disorder. Autism Res. 2009 Oct;2(5):246-57. 

54. Webb SJ, Sparks B-F, Friedman SD, Shaw DWW, Giedd J, Dawson G, et al. 

Cerebellar vermal volumes and behavioral correlates in children with autism 

spectrum disorder. Psychiatry Res. 2009 Apr 30;172(1):61-7. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 18 of 22 

55. Erbetta A, Bulgheroni S, Contarino V, Chiapparini L, Esposito S, Vago C, et al. 

Neuroimaging findings in 41 low-functioning children with autism spectrum 

disorder: a single-center experience. J Child Neurol. 2014 Dec;29(12):1626-31. 

56. Rochat MJ, Distefano G, Maffei M, Toni F, Posar A, Scaduto MC, et al. Brain 

magnetic resonance findings in 117 children with autism spectrum disorder 

under 5 years old. Brain Sci. 2020 Oct 16;10(10):741.  

57. Stanfield AC, McIntosh AM, Spencer MD, Philip R, Gaur S, Lawrie SM. Towards 

a neuroanatomy of autism: a systematic review and meta-analysis of 

structural magnetic resonance imaging studies. Eur Psychiatry. 2008 

Jun;23(4):289-99. 

58. Bolduc M-E, du Plessis AJ, Sullivan N, Guizard N, Zhang X, Robertson RL, et al. 

Regional Cerebellar Volumes Predict Functional Outcome in Children with 

Cerebellar Malformations. Cerebellum. 2011 Sep 7;11(2):531-42.  

59. Bedford SA, Park MT, Devenyi GA, Tullo S, Germann J, Patel R, et al. Large-

scale analyses of the relationship between sex, age and intelligence quotient 

heterogeneity and cortical morphometry in autism spectrum disorder. Mol 

Psychiatry. 2019 Mar 26;25(3):614-28. 

60. Courchesne E, Campbell K, Solso S. Brain Growth Across the Life Span in 

Autism: Age-Specific Changes in Anatomical Pathology. Brain Res. 2011 Mar 

22;1380:138-45. 

61. Jouravlev O, Kell AJE, Mineroff Z, Haskins AJ, Ayyash D, Kanwisher N, et al. 

Reduced language lateralization in autism and the broader autism phenotype 

as assessed with robust individual‐subjects analyses. Autism Res. 2020 Oct 

15;13(10):1746-61. 

62. Olulade OA, Seydell-Greenwald A, Chambers CE, Turkeltaub PE, Dromerick 

AW, Berl MM, et al. The neural basis of language development: Changes in 

lateralization over age. Proc Natl Acad Sci U S A. 2020 Sep 8;117(38):23477-83. 

63. Khan AJ, Nair A, Keown CL, Datko MC, Lincoln AJ, Müller R-A. Cerebro-

cerebellar resting-state functional connectivity in children and adolescents 

with autism spectrum disorder. Biol Psychiatry. 2015 Nov 1;78(9):625-34. 

64. Noonan SK, Haist F, Müller R-A. Aberrant functional connectivity in autism: 

Evidence from low-frequency bold signal fluctuations. Brain Res. 2009 Mar 

25;1262:48-63. 

65. Sivaswamy L, Kumar A, Rajan D, Behen M, Muzik O, Chugani D, et al. A 

diffusion tensor imaging study of the cerebellar pathways in children with 

autism spectrum disorder. J Child Neurol. 2010 Oct;25(10):1223-31. 

66. Cheng Y, Chou K-H, Chen I-Y, Fan Y-T, Decety J, Lin C-P. Atypical development 

of white matter microstructure in adolescents with autism spectrum 

disorders. NeuroImage. 2010 Apr 15;50(3):873-82. 

67. Ma X, Gu H, Zhao J. Atypical gaze patterns to facial feature areas in autism 

spectrum disorders reveal age and culture effects: A meta-analysis of eye-

tracking studies. Autism Res. 2021 Dec;14(12):2625-39.  

68. Townsend J, Harris NS, Courchesne E. Visual attention abnormalities in 

autism: Delayed orienting to location. J Int Neuropsychol Soci. 1996 

Nov;2(6):541-50. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 19 of 22 

69. Takarae Y, Minshew NJ, Luna B, Krisky CM, Sweeney JA. Pursuit eye 

movement deficits in autism. Brain. 2004 Dec 12;127(12):2584-94.  

70. Griffin JW, Bauer R, Scherf KS. A quantitative meta-analysis of face 

recognition deficits in autism: 40 years of research. Psychol Bull. 

2021;147(3):268-92.  

71. Chung S, Son J-W. Visual perception in autism spectrum disorder: A review of 

Neuroimaging Studies. J Korean Acad Child Adolesc Psychiatry. 2020 Jul 

1;31(3):105-20.  

72. Johnson BP, Lum JAG, Rinehart NJ, Fielding J. Ocular motor disturbances in 

autism spectrum disorders: Systematic review and comprehensive meta-

analysis. Neurosci Biobehav Rev. 2016 Oct;69:260-79. 

73. Wegiel J, Kuchna I, Nowicki K, Imaki H, Wegiel J, Yong Ma S, et al. Contribution 

of olivofloccular circuitry developmental defects to atypical gaze in autism. 

Brain Res. 2013 May 28;1512:106-22.  

74. Babalian AL, Vidal P-P. Floccular modulation of vestibuloocular pathways 

and cerebellum-related plasticity: An in vitro whole brain study. J 

Neurophysiol. 2000 Nov 1;84(5):2514-28. 

75. Shin M, Moghadam SH, Sekirnjak C, Bagnall MW, Kolkman KE, Jacobs R, et al. 

Multiple types of cerebellar target neurons and their circuitry in the 

vestibulo-ocular reflex. J Neurosci. 2011 Jul 27;31(30):10776-86. 

76. Fatemi SH, Halt AR, Stary JM, Kanodia R, Schulz SC, Realmuto GR. Glutamic 

acid decarboxylase 65 and 67 KDA proteins are reduced in autistic parietal 

and cerebellar cortices. Biol Psychiatry. 2002 Oct 15;52(8):805-10.  

77. Brondino N, Fusar-Poli L, Panisi C, Damiani S, Barale F, Politi P. 

Pharmacological modulation of GABA function in autism spectrum disorders: 

A systematic review of human studies. J Autism and Dev Disord. 2015 Oct 

6;46(3):825-39. 

78. Bruining H, Hardstone R, Juarez-Martinez EL, Sprengers J, Avramiea A-E, 

Simpraga S, et al. Measurement of excitation-inhibition ratio in autism 

spectrum disorder using critical brain dynamics. Sci Rep. 2020 Jun 8;10(1):195. 

79. Canitano R, Palumbi R. Excitation/inhibition modulators in autism spectrum 

disorder: Current clinical research. Front Neurosci. 2021 Nov 30;15:753274. 

80. Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, Nutt DJ. GABA system 

dysfunction in autism and related disorders: From synapse to symptoms. 

Neurosci Biobehav Rev. 2012 Oct;36(9):2044-55. 

81. Fetit R, Hillary RF, Price DJ, Lawrie SM. The neuropathology of autism: A 

systematic review of post-mortem studies of autism and related disorders. 

Neurosci Biobehav Rev. 2021 Oct;129:35-62. 

82. Kelly E, Escamilla CO, Tsai PT. Cerebellar dysfunction in autism spectrum 

disorders: Deriving mechanistic insights from an internal model framework. 

Neuroscience. 2021 May 10;462:274-87. 

83. Uzunova G, Pallanti S, Hollander E. Excitatory/inhibitory imbalance in autism 

spectrum disorders: Implications for interventions and therapeutics. World J 

Biol Psychiatry. 2015 Oct 15;17(3):174-86. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 20 of 22 

84. Häusser M, Clark BA. Tonic synaptic inhibition modulates neuronal output 

pattern and spatiotemporal synaptic integration. Neuron. 1997 Sep;19(3):665-

78. 

85. Raman IM, Bean BP. Resurgent sodium current and action potential 

formation in dissociated cerebellar Purkinje neurons. J Neurosci. 1997 Jun 

15;17(12):4517-26. 

86. Ito M, Eccles JC, Szentágothai J. The Cerebellum as a Neuronal Machine. Berlin 

(Germany): Springer; 1967. 

87. Thach WT. Somatosensory receptive fields of single units in cat cerebellar 

cortex. J Neurophysiol. 1967 Jul;30(4):675-96. 

88. Skefos J, Cummings C, Enzer K, Holiday J, Weed K, Levy E, et al. Regional 

alterations in Purkinje cell density in patients with autism. PLoS One. 2014 

Feb 24;9(2):e81255. 

89. Whitney ER, Kemper TL, Rosene DL, Bauman ML, Blatt GJ. Density of 

cerebellar basket and stellate cells in autism: Evidence for a late 

developmental loss of Purkinje cells. J Neurosci Res. 2009 Aug 1;87(10):2245-

54.  

90. Yip J, Soghomonian J-J, Blatt GJ. Increased GAD67 mRNA expression in 

cerebellar interneurons in autism: Implications for Purkinje cell dysfunction. 

J Neurosci Res. 2008 Feb 15;86(3):525-30. 

91. Blatt GJ, Fatemi SH. Alterations in GABAergic biomarkers in the autism brain: 

Research findings and clinical implications. Anatomical Record. 2012 Oct 

1;294(10):1646-52. 

92. Miwa H, Kobayashi K, Hirai S, Yamada M, Watanabe M, Okado H, et al. GAD67-

mediated GABA Synthesis and Signaling Impinges on Directing Basket Cell 

Axonal Projections Toward Purkinje Cells in the Cerebellum. Cerebellum. 

2021 Oct 21. doi: 10.1007/s12311-021-01334-8. 

93. Armstrong DM, Rawson JA. Activity patterns of cerebellar cortical neurones 

and climbing fibre afferents in the awake cat. J Physiol. 1979 Apr;289(1):425-

48. 

94. Pizzarelli R, Cherubini E. Alterations of GABAergic signaling in autism 

spectrum disorders. Neural Plast. 2011 Jan 23;2011:1-12. 

95. Khan MM, Wu S, Chen CH, Regehr WG. Unusually Slow Spike Frequency 

Adaptation in Deep Cerebellar Nuclei Neurons Preserves Linear 

Transformations on the Subsecond Timescale. J Neurosci. 2022 Oct 

5;42(40):7581-93. 

96. Yip J, Soghomonian J-J, Blatt GJ. Decreased GAD65 mRNA levels in select 

subpopulations of neurons in the cerebellar dentate nuclei in autism: An in 

situ hybridization study. Autism Res. 2009 Feb 2;2(1):50-9. 

97. Apps R, Garwicz M. Anatomical and physiological foundations of cerebellar 

information processing. Nat Rev Neurosci. 2005 Mar 15;6(4):297-311.  

98. Streng ML, Popa LS, Ebner TJ. Complex spike wars: A new hope. Cerebellum. 

2018 Dec 7;17(6):735-46. 

99. Purcell AE, Jeon OH, Zimmerman AW, Blue ME, Pevsner J. Postmortem brain 

abnormalities of the glutamate neurotransmitter system in autism. 

Neurology. 2001 Nov 13;57(9):1618-28.  

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 21 of 22 

100. Sandin S, Lichtenstein P, Kuja-Halkola R, Hultman C, Larsson H, Reichenberg 

A. The Heritability of Autism Spectrum Disorder. JAMA. 2017 Sep 

26;318(12):1182-4. 

101. Dias CM, Walsh CA. Recent Advances in Understanding the Genetic 

Architecture of Autism. Annual Rev Genomics Hum Genet. 2020 

Aug;21(1):289-304. 

102. De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K, Cicek AE, et al. 

Synaptic, transcriptional and chromatin genes disrupted in autism. Nature. 

2014 Nov 13;515(7526):209-15. 

103. Courchesne E, Pramparo T, Gazestani VH, Lombardo MV, Pierce K, Lewis NE. 

The ASD Living Biology: from cell proliferation to clinical phenotype. Mol 

Psychiatry. 2019 Jan;24(1):88-107. 

104. Parikshak NN, Swarup V, Belgard TG, Irimia M, Ramaswami G, Gandal MJ, et 

al. Genome-wide changes in lncrna, splicing, and regional gene expression 

patterns in autism. Nature. 2016 Dec 5;540(7633):423-7. 

105. Satterstrom FK, Kosmicki JA, Wang J, Breen MS, Rubeis SD, An J-Y, et al. Large-

Scale Exome Sequencing Study Implicates Both Developmental and 

Functional Changes in the Neurobiology of Autism. Cell. 2020 Feb 

6;180(3):568-84. 

106. Willsey AJ, Sanders SJ, Li M, Dong S, Tebbenkamp AT, Muhle RA, et al. 

Coexpression networks implicate human midfetal deep cortical projection 

neurons in the pathogenesis of autism. Cell. 2013 Nov 21;155(5):997-1007. 

107. Xu X, Wells AB, OʼBrien DR, Nehorai A, Dougherty JD. Cell type-specific 

expression analysis to identify putative cellular mechanisms for neurogenetic 

disorders. J Neurosci. 2014 Jan 22;34(4):1420-31. 

108. Miller JA, Ding S-L, Sunkin SM, Smith KA, Ng L, Szafer A, et al. Transcriptional 

landscape of the prenatal human brain. Nature. 2014 Apr 10;508(7495):199-

206. 

109. Aldinger KA, Thomson Z, Phelps IG, Haldipur P, Deng M, Timms AE, et al. 

Spatial and cell type transcriptional landscape of human cerebellar 

development. Nat Neurosci. 2021 Jun 17;24(8):1163-75. 

110. Feliciano P, Zhou X, Astrovskaya I, Turner TN, Wang T, Brueggeman L, et al. 

Exome sequencing of 457 autism families recruited online provides evidence 

for autism risk genes. NPJ Genom Med. 2019 Aug 23;4:19. 

111. Ruzzo EK, Pérez-Cano L, Jung J-Y, Wang L-kai, Kashef-Haghighi D, Hartl C, et 

al. Inherited and De Novo Genetic Risk for Autism Impacts Shared Networks. 

Cell. 2019 Aug 8;178(4):850-66. 

112. Sanders SJ, He X, Willsey AJ, Ercan-Sencicek AG, Samocha KA, Cicek AE, et al. 

Insights into Autism Spectrum Disorder Genomic Architecture and Biology 

from 71 Risk Loci. Neuron. 2015 Sep 23;87(6):1215-33. 

113. Wilfert AB, Turner TN, Murali SC, Hsieh PH, Sulovari A, Wang T, et al. Recent 

ultra-rare inherited mutations identify novel autism candidate risk genes. Nat 

Genet. 2021 Aug;53(8):1125-34. 

114. Yuen RKvC, Thiruvahindrapuram B, Merico D, Walker S, Tammimies K, 

Hoang N, et al. Whole-genome sequencing of quartet families with autism 

spectrum disorder. Nat Med. 2015 Feb;21(2):185-91. 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008


 
Journal of Psychiatry and Brain Science 22 of 22 

115. The SPARK for Autism Gene List. Available from: 

https://wp.sparkforautism.org/spark-gene-list/. Accessed 2022 Jun 2. 

116. Aldinger KA, Timms AE, Thomson Z, Mirzaa GM, Bennett JT, Rosenberg AB, et 

al. Redefining the Etiologic Landscape of Cerebellar Malformations. Am J 

Hum Genet. 2019 Sep 5;105(3):606-15. 

117. OMIM: An Online Catalog of Human Genes and Genetic Disorders. Available 

from: https://www.omim.org/. Accessed 2022 Aug 9. 

118. Hao Y, Hao S, Andersen-Nissen E, Mauck WM III, Zheng S, Butler A, et al. 

Integrated analysis of multimodal single-cell data. Cell. 2021 Jun 

24;184(13):3573-87. 

119. Poretti A, Boltshauser E, Doherty D. Cerebellar hypoplasia: differential 

diagnosis and diagnostic approach. Am J Med Genet C. 2014 Jun;166C(2):211-

26. 

120. Peron A, DʼArco F, Aldinger KA, Smith-Hicks C, Zweier C, Gradek GA, et al. 

BCL11A intellectual developmental disorder: defining the clinical spectrum 

and genotype-phenotype correlations. medRxiv: 21262776 [Preprint]. 2021 

Sep 15. Available from: https://www.medrxiv.org/content/10.1101/ 

2021.09.06.21262776v1.full.pdf+html. Accessed 2022 Oct 20. 

121. Simon R, Wiegreffe C, Britsch S. Bcl11 Transcription Factors Regulate Cortical 

Development and Function. Front Mol Neurosci. 2020 Apr 8;13:51. 

122. Co M, Anderson AG, Konopka G. FOXP transcription factors in vertebrate 

brain development, function, and disorders. Wiley Interdiscip Rev. 2020 

Sep;9(5):e375. 

123. Shi C, Simon DI. Integrin signals, transcription factors, and monocyte 

differentiation. Trends Cardiovasc Med. 2006 Jul;16(5):146-52. 

124. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. 

STRING v11: protein-protein association networks with increased coverage, 

supporting functional discovery in genome-wide experimental datasets. 

Nucleic Acids Res. 2019 Jan 9;47(D1):D607-13. 

125. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: 

a software environment for integrated models of biomolecular interaction 

networks. Genome Res. 2003 Nov;13(11):2498-504. 

 

 
 

How to cite this article: 

Sydnor LM, Aldinger KA. Structure, Function, and Genetics of the Cerebellum in Autism. J Psychiatry Brain Sci. 

2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

J Psychiatry Brain Sci. 2022;7:e220008. https://doi.org/10.20900/jpbs.20220008 

https://doi.org/10.20900/jpbs.20220008
https://wp.sparkforautism.org/spark-gene-list/
https://www.omim.org/
https://www.medrxiv.org/content/10.1101/2021.09.06.21262776v1.full.pdf+html
https://www.medrxiv.org/content/10.1101/2021.09.06.21262776v1.full.pdf+html
https://doi.org/10.20900/jpbs.20220008

	CONCLUSIONS
	SUPPLEMENTARY MATERIALS
	DATA AVAILABILITY
	AUTHOR CONTRIBUTIONS
	CONFLICTS OF INTEREST
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES

