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Abstract

There has been significant advancement in various aspects of scientific knowledge concerning the

role of cerebellum in the etiopathogenesis of autism. In the current consensus paper, we will

observe the diversity of opinions regarding the involvement of this important site in the pathology

of autism. Recent emergent findings in literature related to cerebellar involvement in autism are

discussed, including: cerebellar pathology, cerebellar imaging and symptom expression in autism,

cerebellar genetics, cerebellar immune function, oxidative stress and mitochondrial dysfunction,

GABAergic and glutamatergic systems, cholinergic, dopaminergic, serotonergic, and oxytocin

related changes in autism, motor control and cognitive deficits, cerebellar coordination of

movements and cognition, gene-environment interactions, therapeutics in autism and relevant

animal models of autism. Points of consensus include presence of abnormal cerebellar anatomy,

abnormal neurotransmitter systems, oxidative stress, cerebellar motor and cognitive deficits, and

neuroinflammation in subjects with autism. Undefined areas or areas requiring further

investigation include lack of treatment options for core symptoms of autism, vermal hypoplasia

and other vermal abnormalities as a consistent feature of autism, mechanisms underlying

cerebellar contributions to cognition, and unknown mechanisms underlying neuroinflammation.
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Introduction

Research on the biological underpinnings of autism has gathered significant momentum in

the last few years. Autism is clearly a multi-system disorder that impacts the brain, the

immune system, the gastrointestinal tract, and other organ systems. Here, we focus on the

involvement of cerebellum in this disorder. Many experts present literature-based key

findings related to abnormal cerebellar structure and function in autism. Drs. Bauman and

Kemper address histopathologic abnormalities of cerebellum in autism. Drs. Welsh, Estes,

and Dager provide up to date information linking cerebellar imaging findings with symptom

expression in subjects with autism. Recent published work is surveyed regarding genes

associated with the pathology of autism by Drs. Aldinger and Millen. Immune involvement

and its impact on autism symptom progression is discussed by Dr. Ashwood. The roles of

brain oxidative stress and mitochondrial dysfunction in autism is summarized by Drs.

Chauhan and Chauhan. The subsequent two sections deal with the involvement of several

important molecules including GABA, glutamate, Reelin, acetylcholine, dopamine,

oxytocin, and serotonin in autism, and are discussed by Drs. Fatemi and Blatt. In the next

two sections, abnormalities of cerebellar motor and cognition are discussed by Drs.

Mosconi, Sweeney, and Heck. Dr. Persico presents novel data on examples of gene-

environment interactions in the causation of autism. Therapeutic interventions and their

relevance to the cerebellum in autism are discussed by Drs. Webb, Welsh, and King. Finally,

several important animal models relevant to the genesis of autism are presented and
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discussed by Drs. Dickson, Martin, Blaha, Mittleman, and Goldowitz. Taken together, a

summary of key concepts related to involvement of cerebellar circuitry in autism is

presented by a panel of experts attempting to reach a consensus with regards to this

important disorder.

Cerebellar Pathology in Autism (M.L. Bauman, T.L. Kemper)

Autism is a clinically complex and heterogeneous disorder. The core features include

delayed and disordered language, impaired social interaction, isolated areas of interest, and

an insistence on sameness [1]. Many autistic individuals exhibit dysfunction in both fine and

gross motor skills. Currently, the cause of autism remains poorly defined but both genetic

and environmental factors have been implicated [2].

One of the most consistently abnormal brain regions has been the cerebellum and areas

related to it. Beginning with an initial case report [3], almost all of the postmortem brains of

autistic individuals studied to date, regardless of age, sex, and cognitive ability, have shown

a significant decrease in the number of Purkinje cells (PC), primarily in the posterolateral

neocerebellar cortex and adjacent archicerebellar cortex of the cerebellar hemispheres [4–7].

More recently, Whitney et al. [6] has suggested that the presence of reduced numbers of PCs

in the brains of autistic individuals may not be present in all cases. In three of the six brains

of autistic individuals, the number of PCs closely approximated that of the controls. In this

study the density of the PCs did not correlate with the clinical severity of the autism. Despite

several detailed analyses of the vermis, our studies have been unable to identify any

abnormalities of PC size or number in this region, thus failing to provide any microscopic

cellular explanation for vermal hypoplasia as reported by cranial imaging studies [8].

Evidence of late developmental loss of PCs has been provided by a study assessing the

number of basket cells (BC) and stellate cells (SC), cells on which PCs rely for survival [9].

These investigators found no decrease in the number of BC and SC interneurons in the

cerebellar molecular layer, suggesting that once the PCs were generated, they migrated to

their proper location and then died. The timing of the loss of PCs appears to be prenatal. In

the brains of autistic individuals with loss of PCs there is no neuronal loss in the synaptically

related inferior olive. This tight relationship is established shortly before birth. Once this

bond is made, any loss of PCs thereafter results in an obligatory retrograde cell loss of

inferior olivary neurons [6, 10, 11]. In inferior olive, neurons were found to be clustered

along the periphery of the nuclear convolutions, a pattern of pathology that can be dated to

an earlier prenatal period [12, 13].

Additional findings in the cerebellum have included abnormalities of the deep cerebellar

nuclei including the fastigeal, globose and emboliform nuclei. In comparison to age and sex

matched controls, the neurons of these nuclear groups appeared to differ in size according to

age. All of the autistic cases over the age of 21 years showed small pale neurons that were

significantly decreased in number, whereas in all of the childhood cases, ages 5–13 years,

the neurons in these same nuclear groups were unusually large and plentiful in numbers

[14]. These observations, in conjunction with similar findings in the nucleus of the Diagonal

Band of Broca in the septum and in the inferior olivary nuclei, combined with observations

of overgrowth of brain volume early in life [15, 16] and a more recent report of reduced

cortical thickness with age [17], suggests that the underlying neuropathology of autism may

be associated with an ongoing postnatal process [16].

It is known that the cerebellum connects with many cortical and subcortical structures in the

cerebral hemispheres and acts as a modulator for many of the cognitive, language, motor,

sensory and emotional functions associated with these regions [18]. It has been shown that

the cerebellum communicates with the parietal lobe through the brainstem, thus providing a
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potential mechanism for motor dysfunction and dyspraxia in autism [19]. The cerebellum is

also known to play a role in classic conditioned reflex responses, mental imagery,

anticipatory planning, aspects of attention, affective behavior, visual spatial organization and

the control of sensory data acquisition. Many of these functions may be disordered in autism

and it is possible that the cerebellar abnormalities noted in the brains of autistic individuals

contribute to these clinical features in autism.

In summary, histoanatomic abnormalities of the cerebellum are one of the most consistent

neuroanatomic findings in the brains of autistic individuals. These findings support the

concept that autism is a disorder of prenatal onset with neurobiological processes that extend

into the postnatal period. Given what is known about many of the functions of the

cerebellum and its connections with cortical and subcortical regions of the cerebral

hemispheres, it is likely that abnormalities of the cerebellum contribute significantly to

many of the clinical features of the disorder.

Establishing Links between Cerebellar Imaging Findings and Symptom

Expression in Autistic Disorder (J.P. Welsh, A.M. Estes, S.R. Dager)

Extensive investigation of the cerebellum in autism has sought to link cerebellar

abnormalities to phenotypic characteristics of autistic disorder (AD). However, the

functional relevance of these proposed relationships remains obscure. Cerebellar

maintenance of posture, balance, motor dexterity and coordination of movement is impaired

in some individuals with AD [20, 21]. Prospective studies of infants at high genetic risk for

AD implicate motor impairment as among the earliest signs of the autism phenotype [22].

Gaze linked to cerebellar function [23] is characteristically atypical in individuals with AD

and the observation of subtle oculomotor alterations suggests abnormalities in cortico-

cerebellar connectivity [24, 25]. Cerebellar involvement in non-motor functions may

influence cognition via its broad, reciprocal and multisynaptic connectivity with the

cerebrum [26]. For instance, the posterior vermis may have an important role in facilitating

language function [27] which, although heterogeneous in AD, is a core impairment [28].

Particular characteristics of speech, such as phrasing, rate, stress, pitch, loudness, and

resonance, are often atypical in individuals with AD [29] and may be linked to cerebellar

dysfunction. Cerebellar involvement in higher-order emotional, social and cognitive

processing increasingly is being recognized [30]. Acquired cerebellar lesions involving the

posterior lobe of the vermis, part of a reciprocal anatomical network with the anterior limbic

system, have been associated with mild cognitive impairment, deficits of executive function,

expressive language impairment, and affective blunting or disinhibition [31], all behaviors

recognized in AD.

The development of magnetic resonance imaging (MRI) has allowed in vivo

characterization of cerebellar morphometry in AD. As recently reviewed [32], some, but not

all, tracing and voxel-based morphometry studies of young children, adolescents and adults

with AD find evidence for increased cerebellar volume. Cerebellar enlargement in AD,

when observed, is generally proportional to overall cerebral volumes, rather than specific to

the cerebellum. Specific assessment of grey-white matter involvement suggests reduced

cerebellar grey matter but inconsistent white matter volumetric alterations in AD.

Applications of newer imaging techniques, such as diffusion tensor imaging, that

increasingly are being applied to assess white matter integrity at a cellular level, will be

helpful in further assessing possible relationships between AD and white matter pathology

in the cerebellum. Increasingly, attention has focused on possible links between AD and

subregions of the cerebellum, primarily involving the vermis. Post-mortem reports of

reduced vermal Purkinje cells in AD [33] suggest vermal lobular hypoplasia, primarily

affecting posterior lobules VI-VII, as observed by MRI in both children and adults with AD
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[32]. However, other MRI studies have either not confirmed posterior vermal hypoplasia or

suggest diffuse involvement affecting additional vermal regions such as the anterior vermis

(lobules I–V) and vermal lobules VIII-X [32]. In this regard, earlier theories of regionally-

specific hypoplasia have been modified to suggest a bimodal distribution of vermal

alterations with the majority of individuals with AD exhibiting vermal hypoplasia and a

subset having vermal hyperplasia [34]. Vermal hypoplasia also may contribute to

neurological and cognitive dysfunction in a variety of childhood disorders, in addition to AD

[35, 36]. Thus, vermal hypoplasia, particularly lobules VI-VII, may be associated with AD

but the specificity of this relationship is not well established and there is heterogeneity

within AD.

Understanding cerebellar involvement in AD is likely to require integrating new concepts

that take into consideration information regarding the molecular determinants of Purkinje

cell death and biophysical mechanisms of olivocerebellar function. Although imaging

studies have identified intriguing relationships, they do not address why Purkinje cells are

lost in some individuals with AD or the implications for information processing at a

mechanistic level which will be necessary for treatment and prevention. Insights can be

gained by integrating animal models of Purkinje cell death [37, 38] and on the cellular and

neuronal ensemble mechanisms of information processing in the cerebellum [39–41]. Large

scale post-mortem immunohistochemical mapping of the entire cerebellum will help to

establish whether Purkinje cell loss in AD is patterned (topistic) and whether spatial maps of

Purkinje cell loss correspond to clinical phenotypes, genetic predisposition, or exposure to

environmental risk factors. This effort would be motivated by a solid foundation of

understanding molecular heterogeneity among Purkinje cells [40, 41] and why highly-

defined zones of Purkinje cells are most susceptible to early death by environmental risk

factors, including transient ischemia [37], prenatal infection [42], and drug toxicity [43]. As

accumulating evidence suggests that an impairment in long-term depression (LTD) may

predispose Purkinje cells to excitotoxicity [44], genetic and epigenetic factors that influence

LTD could be examined in AD, as well as perinatal factors that induce synaptic drive

leading to Purkinje cell excitotoxicity [37, 43]. Evidence of normal GABAergic interneuron

development in cases with Purkinje cell loss implicate the loss of Purkinje cells after their

normal migration [9], suggesting a perinatal window in which to study mechanisms.

Magnetic resonance spectroscopy measurement of cerebellar levels of GABA and glutamate

[45, 46] can provide important insight in this regard. Last, the evolving understanding of

olivocerebellar physiology may inform new models regarding the effects of Purkinje cell

loss on cognition, particularly with regard to how a loss of dynamic control of membrane

potential oscillations in inferior olive neurons [47] and the coordination of synchronous

firing among Purkinje cell ensembles [48] may affect cognition. Recent fMRI and lesion

data indicate that the olivocerebellar system is especially involved in the timing of intervals

defined by successive sensory events occurring over the range of 100–600ms. Deficits in

eye blink conditioning in AD [49] and after cerebellar lesions [50] provide evidence for an

altered olivocerebellar “clock-signal” for sensory timing that occurs below the level of

perceptual awareness [51] as illustrated in Figure 1. Future studies should determine whether

impairments in implicit timing may be a biomarker for behavioral-related cerebellar

dysfunctions in AD or provide a tool for early detection. Cerebellar contributions to the

temporal processing of language and social cues during development also provide fertile

ground for future research and would be a logical next step toward elucidating the role of

cerebellar dysfunction in AD.
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Genetic evidence for cerebellar involvement in Autistic Disorder (K.A.

Aldinger, K.J. Millen)

High heritability of autistic disorder (AD) has strongly implicated genetics in their etiology,

but clinical heterogeneity within the broad behavioral phenotype has been a major obstacle

to gene identification [52]. Despite this, genomic technology advances have uncovered

several AD loci, including rare single-gene Mendelian neurodevelopmental syndromes

where there is a high co-occurrence of AD (“syndromic AD”), rare chromosomal structural

abnormalities, rare single gene mutations with major effects, and common gene variants

with minor effects [53]. SFARI Gene curates an evolving list of AD-implicated genes [54;

http://sfari.org/sfari-gene], several of which are listed in Table 1. AD genetic architecture is

complex, with variants of any individual locus present in only 1–2% of patients, and

collectively all known genetic causes accounting for just 15% of cases [55]. Compellingly,

however, many genes converge on common biological pathways and brain circuits. These

include synaptic formation, signaling and homeostasis in brain regions that process rapid

and coherent integration of information from multiple, higher-level association areas,

including frontal and temporal cortices, caudate, amygdala and cerebellum [55–58]. Since

many AD-implicated genes are pleiotropic, disrupting their function is expected to produce a

wide-rage of effects, both in the brain and in other organ systems. Here we discuss emerging

genetic data providing support for specific cerebellar involvement in several ADs.

Detailed phenotypic evaluations of genetically defined AD patient cohorts has minimized

the confound of heterogeneity which contributed to the controversy of AD-cerebellar

involvement. Analysis of syndromic AD patients now provides clear support for a cerebellar

role. For example, ~30% of patients with Fragile X Syndrome (FXS), the most common

inherited cause of intellectual disability, are also diagnosed with AD. FXS is also one of the

most common genetic causes of AD with >2% of AD patients co-diagnosed with FXS

(http://www.fragilex.org). Although FXS affects many brain regions, imaging studies have

identified selective abnormalities of cerebellar vermis lobules VI-VII in FXS patients with

AD that are not seen in FXS patients without the AD diagnosis. Interestingly, these lobules

are also abnormal in non-syndromic AD [59]. Tuberous Sclerosis (TS) is another rare

syndromic disorder presenting with cerebellar involvement and AD. TS is characterized by

hamartomas in the brain and other organ systems. Approximately 40% of TS patients are co-

diagnosed with AD, and those with cerebellar lesions have more severe AD features than

those with lesions restricted to other brain regions [60]. As a final example, individuals

harboring heterozygous chromosome 22q13 deletions (22q13DS) are often diagnosed with

AD. The 22q13DS variable deletion encompasses numerous genes, including SHANK3, a

gene within which mutations have independently been associated with non-syndromic AD.

Cerebellar vermis hypoplasia has been noted in seven patients with 22q13DS, suggesting

that SHANK3 may be involved in cerebellar development [61, 62]. However, several genes

in the 22q13DS region, including PLXNB2 and MAPK8IP2 [63; http://hbatlas.org], are also

expressed in the developing cerebellum, making the role for cerebellar malformation gene(s)

in this region unclear.

Patients with congenital cerebellar malformation syndromes provide additional support for

cerebellar involvement in AD. AD is diagnosed in up to 40% of children with Joubert

Syndrome (JS), which is defined by significant cerebellar vermis hypoplasia and a

distinctive brainstem malformation. Homozygous mutations in AHI1 were the first

identified JS cause and common genetic variation in AHI1, represented by single nucleotide

polymorphisms (SNPs), was subsequently found to be associated with non-syndromic AD

[64]. Reduced expression of AHI1 has been detected in the AD brain within a large gene co-

expression network that includes several other AD-implicated genes [65]. Thus, AHI1 may

be more generally involved in AD etiology. There are also reports of patients with other
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structural cerebellar defects, including Dandy-Walker malformation, who are co-diagnosed

with AD [66]. Since congenital cerebellar malformations are diagnosed early, even in utero,

later cognitive or behavioral difficulties are usually attributed to the cerebellar birth defect

and rigorous cognitive and behavioral evaluations are rarely performed. The reciprocal

scenario also occurs. Children diagnosed with AD are not routinely evaluated for structural

brain malformations, but 10% of AD patients at one center were reported to have cerebellar

abnormalities consistent with a Dandy-Walker malformation diagnosis [67]. Thus, although

the number of individuals diagnosed with both ADs and cerebellar malformations is small,

the consistent finding of patients with both phenotypes implicates the cerebellum in autism

pathogenesis and suggests that individuals with cerebellar malformations represent an

important subgroup of AD patients.

Three promising AD-implicated genes (EN2, GABRB3 and MET), identified from studies

of non-syndromic AD, each with independent, replicated genetic evidence, have known and

specific roles in cerebellar development. EN2 intronic SNPs have been associated with AD

in 5/6 studies (SFARI Gene). In mice, En2 expression is restricted to the presumptive

midbrain and cerebellum and loss of En2 function causes abnormal cerebellar foliation with

deficits in motor and social behavior [68]. Five studies have demonstrated an association

between three MET SNPs and AD (SFARI Gene). Met is expressed postnatally in

proliferating granule cell precursors and mice with a hypomorphic Met allele have cerebellar

hypoplasia with reductions both in fissure size and granule cell precursor proliferation [69].

GABRB3 is found within the relatively common chromosome 15q11–13 duplication

associated with AD. 9/11 studies reported a positive association between AD and either

common or rare variants in GABRB3 (SFARI Gene). Additionally, GABRB3 expression is

reduced in AD brains, including reduced cerebellar expression [70], and Gabrb3-/- mice

exhibit cerebellar vermis hypoplasia [71]. Although mutant mouse data for these 3 genes

provides compelling evidence for cerebellar pathogenesis, no human cerebellar phenotypic

data currently exists for cohorts of patients with these AD-associated DNA sequence

variants.

In conclusion, AD is extremely genetically heterogeneous and many AD genes are

expressed throughout the brain. Disruption of their function is expected to impact many

brain regions, including the cerebellum. Subsets of AD patients however, show evidence for

specific cerebellar involvement, including those with syndromic AD and cerebellar

malformation patients. Additionally, several AD genes are well known for their involvement

in cerebellar development from mouse mutant analysis. Thorough phenotypic assessments

of genetically defined AD patients will now be essential to delineate the specific

pathogenesis of each AD subset.

Autism, immune dysfunction and the cerebellum (P. Ashwood)

Immune cells and the products of immune responses are able to directly alter neuronal

function, migration, proliferation and synapse formation, and thus have important roles in

modulating neuronal circuits that form the basis for human cognition and behavior.

Inappropriate immune function or responses during early life may lead to

neurodevelopmental disorders including autism. A large variety of genetic and

environmental stimuli are hypothesized to play “causative” roles in AD with many having in

common the ability to alter immune function [72].

While the link between immune dysfunction, neuronal dysfunction and neurodevelopment is

not completely clear, several lines of evidence highlight an important role for altered

immune responses in the pathogenesis of AD. One striking feature is the presence of on-

going neuroinflammation in postmortem brain tissue from individuals with AD, a finding
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that is consistent over a broad age range (5–44 years of age) [73]. Compared with controls,

brain tissue specimens from cerebellum, midfrontal and cingulate gyrus in AD show marked

activation of microglia and astrocytes with the up-regulation of the cell surface major

histocompatibility complex (MHC) molecule HLA-DR and, glial fibrillary acidic protein,

respectively. Prominent monocyte and macrophage accumulation in the cerebellum is also

detected. Although neuroinflammation is not related to symptom onset or mental retardation,

microglial activation is higher in the cerebellar white matter of AD individuals with a

history of epilepsy. Moreover, increases in many cytokines and chemokines are observed in

the brain and cerebrospinal fluid (CSF) of individuals with AD, in particular; interleukin

(IL)-6, transforming growth factor beta 1 (TGFβ1), C-C motif ligand 2 (CCL2) and CCL17

in the cerebellum [73–76].

Gene expression profiles in brain regions, including the temporal cortex, of individuals with

AD show increased transcript levels of many immune system-related genes and immune

signaling pathways, including the MET pathway, NF-κB, IL-1 receptor, TOLL, and TNF

receptor 2 pathways [77]. Transcriptome organization patterns show that gene co-expression

networks exhibit abnormalities in cortical patterning in the brain of individuals with AD and

are associated with immune activation [65], highlighting a role for immune dysregulation in

ongoing neurological dysfunction in AD. What the impact of these changes is and how they

alter behavior is not yet known. Is the altered immune activity neurotoxic, neuroprotective, a

reparative response to abnormal neuronal function, or a combination of these? Antibodies

reactive to cerebellar proteins have also been described in AD [78, 79]. The precise

antigenic target of these antibodies is still a mystery but strong specific reactivity is

observed against cerebellar GABAergic interneurons and golgi type II cells [80, 81].

Together these findings further suggest the presence of ongoing immune activation that

targets seemingly specific neuronal cells. Whether these antibodies alter cellular activity,

either enhancing or blocking functions, or whether the antibodies designate cells for

destruction, or are markers for possible cellular damage, requires further investigation.

However, it is significant that the presence of antibodies against cerebellar proteins is

strongly associated with worsening aberrant behavior [79].

Furthermore, extensive findings of immune dysfunction are frequently observed in the

periphery of a substantial number of children with AD. Elevated plasma cytokine levels

(IL-1β, IL-6, IL-12p40 and TNFα) [82–84], altered immunoglobulin levels [85, 86],

elevated levels of complement proteins [87], and increased chemokine levels (CCL2, CCL5

and CCL11) [88] are reported in the plasma of young children with AD compared with

matched typically developing children. Disrupted cellular function, under resting conditions

and in response to immunological challenges is reported in AD for a number of different cell

types including natural killer (NK) cells [89], monocytes [90, 91] and T cells [92, 93]. In

parallel, the production of regulatory cytokines TGFβ1 and IL-10 is decreased in AD,

indicating a shift towards an inflammatory profile [83, 84, 94]. As cytokines have extensive

effects and can influence neural development and synaptic transmission these changes may

lead to modulation of certain behavioral traits. We and others have found that many of the

immunological parameters that are different in AD are associated with increased

impairments in behaviors characteristic of core features of AD; in particular, deficits in

social interactions and communication, as assessed using quantitative scores derived from

the Autism Diagnostic Observation Schedule (ADOS), Autism Diagnostic Interview-

Revised (ADI-R), as well as aberrant behaviors assessed using the aberrant behavior

checklist (ABC), are linked with immune dysfunction in AD [79,82,85,86,88,89, 91, 93–95].

Taken together, the evidence thus far reported indicates a key role of immune dysfunction in

the pathogenesis of AD. The exact nature of this immune dysfunction requires further
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investigation but potentially represents an important avenue for the development of therapies

that may alleviate neuroinflammation and help in the resolution of altered behaviors.

Brain Oxidative Stress and Mitochondrial Abnormalities in Autism (A.

Chauhan, V. Chauhan)

Accumulating evidence suggests that a common feature in autism cases may be oxidative

stress, the mechanism through which environmental factors exert their deleterious effects,

which may be further exacerbated by the interaction of genetically susceptible alleles [96–

100]. Some studies support a prenatal and perinatal onset for developmental abnormalities

leading to autism [101, 102].

Oxidative stress occurs when the levels of reactive oxygen species (ROS) exceed the

antioxidant capacity of a cell. These ROS are highly toxic and oxidize vital cellular

components such as lipids, proteins and DNA, thus causing cellular damage and subsequent

cell death via apoptosis or necrosis. Oxidative stress is known to be associated with

premature aging of cells, and can lead to inflammation, damaged cell membranes,

autoimmunity and cell death. Several reports have suggested immunological abnormalities

and inflammation in autism [96].

There is ample evidence of the presence of oxidative stress in peripheral tissues in children

with autism [96, 98]. The brain is highly vulnerable to oxidative stress because of its limited

antioxidant capacity, higher energy requirement and high amounts of unsaturated lipids and

iron. Recent studies with postmortem brain tissues have shown elevated levels of markers of

oxidative damage, coupled with reduced antioxidant status in the brain of individuals with

autism as compared to age-matched control subjects. In the cerebellum, the levels of lipid

hydroperoxide [103], a product of fatty acid oxidation; of malonyldialdehyde [104], an end-

product of lipid peroxidation; of 8-hydroxy-2’-deoxyguanosine (8-OH-dG) [105, 106], a

marker of oxidative DNA damage; of protein carbonyl [107], a marker of protein oxidation;

and of 3-nitrotyrosine [108], a marker of protein nitration, were significantly increased in

autism. The expression of carboxyethyl pyrrole, a marker of lipid-derived oxidative protein

modification, was also increased in postmortem brain samples from autistic subjects [109].

In another study, a greater number of lipofuscin (a matrix of oxidized lipid and cross-linked

protein)-containing brain cells was reported in language-related cortical areas 22, 39 and 44

in autism [110].

Glutathione (GSH) is the major endogenous antioxidant produced by cells, which

neutralizes ROS, and participates in detoxification and elimination of environmental toxins.

A decrease in GSH, an increase in its oxidized disulfide form (GSSG) and a decrease in the

redox ratio of GSH/GSSG were observed in the cerebellum and temporal cortex of

individuals with autism, suggesting a glutathione redox imbalance in autism [111]. In the

cerebellum and frontal cortex of individuals with autism, we have also reported increased

activities of Na+/K+- ATPase and Ca2+ /Mg2+-ATPase, the membrane-bound enzymes,

which maintain intracellular gradients of ions that are essential for signal transduction [112].

The free radicals are generated endogenously during oxidative metabolism and energy

production by mitochondria, and the electron transport chain (ETC) in mitochondria is a

prime source for ROS generation [113]. Mitochondria produce ATP by generating a proton

gradient with the help of five ETC complexes. Emerging evidence suggests increased

prevalence of mitochondrial dysfunction in autism [114]. Recently, we reported a brain

region–specific deficit in the levels of ETC complexes in children with autism [103].

Reduced levels of complexes III and V in the cerebellum, of complex I in the frontal cortex,
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and of complexes II, III, and V in the temporal cortex were observed in children with autism

as compared to age-matched control subjects [103].

Our studies of different brain regions showed that oxidative stress differentially affects

selective brain regions, i.e., cerebellum, temporal and frontal cortices, in autism [103–105,

107]. Increased oxidative stress and mitochondrial abnormalities were not observed in the

parietal and occipital cortices in autism [103–105, 107]. There is substantial evidence from

neuroimaging studies that dysfunctions in the cerebellum and possibly the temporal lobe and

association cortex result in autism symptoms [115–117]. Aberrant brain structure has been

reported particularly in the cerebellum of children with autism. Loss of Purkinje and granule

cells has been reported throughout the cerebellar hemispheres in autism [99, 118, 119].

Alterations in neuronal size, density and dendritic branching in the cerebellum and limbic

structures (hippocampus and amygdala) have also been reported in autism. In addition,

neuropathological abnormalities in autism have also been suggested in the frontal and

temporal cortices, cortical white matter, amygdala and brainstem [117–121].

The potential mechanisms of the role of oxidative stress and mitochondrial dysfunction in

the development and pathophysiology of autism are represented in Fig. 2. The oxidative

stress and intracellular redox imbalance can be induced or triggered in autism by prenatal,

perinatal or postnatal exposure to certain environmental factors, which include toxins and

toxicants, maternal drugs, viral and bacterial infections. Genetic factors can also modulate

the threshold for vulnerability to oxidative stress in autism.

In conclusion, elevated oxidative stress in the cerebellum and frontal and temporal lobes of

individuals with autism suggests that oxidative stress may be a contributing factor in the

pathophysiology and clinical development of autism. These reports support the concept that

brain oxidative stress plays an important role in autism and warrant in-depth mechanistic

studies to provide new targets for therapeutic intervention.

Involvement of GABA, Glutamate, and Reelin in pathology of autism (S.H.

Fatemi)

The glutamatergic and gamma-aminobutyric acid (GABA) systems are important foci of

pathology in the cerebella of patients with autism. Indeed, many investigations have

highlighted dysregulation of various proteins involved in this pathway; notably, GABAA

and GABAB receptors, glutamic acid decarboxylase enzymes (GAD), Reelin, mGluR5, and

FMRP [70, 122, 123–128].

GABA is an inhibitory neurotransmitter found in many brain regions including cerebellum.

GABAA receptors are responsible for mediation of fast inhibitory action of GABA in the

brain. GABAB receptors play an important role in maintaining an excitatory/inhibitory

balance in the brain. Glutamic acid decarboxylase enzymes (GAD) are responsible for

converting glutamate to GABA. It has been shown that GAD 65 and 67 proteins are reduced

in the cerebella of subjects with autism [122, 125]. Blatt and colleagues have shown

abnormalities in GAD 65 and 67 mRNAs in various cell types of autistic cerebellum,

confirming previous work by Fatemi and coworkers [122, 127]. Additionally, other studies

have reported reduced GABAA [129, 130] and GABAB [124, 130] receptor density and

system activity in the brains of autistic patients. In cerebellum, concordant reductions have

been observed in mRNA and protein levels for GABAB R1 receptor in subjects with autism

[130]. Fatemi et al. have also observed concordant reductions in both GABAA and GABAB

receptors in Brodmann Areas 40 and 9 [70, 124, 130]. Autoradiographic studies have

confirmed these results in other brain regions of autistic individuals as well. Reduced

GABAA receptor density has been observed in the anterior cingulate cortex [131]. GABAB
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receptor density has also been demonstrated to be reduced in the cingulate cortex and

fusiform gyrus [132].

Reelin is an important protein expressed in GABAergic and glutamatergic cells [133, 134].

As a serine protease of the extracellular matrix, Reelin regulates proper lamination of

neurons during embryonic development and helps in migration of neurons and maintenance

of synaptic plasticity throughout life [135–137]. Reeler heterozygous mice, which are

haploinsufficient for reelin, exhibit decreased GAD 67 [138] and reduced GABAA and

GABAB receptors in the whole brain and hippocampus, respectively [139]. Fatemi et al.

[126] was the first group to measure reductions in Reelin in post-mortem autistic

cerebellum. Several studies have demonstrated abnormal reelin expression in autism and

replicated these results; notably, polymorphisms of the RELN gene [140, 141], decreased

Reelin mRNA in superior frontal cortex and cerebellum [89], and reduced Reelin expression

in blood analyses [143].

Reelin binds to several protein receptors, including very low density lipoprotein receptor

(VLDLR), apolipoprotein E receptor 2 and α3β1 integrin [144–146]. Through these

receptors, Reelin is able to activate Disabled1 (Dab-1), an intracellular adapter protein that

facilitates signaling between Reelin-secreting cells and pyramidal cells [147]. VLDLR is

upregulated in the superior frontal cortex and cerebellum in adult patients with autism, while

Dab-1 is significantly reduced in these areas [89], suggesting impaired signaling in the

Reelin pathway.

Glutamate is the main excitatory neurotransmitter in the brain and it plays a key role during

brain development by regulating multiple processes including neurogenesis, neuronal

outgrowth, neuron survival, and synaptogenesis [148]. Glutamate is important in the

acquisition of emotional behavior [149] and N-methyl-aspartic acid (NMDA)-glutamate

receptors are responsible for long term potentiation [150], underlying learning and memory;

two processes impaired in subjects with autism. Moreover, imbalance between GABA/

glutamate can cause seizure disorders in autism. Genetic studies have found positive

associations between autism and a number of polymorphisms in glutamate receptors and

transporters including the mitochondrial aspartate-glutamate carrier (SLC25A12) [151] and

glutamate receptor, ionotropic kainate 2 (GRIK2) [152, 153]. However, to date there have

been only a limited number of studies showing altered expression of mRNA for glutamate

receptors and transporters in brain [154, 155].

Mutations involving the fragile X mental retardation protein (FMRP) lead to Fragile X

syndrome (FXS). Individuals with FXS and autism often share overlapping diagnoses [156].

FMRP, translated from the Fragile X mental retardation-1 (FMR1) gene, is an RNA-binding

protein involved in post-transcriptional regulation of target RNAs [157] and binds

approximately 4% of the mRNA expressed in the brain [158]. The absence of FMRP in

mouse knockout models has demonstrated upregulation of mGluR5 and PSD-95 translation

[159, 160]. Recent postmortem work has shown reductions in FMRP in cerebella and frontal

cortices of subjects with autism who do not carry a mutation for FXS [123, 128].

Additionally, reductions in FMRP occurred in association with elevations in mGluR5 and

decreases in GABAA β3 receptors indicating a linkage between these divergent molecular

systems and pointing to potential therapeutic targets in autism.

In conclusion, the above findings highlight the role of the GABAergic system, GAD

enzymes, Reelin, glutamate receptors/transporters, mGluR5, and FMRP in autism. While

significant reductions in GABAA and GABAB receptors have been observed in subjects

with autism, decreased GAD 65 and 67 enzymes have also been found, suggesting impaired

conversion of glutamate to GABA in these patients. Moreover, Reelin signaling is also
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impaired in autism. In addition, FMRP has been demonstrated to be significantly reduced in

the cerebellum and frontal cortex of autistic subjects, while mGluR5 is elevated in the brains

of children with autism. However, more work is needed to better evaluate the role of

glutamate receptors in autism (Figure 3).

Acetylcholine, Oxytocin, Dopamine, and Serotonin in the Cerebellum and

other Brain Regions with Implications to Autism (G. Blatt)

Oxytocin

Low concentrations of oxytocin have been measured in the cerebellum in rats [161] but high

densities of oxytocin receptors (OTR) are localized in the amygdala and are also found in

parts of the hippocampus, hypothalamus, thalamus, mesencephalon and brainstem. Research

in animal models suggest a central role of oxytocin in mediating complex social behaviors

with emphasis on action on OTRs in the amygdala to reduce fear and modulate aggression

[162]. OTR mouse knockouts show social recognition deficits that can be remediated by

oxytocin injections in the medial amygdala [163]. Experiments in prairie voles have

revealed central roles for oxytocin in modulating a variety of emotional and social behaviors

[164–166]. Deficiencies in social behaviors and OTRs in autism may in part be due to

dysregulation of GABA via reduced reelin in autism [167]. Oxytocin may also interact with

dopamine to modulate socio-affiliative behaviors and central oxytocin pathways may serve

as therapeutic targets to improve mood and social behaviors [168]. Improvements in

repetitive behaviors in adults with autism following oxytocin infusion have been

demonstrated [169] as well as positive effects on social behaviors and cognition [170].

Intranasal administration of oxytocin may reduce repetitive behaviors, and increase

performance on tasks of social recognition [171].

Acetylcholine

Key findings of 40–50% reduced nicotinic cholinergic receptor type α3, α4, and β2
measured by the high affinity agonist epibatidine in post-mortem autism cases relative to

matched controls was reported in the granule cell, Purkinje cell and molecular layers in the

cerebellum [172]. In contrast, a three-fold increase in nicotinic cholinergic receptor type α7

measured by receptor binding using α-bungarotoxin was found in the granule cell layer. A

follow up study [173] found increased α4 mRNA expression in cerebellum but subunit

protein levels and binding decreased. These authors suggested a possible relationship to

decreased numbers of Purkinje cells in the autism cases. Nicotinic agonists are thought to

enhance attentional processes, cognition and memory and thus may be useful as a

therapeutic tool. In this regard, nicotinic cholinergic receptor type α7 is located on the

surface of GABA inhibitory neurons and selective stimulation of this receptor subtype

would cause GABA release and play a role in restoring inhibitory tone [174]. On the other

hand, nicotinic cholinergic antagonists including some anti-depressants have helped

ameliorate some autistic symptoms and are being explored as novel therapeutic agents [175].

Interestingly, no changes in muscarinic M1 or M2 type receptors were found in the

cerebellum [172] but a pilot study from our laboratory [176] demonstrated a marked

decrease of cholinergic M2 type receptor density in the medial accessory olive (MAO) of

the inferior olivary complex (IO) but not in other olivary subfields in adult autism patients

relative to age-matched controls (see Figure 4). From animal studies, the MAO projects to

the anterior lobe, caudal vermis and the flocculus in cerebellar cortex and to the globose,

emboliform and fastigial deep cerebellar nuclei, most of which show pathological

abnormalities in autism [3]. In contrast, increased M2 cholinergic receptor expression in the

MAO in normal developing infants compared to fetal binding has been reported [177],

suggesting a possible role of muscarinic receptors as an early growth factor in infant

development.
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Dopamine

The cerebellum receives a dopaminergic pathway from the ventral tegmental area/substantia

nigra pars compacta [178]. Stimulation of the dentate nuclei evokes dopamine release in the

medial prefrontal cortex (mPFC). It has been recently reported that cerebellar pathology in

autism and other cognitive disorders could result from the functional loss of cerebellar-

mPFC circuitry due to abnormal dopaminergic activity in the mPFC [179]. The dentato-

thalamo-cortical neurons are thought to be glutamatergic and thus implicate glutamate as a

modulator of mPFC dopaminergic activity [179]. This was also previously shown in a

lurcher mouse model by the same team of investigators [180]. In development, the

physiological balance of dopamine D1 and D2 receptor activation is critical for GABA

neuron migration from the basal forebrain to the cerebral cortex and may contribute to

developmental disorders such as autism [181]. In a PET study, elevated dopamine

transporter levels were reported in the orbitalfrontal cortex in high functioning autism

subjects [182]. It is noteworthy that some selective serotonin reuptake inhibitors (SSRIs)

that target 5-HTT and 5-HTR may also target some dopamine receptor types. For example,

SSRIs and/or atypical antipsychotics that block both 5-HT2R and dopamine D1 and D2

receptors are especially attractive for possible clinical benefits [183].

Serotonin

Peripheral 5-HT effects in autism are well documented but central 5-HT differences are still

emerging. There is evidence that activation of the serotonergic system in the inferior olive

and cerebellum can contribute to the enhancement of harmaline-induced tremor in animals,

once thought to only be attributable to olivocerebellar release of glutamate acting on

NMDAR and AMPAR [178]. In normal post-mortem human cerebellum, there is a

relatively low concentration of 5-HT transporters (SERT) compared to other brain regions

except in the white matter and can be used as a reference region in binding studies looking at

other brain regions with higher binding densities [184]. In contrast, a high level of 5-HT5A

mRNA expression was found in the cerebellum especially localized to Purkinje cells and in

the granule cells and dentate nucleus in both hemispheres and the vermis and may contribute

to emotional, cognitive and motor functions associated with autism [185]. A significant

reduction in SERT but not the dopamine transporter (DAT) was found in medial frontal

cortex in autistic children determined by SPECT imaging [186]. In a PET imaging study,

serotonin transporter binding was reduced in the anterior and posterior cingulate cortex in

high functioning autistic subjects associated with impaired social cognition and, in the

thalamus associated with repetitive and /or obsessive behavior and interests [182]. An

increased number of 5-HT axons and terminals were reported in a variety of brain regions

via immunocytochemical labeling of 5-HT transporter in post-mortem autism subjects aged

2–29 years old bringing into question the wide use of SSRIs as therapeutic agents [187]. In

fact, Williams et al. [188] tested four SSRIs and concluded that there is no evidence of effect

in autistic children and emerging evidence of harm, and limited evidence of effectiveness in

autistic adults.

Cerebellar Dysfunctions Underlying Core Motor and Cognitive Deficits in

Autistic Disorder (MW Mosconi, JA Sweeney)

Post-mortem studies have documented reduced Purkinje cell size and number in autistic

disorder (AD) [5]. MRI studies have reported hypoplasia restricted to lobules I–V and

vermal lobules VI-VII [189]. The majority of single-gene disorders associated with AD also

are characterized by cerebellar pathology, suggesting that linking cerebellar structural

abnormalities to core neurobehavioral features in AD may provide important insights into

the etiology of these disorder(s) [190].
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Cerebellar involvement in coordinated movements has been well described [310], and recent

work indicates that the cerebellum plays an important role in non-motor functions as well

[191] (Table 2). Sensorimotor pathways have been identified throughout the cerebellum, and

preferential involvement of anterior lobules I–V and lobule VIII has been documented

(Figure 5). In contrast, cognitive operations primarily involve posterior lobules VI-VII/Crus

I–II [192]. Ascending cerebellar fibers innervate motor cortices via caudal fastigial nuclei,

interpositus nuclei, and dorsal segments of dentate nuclei [193]. Posterior “cognitive”

lobules synapse within ventrolateral units of the dentate nuclei [194]. There is thus a

considerable anatomical basis for distinguishing motor and cognitive cerebellar systems, but

the extent to which each of these systems is functionally impaired in AD remains poorly

understood.

Motor impairments in AD

AD is defined by three core symptom categories: social impairment, communication

abnormalities, and restricted and repetitive behaviors. Accumulating evidence indicates that

the majority of affected individuals demonstrate motor impairments as well. In their original

descriptions of AD, Leo Kanner [195] and Hans Asperger [196] noted awkward motility and

clumsiness. Recent studies have documented impaired vestibular control [197], and gross

and fine motor abnormalities similar to those demonstrated by patients with established

cerebellar disease [198]. Freitag et al. [198] found that gross and fine motor impairments are

associated with the severity of autistic symptoms suggesting possible common

pathophysiological mechanisms.

When performing gross motor movements during fMRI studies, individuals with AD show

reduced ipsilateral anterior cerebellar activation [199] and more diffuse activation across

lobules VI-VII [200]. Muller et al. [201] and Mostofsky et al. [199] found concomitant

increases in activation within association cortices and posterior cerebellum suggesting

compensatory involvement of neocerebellar and neocortical pathways.

Conjugate eye movements are modulated by vermal lobules VI-VII and caudal fastigial

nuclei. Findings of reduced smooth pursuit velocity [202], hypometric saccades, and

increased trial-to-trial variability of saccade amplitude [24] implicate vermal dysfunction in

AD. FMRI studies of saccades and smooth pursuit document reduced activation within the

posterior vermis, and increased involvement of association cortices and dentate nuclei in AD

[203]. Consistent with findings from manual motor testing, these results suggest that

alterations of cerebellar motor systems may contribute to compensatory recruitment of non-

motor cortical and cerebellar systems. Our recent findings that oculomotor deficits observed

in individuals with AD also are present in unaffected family members suggest that

dysfunctions within the oculomotor vermis may be familial and could serve as intermediate

phenotypes for gene discovery [204].

Cognitive deficits and associated cerebellar findings in AD

Individuals with AD show impairments in executive function, memory and language

abilities [205]. Schmahmann and Sherman [31] documented similar cognitive impairments

in patients with chronic cerebellar disease. But, the primacy of the cerebellum to cognitive

dysfunctions in AD remains unclear.

Executive control and attention—Executive dysfunctions and attention deficits are

well characterized in AD, but few studies have linked these impairments to cerebellar

abnormalities. Allen and Courchesne [200] documented reduced activation in the posterior

vermis during an attention shifting task. Townsend et al. [206] found slower shift of

attention was associated with reduced volumes of vermal lobules VI-VII.
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Memory—Some memory functions are compromised in AD, although there is evidence

that the extent to which subjects are impaired is strongly associated with the complexity of

the task [205]. Verbal and spatial working memory deficits have been consistently

documented in AD, but no known studies have reported an association with functional or

structural abnormalities within the cerebellum.

Language—Individuals with AD typically demonstrate language impairments. Reversed

structural and functional asymmetry within fronto-temporal language cortices may

contribute to these impairments [207]. Also, Hodge et al. [208] reported that the typical right

greater than left volume of lateral posterior cerebellar lobules VII-VIII/Crus I–II was

reversed in language impaired individuals with AD. Reversed asymmetry of lobule VIIIA

also was related to deficits on clinical measures of language function in AD.

In conclusion, cerebellar abnormalities are established in AD, and they may contribute to

neurobehavioral deficits. Studies of motor control consistently implicate anterior lobules I–

VI and posterior vermal lobules VI-VII in AD, and imaging studies have identified

compensatory involvement of cortico-striatal and posterior cerebellar systems. Recent data

suggests that dysfunction within posterior lobules VI-VIII may contribute to impaired higher

cognitive functions as well. Future research needs to both clarify the prevalence of altered

cerebellar function in AD and its contribution to broader neurobehavioral manifestations that

define the clinical syndrome of AD.

Precise spatiotemporal activity patterns as key to cerebellar coordination

of movements and cognitive processes (D. Heck)

In addition to a crucial cerebellar role in motor coordination, strong correlations between

cerebellar neuropathology and cognitive abnormalities in disorders like autism,

schizophrenia and other cerebellar cognitive syndromes have been well established [18, 209,

210]. Reciprocal connections between neocortical motor and non-motor association areas

and the cerebellum have also been carefully mapped out [211, 212]. Post-mortem

anatomical studies of brains from autistic individuals thus far revealed loss of Purkinje cells

in the posterior vermis and intermediate cerebellar cortex as the most consistent

neuropathology, suggesting a key role of the cerebellum in autism [213]. Beyond these

anatomical correlations, however, the neuronal mechanisms underlying cerebellar cognitive

and motor functions remain to be determined. The cerebellum’s crystalline network

architecture is highly homogeneous throughout the entire structure, suggesting that one

principle neuronal operation is performed in all parts of the cerebellum. This adds the

interesting constraint that cerebellar contributions to motor coordination and cognitive

functions are based on the same or highly similar neuronal computations. Taken one step

further, this raises the question what motor and cognitive processes have in common so that

both would benefit from cerebellar functional contributions. A possible answer to this

question arises from considerations of cognitive functions being derived from the neuronal

principles of sensory-motor control [214]. Movements, even simple ones, require precise

spatiotemporal coordination of dozens of muscles and it is believed that the cerebellum is

involved in coordinating the precise timing of muscle activities [215–217].

Rhythmic stereotypic movements controlled by central pattern generator circuits are among

the evolutionarily oldest and most important motor patterns. Pattern generators still play

major life supporting roles (breathing, swallowing, chewing, walking and running etc.) in all

vertebrate nervous systems today. Yuste and colleagues recently suggested that the wiring

diagram of the neocortical network is analogous to pattern generator circuits [218], an idea

that is consistent with the suggestion that neocortical information processing mechanisms

evolved from early neuronal mechanisms of motor control. This concept receives additional
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support from electrophysiological findings showing that the neocortex generates precisely

timed spatiotemporal spike activity patterns during various motor and non-motor cognitive

tasks [219–221]. Those patterns are comparable to muscle activity patterns in duration,

temporal precision and complexity.

Here it is proposed that the precise spatiotemporal spike activity patterns generated in motor

and non-motor areas of the conscious neocortex represent the cognitive equivalents of

muscle activity patterns responsible for generating movements. It is furthermore suggested

that the cerebellar contribution to cognition and motor control lies in the detection and

coordination of spatiotemporal cortical activity patterns representing cognitive processes or

motor commands. The same cerebellar input-output transformation involved in the temporal

coordination of motor related cortical activity would apply to cognitive cortical activity. The

nature of cerebellar input-output transformation has been suggested to involve the detection

of precisely timed activity patterns [222].

The specific arrangement of parallel fibers and Purkinje cells in the cerebellar cortex forms a

network that specifically detects precisely timed sequences of input activity and generates

precisely timed output activity in response [223–225]. Thus precisely timed spatiotemporal

cortical activity patterns, transmitted through-and potentially transformed in-the pontine

nuclei would be detected by the cerebellum and trigger specific and precisely timed

responses in cerebellar output activity which would–via the thalamus-contribute to the

coordination of neocortical network activity involved in cognitive or motor processes

(Figure 6). Molinari and colleagues also suggested that the cerebellum is crucially involved

in analyzing sequential events, albeit in the behavioral domain, i.e. at a considerably slower

time scale than the neuronal sequences discussed here [226]. It is interesting, that other

researchers, based on clinical observations alone, suggested the terms “cognitive dysmetria”

[227] or “dysmetria of thought” [31] to describe the effect of loss of cerebellar function on

cognition, implying strong similarities between motor and cognitive cerebellar function. The

hypothesis presented here offers a possible answer to the question of how the cerebellum

could contribute to motor and cognitive processes under the constraint that the same

neuronal mechanism should apply to both functions. How the specific cerebellar

neuropathology observed in the brains of autistic individuals correlates with the

characteristic set of cognitive deficits has yet to be determined. Important new clues,

however, come from recent studies reporting cerebellar control of dopamine release in the

prefrontal cortex [179, 180], a mechanism that might be triggered by spatiotemporal cortical

activity patterns, as proposed here.

Gene-environment interactions and cerebellar development in Autistic

Disorder (A.M. Persico)

The cerebellum was the first brain region shown in the late 80’s to host neuroanatomical

abnormalities in many autistic individuals [33, 228, 229]. The anomalies most frequently

reported include a smaller vermis volume, Purkinje cell numbers reduced by up to 50%,

ectopic neurons in the white matter, and patchy cytoarchitectonic ectopias in the cerebellar

cortex [32, 33, 118, 228, 229]. Other brain regions also display abnormalities generally

resulting from reduced programmed cell death and/or increased cell proliferation, altered

cell migration, and abnormal cell differentiation with reduced neuronal size and abnormal

wiring [118, 230]. These neurodevelopmental processes physiologically occurs during the

first and second trimester of pregnancy [231]. Therefore, although the onset of deficits in

social interaction and communication, stereotypies and insistence on sameness generally

occurs after a postnatal time window of apparently normal behavior, autistic disorder is

viewed by most experts as a neurodevelopmental disorder with prenatal origin or at least

with essential prenatal components.
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Several lines of evidence in autism research have spurred increasing interest in gene-

environment interactions. The incidence of autism has dramatically risen during the last two

decades from 2–5/10,000 to approximately 1–2/1,000 children [232]; in addition to broader

diagnostic criteria and greater awareness, a real increase in incidence is also likely [230,

233]. Secondly, genetics strongly contributes to the pathogenesis of AD, but many patients

reveal no obviously pathogenic mutations or copy number variants, and initial heritability

estimates as high as >90% [234] have been challenged by more recent twin studies [235].

Finally, the validity of gene-environment interaction models is also supported by known

prenatal teratological agents, such as rubella or cytomegalovirus infection, and drugs like

thalidomide, misoprostol, and valproic acid, which cause autism only in a subset of

presumably vulnerable individuals [230, 233].

Environmental factors potentially contributing to AD have been recently reviewed [233].

Here we shall briefly focus on three specific gene-environment interaction models especially

relevant to cerebellar development:

1) RELN x PON1 x prenatal exposure to organophosphate pesticides or excessive
oxidative stress

The RELN gene encodes for reelin, a stop signal protein critical to neuronal migration in the

cerebral and cerebellar cortices. Among several mechanisms, this function also relies on a

proteolytic activity exerted by reelin on extracellular matrix proteins, which is inhibited by

organophosphate (OP) pesticides [134]. The PON1 gene encodes for a calcium-dependent

enzyme frequently defined “paraoxonase”, which exerts several enzymatic activities

including the inactivation of OPs, the degradation of lipid peroxides preventing

atherosclerosis and vascular disease, the breakdown of bacterial endotoxins, and the

prevention of protein lactonation [236]. Both Reelin protein levels and PON1 enzymatic

activity (measured as “arylesterase” in these studies) are significantly reduced in AD

individuals compared to controls [89, 236–238]. At the same time, autism is associated with

RELN gene variants yielding reduced Reelin gene expression both in vitro and in vivo, and

with PON1 gene variants responsible for lower gene expression and reduced detoxification

of some OP compounds [140, 239, 240]. Hence individuals carrying genetic variants

expressing reduced amounts of Reelin and PON1 enzyme, if exposed prenatally to OPs

during critical periods in neurodevelopment, could be more likely to suffer from altered

neuronal migration resulting in AD [230]. Very recent and exciting data indeed show: (a) an

association between prenatal exposure to OPs, PON1 genotypes, and poorer neurobehavioral

development in humans [241], as well as (b) abnormal CNS lamination including

discontinuities in the cerebellar Purkinje cell layer and behavioral abnormalities in

heterozygous reeler mice (expressing 50% lower amounts of reelin compared to wild-type

mice) prenatally exposed to the OP chlorpyrifos [242]. However, the significant decrease in

serum arylesterase, but not in diazoxonase PON1 activity recorded in our AD samples points

toward excessive oxidative stress, previously documented in AD patients and boosted by

OPs, as perhaps playing a more prominent role than acetylcholinesterase inhibition [236].

2) ATP2B2 x SLC25A12 x polychlorinated biphenyls (PCBs)

Several lines of evidence, including rare mutations affecting calcium (Ca2+) conductance in

humans, indicate that excessive Ca2+ signalling plays a pivotal role in the pathophysiology

of autism [243]. Ca2+ is rapidly removed from the cytoplasm into the extracellular space by

plasma membrane calcium ATPases (PMCAs); the ATP2B2 gene encodes for PMCA2,

whose faster kinetic and broader Ca2+ affinity range makes this PMCA critical to synaptic

function and plasticity especially in the dendritic spines of Purkinje cells and in

parvalbumin-positive gabaergic interneurons [244–246]. ATP2B2 gene variants possibly

yielding reduced gene expression in post-mortem brains have recently been found associated
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with autism in males [247]. PCBs are important endocrine disruptors which, among several

other effects, perturb intracellular Ca2+ signalling by promoting Ca2+ entry and by

enhancing Ca2+ release from the endoplasmic reticulum through ryanodine receptors [248].

Hence, individuals carrying ATP2B2 gene variants possibly associated with reduced gene

expression, if prenatally exposed to PCBs, can be predicted to develop intracellular Ca2+

spikes of greater duration and/or amplitude, likely interfering with neuronal migration,

dendritic spine formation and synaptogenesis, especially in the parallel fiber-to-Purkinje cell

synapse. Excessive intracellular Ca2+ spikes can in turn modulate, among several

intracellular molecules and pathways, the aspartate/glutamate mitochondrial carrier AGC1

encoded by the SLC25A12 gene, leading to abnormal energy metabolism and enhanced

oxidative stress [249]. Also SLC25A12 gene variants have been found associated with either

liability or protection from autism [249].

3) MET and polycyclic aromatic hydrocarbons (PAHs)

the MET receptor tyrosine kinase, encoded by the MET protooncogene, exerts an important

role in the nervous, gastrointestinal and immune systems, by modulating cell proliferation

and migration, as well as neurite outgrowth and synaptogenesis. Its developmental role in

the cerebellum is especially well established both in mammals and in zebrafish, albeit with

evolutionarily determined species specificities [250]. MET mRNA and protein levels are

decreased by as much as 50% in AD brains compared to matched controls [251].

Furthermore, the C allele at rs1858830, located in the MET gene promoter, is significantly

associated with autism and decreases MET transcription both in vitro and in postmortem

brains [251, 252]. Mice prenatally exposed to the PAH benzo(a)pyrene display blunted MET

gene expression and behavioral deficits in a novelty test [253]. Therefore, individuals

carrying the MET C allele at rs1858830 and prenatally exposed to PAHs may be particularly

at risk of undergoing abnormal neurodevelopment leading to cognitive or autistic symptoms.

Furthermore, interactions with PAHs may involve loci encoding other proteins of the MET

pathway, as these show secondary changes in gene expression [252], SERPINE1 and

PLAUR gene variants are also associated with autism [254], and significant gene-gene

interactions have been shown between MET and PLAUR [254].

The three scenarios briefly outlined above exemplify the heuristic potential of investigating

gene-environment interactions in neurodevelopmental disorders. This field is especially

promising for cerebellar neuropathology, in light of the prolonged developmental time

window exposing cerebellar circuits to damage by environmental agents in genetically

susceptible individuals not only prenatally, but also postnatally [231].

Therapeutics in autism with relevance to the cerebellum (S.J. Webb, J.

Welsh, B.H. King)

Although the cerebellum has been identified as a potential region of interest for autism and

also for a variety of other neurobehavioral syndromes and symptoms that overlap with

autism, it has received very little direct attention from the standpoint of being a therapeutic

target. Indeed, to the extent that the therapeutic armamentarium is aimed in a specific way at

autism, the specificity derives from neurotransmitter systems broadly, or in some cases

receptor subtypes, such as metabotropic glutamate receptors like mGluR5 [255], that are

known or believed likely to influence the development or expression of core or related

autism symptoms. Strategies to target specific brain structures or neuroanatomical pathways

have not yet been utilized in the service of autism therapeutics.

Nevertheless, the cerebellum is central in a wide range of functions sometimes found to be

impaired in autism, including timing and coordination of movement, motor learning,
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evaluation of the match between intention and action, predictive learning, environmental

exploration, behavioral inhibition, attention, and visual orienting. In particular, the cerebellar

vermis is associated with modulation of limbic functions including emotion, sensory

reactivity, and salience detection. The cerebellar hemispheres have been linked to several

higher-order cerebral functions including language, working memory, planning and

behavioral sequencing [e.g., 192, 256]. Moreover, the cerebellum is one of the busiest

intersections in the brain--receiving signals from and sending signals back to nearly every

major neural system.

In as much as motor planning and performance deficits have been demonstrated in

association with cerebellar abnormality in some children with autism [e.g., 199], and

restricted and repetitive behaviors in others [e.g., 257], some current behavioral targets may

actually be proxies for the cerebellum. Casting a broader net, cerebellar involvement cannot

be excluded from a number of behaviors often associated with autism that are very common

pharmacological treatment targets -- including hyperactivity, aggression, irritability, and

mood symptoms [258].

Here again, symptomatic improvement may be mediated in important ways by drug effects

on the cerebellum. For example, moderate and high doses of methylphenidate modified T2

relaxation time (a measure of relative blood volume or flow) in the vermis in boys with

ADHD: for boys with ADHD who were the most hyperactive T2 relaxation time increased;

for boys with ADHD who were nonhyperactive, T2 relaxation time was lower [259].

Clarifying the relationship between vermal size, vermal blood flow, stimulant response, and

the developmental pathophysiology of attention will be important within autism as well.

Serotonergic drugs are among the most widely prescribed medications for individuals with

autism, and while not specifically studied in autism for their cerebellar effects, it is

interesting that the SSRI, fluoxetine, rescues some aspects of the consequences of neuronal

cell death in the cerebellum in the Weaver mouse via its effects on GIRK2 channels [260].

GABAergic dysfunction in the cerebellum in autism has been demonstrated repeatedly [70,

124, 261]. While benzodiazepine use in autism is relatively uncommon, owing to concerns

of behavioral disinhibition, some anticonvulsants that likely exert GABAergic effects are

used for mood stabilization [262], and there is ongoing interest in the potential role of

GABAergic treatments for catatonia in autism [263]. Additionally, the GABA B receptor

agonist, arbaclofen, has been reported to be helpful in preliminary trials for irritability and

social withdrawal in autism and is moving forward in clinical trials [264].

Drugs that are known to have more direct cerebellar effects may deserve particular

consideration in autism and related conditions based on the historical weight of evidence

implicating this structure. Thus, a pharmacological approach that has not been studied in

autism, but which may deserve consideration based upon cerebellar findings of Ji and

colleagues [112] may be calcium channel modulating agents. Ji and colleagues found brain-

region specific increases in the activities of Na(+)/K(+)-ATPase and Ca(2+)/Mg(2+)-

ATPase in autism and suggested that increased activity of these enzymes in the cerebellum

may be due to compensatory responses to increased intracellular calcium concentration.

Calcium channelopathies have been identified as a drug development target in autism [265],

and may deserve to be prioritized.

Another approach for autism therapeutics may be to address the cerebellum transynaptically.

Such an approach may be uniquely applied to the cerebellum due to the fact that all output

of the cerebellum is strongly regulated by the inferior olive (IO), a punctate brain structure

in the medulla. IO neurons project monosynaptically to Purkinje cells, the only output

neuron of the cerebellar cortex, and regulate the throughput of the mossy fiber/parallel fiber
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system. IO neurons are a compelling drug target, not simply because of their ability to

control cerebellar output, but also due to their unique complement of ionic channels and

neurotransmitter receptors. Serotonin and NMDA receptors within the IO can potently

modulate cerebellar output, either by changing HCN and Cav3.1 channel activity after 5-

HT2A receptor activation to modulate pacemaking [266, 267], or by changing spatial

patterns of electrotonic coupling after NMDA receptor activation to regulate synchronous

spiking in the cerebellum [268]. Moreover, T-type calcium channels are a powerful

mechanism by which the IO regulates cerebellar output [269]. These calcium channels are

an increasingly recognized target for investigational therapeutics, and are abundantly

expressed in the primate IO [47]. Thus, therapeutics targeted at precerebellar afferents may

present future opportunities to address cerebellar pathophysiology in children with autism.

The opportunities going forward will be to better understand the role of the cerebellum in

the expression of autism symptoms, and its role in treatment response. Although Webb et al.

[233] did not find any relation in 3 to 4 year old children between general indices of autism

symptom severity, IQ or adaptive functioning and vermal area or cerebellum volume, this

would be an early age to see children receiving pharmacotherapy. In children aged 6–14

years, cerebellar white matter abnormalities were associated with repetitive behaviors [270];

and in adults, lower fractional anisotropy in the superior cerebellar peduncles was associated

with worse parent report of social behaviors in autism [271]. Kates et al. [272] also found

that cerebellar white matter, specifically the discrepancy in volume between twins, was

associated with discrepancies in the twins’ autism symptom scores. Taken together,

cerebellar abnormalities may be a useful marker for subdividing the population with autism

with common behavioral symptom targets, and a better understanding of the role of the

cerebellum and its afferents in autism could importantly inform treatment selection and

future drug development.

Animal models of cerebellar neuropathology relevant to autism research

(P.E. Dickson*, L.A. Martin*, C.D. Blaha, G. Mittleman, D. Goldowitz;

*authors contributed equally to this paper)

Autistic disorder is a behaviorally-defined, multi-causal, developmental disorder that is

associated with various neuropathologies [273]. The most consistently reported

neuropathology is a reduction in cerebellar Purkinje cells, the sole outflow of cerebellar

cortex [6, 120]. Mounting evidence from human neuroimaging and acquired lesion studies

suggests that the cerebellum may modulate executive functions [274], likely by means of

reciprocal connections to cortical regions [26]. This raises the intriguing possibility that the

cerebellar pathology commonly observed in AD may cause the executive dysfunction that

has been proposed to contribute to, or even underlie, the core symptoms of AD by disrupting

cerebellar-cortical interactions during critical periods of development [275, 276]

There are several animal models that lend support to a role for cerebellar pathology in AD.

For example, at least 4 genes that have been linked to AD over the past decade have also

been shown to play an important role in cerebellar development: IB2 (Islet Brain 2), Pax6

(Paired box 6), En2 (Engrailed homeobox 2) and Met (Met proto-oncogene). Of these genes,

both IB2 and Pax6 are explicitly linked with syndromes that are co-morbid for AD: Phelan-

McDermid syndrome and WAGR (Wilm’s tumor, Aniridia, Genitourinary malformations,

and mental Retardation syndrome). Specific deletion of IB2 in mice results in altered

Purkinje cell morphology and disruptions in cerebellar glutamatergic transmission [277].

While Pax6 is known to contribute widely to neurodevelopment including the retina, it has

recently been shown to play a cell-intrinsic role in granule cell development [278].

Behavioral analyses of both IB2 and Pax6 animal models have also indicated a possible link
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between these genes and autistic-like behavior [277, 279]. Multiple studies have linked the

En2 and Met genes to AD [53], and animal models involving disruptions to these genes have

demonstrated their importance to normal cerebellar development [69, 250, 280]. In addition

to genetic influences, AD may also be caused by environmental factors. For example, there

is well-documented support for prenatal valproic acid exposure as a cause of AD [281].

Interestingly, rats prenatally exposed to valproic acid exhibit cerebellar neuropathology

similar to that found in AD [282].

The above animal models provide support for a role of cerebellar pathology in AD but do

not particularly address this relationship. In order to specifically explore the contribution of

cerebellar pathology to the AD phenotype, we created a mouse model with variable Purkinje

cell loss utilizing aggregation chimeras made from wildtype and Lurcher mouse embryos.

Heterozygous Lurcher mice lose 100% of their cerebellar Purkinje cells due to a gain-of-

function mutation in the δ2 glutamate receptor gene [283], while individual

wildtype↔Lurcher chimeras have between 0 and 100% of normal Purkinje cell numbers

depending on the percentage of mutant cells that colonize the cerebellum (Figure 7).

Through a series of experiments utilizing this model, we investigated the causal relationship

between developmental loss of cerebellar Purkinje cells and AD-like phenotypes with a

particular emphasis on executive dysfunction. Two principal findings resulted from these

studies. First, the developmental loss of cerebellar Purkinje cells affected performance on

some, but not all executive functions. As shown in Figure 8, mice with reduced Purkinje cell

numbers displayed impaired performance on the later stages of a non-spatial serial reversal

learning task, a measure of behavioral flexibility [284], but, surprisingly, facilitated working

memory performance on a delayed matching-to-position task [285]. No relationship was

observed between Purkinje cell number and performance on a sustained attention task [286].

Second, we found a negative relationship between Purkinje cell number and (1) repetitive

lever pressing in a progressive ratio task, (2) activity in an open field, and (3) investigatory

nose poking in a hole-board exploration task [287]. Importantly, individual chimeric mice

did not show signs of motor impairment unless they lost greater than 90% of their Purkinje

cells in which case they were excluded from the analyses [285]. Therefore, the observed

relationships between Purkinje cells and dependent measures were not due to motor deficits.

A second set of experiments in heterozygous Lurcher mice and wildtype controls used in

vivo electrochemistry to examine possible mechanisms by which efferent projections from

the cerebellum could modulate prefrontal cortex (PFC) function (Figure 9, top) [180].

Lurcher mice with a total absence of Purkinje cells showed marked attenuations in cerebellar

stimulation-evoked dopamine transmission in the medial PFC (Figure 9, bottom) which

could account for the altered performance on behavioral measures of executive function,

repetitive behaviors and restricted interests.

Collectively, the studies outlined here support a role for the cerebellum in AD and provide

clues to the mechanisms by which cerebellar pathology may contribute to the overall AD

phenotype. Many questions remain, however, including how the specific timing, location,

and degree of a cerebellar insult affect higher order cognitive functions and lead to AD

symptoms. The use of inducible and/or conditional genetically modified mice will allow

future studies to explore these questions.

Conclusions

The main points of consensus derived from various areas of discussion related to the role of

the cerebellum in autism include the following: 1) The anatomy of the cerebellum in autism

is abnormal in at least a subset of individuals; the onset of pathology is prenatal and this
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process continues post-natally, affecting many cerebellar functions; 2) AD is genetically

heterogeneous; the analysis of syndromic disorders with co-occurring AD, including FXS,

TS, JS, and Dandy-Walker malformation, points to the involvement of cerebellar genes.

Additionally, three autism-associated genes, EN2, GABRB3, and MET, have roles in

cerebellar development; 3) There is ongoing neuroinflammation in the brains of subjects

with autism, including cerebellum, from early age to later in life; 4) Oxidative stress is

present in the cerebellum of subjects with autism; 5) Abnormalities involving several

neurotransmitters, amino acids and brain proteins, including GABA, glutamate, Reelin,

acetylcholine, dopamine, serotonin, and oxytocin exist in brains of subjects with autism; 6)

The presence of motor and cognitive deficits in autism are reflective of specific cerebellar

abnormalities; 7) gene-environmental interactions can have adverse effects on developing

cerebellar circuitry as seen in autism; 8) Multiple drug treatment options, such as calcium

channel modulating agents, GABAB receptor agonists, and serotonin and NMDA receptor

modulating drugs may be of potential use in treatment of autism; 9) Multiple relevant animal

models point to the impact of the cerebellum on dopamine fluctuations in the frontal cortex,

underlying executive functions; 10) Prenatal exposure to teratologic agents, such as VPA,

have been shown to contribute to autism in subsets of vulnerable individuals as well as

contribute to cerebellar neuropathology similar to autism in animal models.

Despite many novel findings discussed in the preceding sections, multiple issues remain

undefined and require further research in order to obtain a more complete picture of

cerebellar dysfunction in autism. These items deal with: 1) Unknown mechanisms

underlying neuroinflammation in the brains of subjects with autism; 2) Unknown neuronal

mechanisms underlying cerebellar functions in cognition; 3) Lack of availability of specific

drugs suitable for treatment of core symptoms of autism; 4) Imaging studies do not allow

conclusions with respect to either total size of cerebellum or its subregions. This is

especially true since there is a lack of stereological analysis of postmortem cerebellum in

autism which can be correlated with the imaging studies (such a report now exists with

respect to neuron number and size in prefrontal cortex in children with autism; see [288); 5)

Reductions in size and number of Purkinje cells in cerebellar vermis in autism remain

unresolved due to lack of stereological reports [311]; 6) Vermal hypoplasia affecting lobules

VI and VII or other lobules requires further assessment; 7) It is unclear whether oxidative

stress is a primary cause or a secondary consequence in autism; an; 8) More definitive

behavioral tests are required to confirm the validity of animal models for autism.
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Figure 1.
Timing properties of the olivocerebellar network. a Organization of the olivocerebellar

system. Inferior olive (IO) neurons are electrotonically coupled pacemakers that exhibit

subthreshold oscillations in membrane potential and project directly to the Purkinje cells as

climbing fibers. Purkinje cells are GABAergic and project to deep cerebellar nuclei, which

in turn project to motor, autonomic, and limbic cerebral structures. A separate output

pathway returns to the IO at the site of gap junctions and releases GABA to regulate the

degree of electrotonic coupling and oscillation. b Intracellular fill showing the complex

dendritic arbor of a macaque monkey IO neuron. C. An IO neuron from the macaque

monkey shows subthreshold oscillations in membrane potential that entrain spiking and may

provide a timing signal, as has been suggested in rodents. (After Welsh et al [47]).
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Figure 2.
Potential mechanisms depicting the role of oxidative stress and mitochondrial dysfunction in

the development and pathophysiology of autism.
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Figure 3.
Reduced FMRP leads to a reduction of many GABAA receptor subunits, potentially

contributing to altered GABAergic transmission and balance of GABA/glutamate in the

brain. This effect may possibly explain the likelihood of seizure and cognitive deficits in

subjects with autism and others with neuropsychiatric disorders. When activated by

mGluR5, FMRP acts to inhibit protein synthesis. Without FMRP, protein synthesis is

increased, resulting in internalization of AMPA receptors, leading to long term depression.

In addition, increased protein synthesis may also be responsible for altered morphology of

dendrites, epileptiform activity, and impaired synaptic pruning in autism. Reprinted from

[289] with permission from Elsevier.
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Figure 4.
Left: Photomicrograph taken from 3[H]- sensitive film through the human inferior olivary

complex (IO) from a normal control adult case. Right: In this pilot study, a statistically

significant decreased density of 3[H]AFDX labeled cholinergic muscarinic Type 2 (M2)

Receptors is demonstrated in the Medial Accessory Olive (MAO). Binding parameters: 5nM

3[H]-AFDX rinsed in 10mM Tris-HCl cold buffer; 10µM atropine used as a displacer ;

Exposure time: 22 weeks. Abbrev.: DAO, dorsal accessory olive; fmol/mg, femtomoles per

milligram protein; IO, inferior olive; MAO, medial accessory olive; POd, dorsal principal

olive; POl, lateral principal olive; POv, ventral principal olive.
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Figure 5.
A representation of a posterior view of flattened human cerebellar cortex, vermis and deep

nuclei shown in the coronal plane. Areas for which there is consistent evidence of

involvement in higher cognitive functions, including executive control, memory processes,

and language, are highlighted in dark gray and black. This includes posterior lobules VI-VII/

Crus I–II which are separated from anterior lobules I–V by the primary fissure. Lighter

shaded lobules (I-V and VIII) are dedicated to skeletomotor and oculomotor control,

although it should be noted that motor control pathways have been documented throughout

the cerebellum including posterior lobules, lobule IX and the flocculus-nodulus. Posterior

vermian lobules VI-VII and their connections with caudal fastigial nuclei modulate

conjugate eye movements. More inferior vermian lobules serve as termination sites of

spinocerebellar pathways involved in proprioception and, in conjunction with the flocculus-

nodulus, they organize vestibular control. The vermis also has been implicated in affect

regulation [192]. Motor pathways synapse in caudal fastigial nuclei, interpositus nuclei, and

dorsal segments of dentate nuclei. Cognitive systems involve ventrolateral cells within

dentate nuclei. VIIAf: folium of vermis; VIIAt: tuber of vermis.
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Figure 6.
Schematic illustration of how spatiotemporal spike activity patterns in the neocortex are

selectively detected by the cerebellum resulting in precisely timed cerebellar output

responses. a Schematic drawing of several pools (P1 – PN) of neurons (drawn as circles, N1

–N7) in the neocortex connected through excitatory projections and propagating

synchronous activity from one pool to the next. Gray filled circles represent neurons

projecting to the pontine nuclei, the relay nuclei from where mossy fiber projections to the

cerebellum originate. b Firing patterns of excitatory neurons in the pontine nuclei (Mf1 –

Mfn) with axons projecting as mossy fibers to the cerebellum. The spatiotemporal activity

patterns in the neocortex drive either unaltered or transformed spatiotemporal activity

patterns in the pontine nuclei neurons. c Cerebellar granule cells receiving mossy fiber input

generate action potentials that travel along the slow conducting parallelfibers (conductance

velocity Vpf ≈ 0.5 m/s). If the combination of time delay and spatial separation in the mossy

fiber inputs match the conductance velocity of the parallel fibers (e.g. Vpf = d1/Δt1)

sequential mossy fiber activity will be synchronized by the delays introduced by parallel

fibers and result in synchronized inputs to Purkinje cells (PC), triggering precisely timed

Purkinje cell output to deep cerebellar nuclei (DCN) and eventually to the neocortex via the

cerebellar-thalamo-cortical pathways.
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Figure 7.
Photomicrographs of cerebellar sections from Lurcher (Lc/+), wildtype (+/+), and Lc/+↔+/

+ chimeras taken at both low (top row) and high (bottom row) magnification demonstrating

the loss of Purkinje cells in Lc/+ and chimeric mice compared to a control sample. Purkinje

cells were stained immunocytochemically with the anti-Calbindin antibody (Chemicon) and

appear dark brown in a single monolayer above the blue-stained cerebellar granule cells

(cresyl violet counterstain). a Section from a +/+ control cerebellum with normal Purkinje

cell number and cerebellar size. b Section from the cerebellum of a high-percentage +/+

chimera with a relatively minor loss of Purkinje cells. c Section from the cerebellum of a

low-percentage +/+ chimera showing a relatively major loss of Purkinje cells. d Section

from a Lc/+ cerebellum demonstrating the complete loss of Purkinje cells and extreme

decrease in cerebellar size. Scale bar = 500 µm a–d, 120 µm a'–d'. Copyright © 2006 by the

American Psychological Association. Reproduced with permission from [290]. The use of

APA information does not imply endorsement by APA.
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Figure 8.
In a series of experiments using chimeric mice with varying numbers of Purkinje cells we

tested the relationship between Purkinje cell number and behaviors relevant to the autism

phenotype. Scatterplots depicting significant relationships between Purkinje cell number and

(a) ambulatory events in an open field, (b) breakpoint in a progressive ratio task, (c) learning

errors during the third reversal of a conditional visual discrimination, and (d) percent correct

on a delayed matching-to-position task (24 sec delay). The best fit regression line is shown

in each graph. Mice used in these analyses did not have motor deficits. Collectively these

results indicate that low percentage chimeric mice are hyperactive (a), show higher levels of

repetitive behavior (b), and have larger deficits in executive function (c) than high

percentage chimeric mice. Reduced numbers of Purkinje cells were also surprisingly related

to enhanced short term memory (d), which may be analogous to the savant skills shown by

some patients with autism. a and b are reprinted from [287] with permission from John

Wiley & Sons, Inc. c is reprinted from [284] with permission from Elsevier. d is reprinted

from [285] with permission from John Wiley and Sons, Inc.
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Figure 9.
(Top) Neuronal circuitry underlying cerebellar modulation of PFC dopamine

neurotransmission. Cerebellar modulation of dopamine release in the PFC may occur via

polysynaptic inputs from cerebellar nuclei to dopamine-containing cells in the ventral

tegmental area or via a monosynaptic input to thalamic projections making close appositions

with dopamine terminals synapsing onto PFC pyramidal cells. Glutamatergic pathways are

shown as red lines and the dopaminergic pathway as a green line. Dashed lines represent

PFC feedback to cerebellum via the pontine nuclei. Nuclei abbreviations are shown in the

ovals. To develop an animal model of autism, we used electrochemical methods to

determine how and by what neural circuits cerebellar activity modulates PFC dopamine
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release and electrophysiological techniques to determine the impact of this modulation on

PFC cellular activity in Lurcher mice with a complete loss of Purkinje cells and wildtype

controls. (Bottom) Electrical stimulation of the cerebellar cortex evokes a long lasting

increase in dopamine release in the PFC of wildtype mice; an effect that is absent in Lurcher

mice with 100% loss in Purkinje cells. Dopamine release in the PFC evoked by 25 pulses

(black bar) of stimulation (200 µA) at 50 Hz of the (a) cerebellar cortex and (b) contralateral

ventromedial portion of the dentate nucleus in urethane anesthetized wildtype mice (blue

lines) and Lurcher mice (red lines) bearing a 100% deficit in Purkinje cell numbers.

Serotonin and norepinephrine reuptake blockade fails to alter cerebellar cortex evoked

dopamine release in the PFC. Compared to the pre-drug control response (c, green line),

selective blockade of dopamine reuptake in wildtype mice with nomifensine (20 mg/kg i.p.)

significantly enhanced PFC dopamine release evoked by 100 pulses (black bar) of

stimulation (200 µA) at 50 Hz (d, red line), whereas blockade of serotonin and

norepinephrine reuptake with a combined fluoxetine and desipramine injection (20 mg/kg

i.p. each), respectively, failed to alter the evoked response (d, blue line). In (a to d) the blue,

red, and green center lines and outer black lines are the mean+SEM, respectively (n=6 for

wildtype and Lurcher mice). Reprinted from [180] with permission from John Wiley &

Sons, Inc
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Table 1

Emerging autism genes and available evidence for cerebellar pathology

GENE SYMBOL GENE NAME GENE FUNCTION Cerebellar
Pathologyb

Selected Human References Selected Mouse References

Mendelian Disorders (Syndrome)

AHI1 (Joubert syndrome) Abelson helper integration site
1

Encodes Jouberin,
which interacts β-
catenin in cilia to
facilitate nuclear
translocation

+ [64, 291] [292]

CACNA1C (Timothy syndrome) voltage-gated L-type calcium
channel alpha 1C subunit

Encodes the alpha-1
subunit of a voltage-
dependent calcium
channel, which
mediates calcium
ion entry into
excitable cells

DHCR7 (Smith- Lemli-Opitz
syndrome)

7-dehydrocholesterol reductase Encodes the final
enzyme in the
cholesterol
biosynthetic
pathway

+ [293]

FMR1 (Fragile X syndrome) fragile X mental retardation 1 Encodes Fragile X
mental retardation
protein, an RNA-
binding protein that
trafficks target
mRNAs from the
nucleus to the
cytoplasm

+ [59] [294]

MECP2 (Rett syndrome) methyl CpG binding protein 2 Encodes MeCP2,
which binds
methylated DNA to
recruit repressor
complexes for gene
repression; may also
activate some genes

+ [295] [296]

NF1 (Neurofibromatosis 1) neurofibromin isoform 1 Encodes
neurofibromin, a
GTP-ase activator
and negative
regulator of the RAS
signaling pathway

+ [297] [298]

PTEN (Cowden disease) phosphatase and tensin
homolog

Encodes a protein
tyrosine
phosphatase, which
negatively regulates
the PI3K–AKT–
mTOR pathway

+ [299] [300]

TSC1,2 (Tuberous Sclerosis
types I and II)

tuberous sclerosis 1 and 2 Encodes a complex,
which negatively
regulates the mTOR
pathway

+ [60] [301]

UBE3A (Angelman syndrome) ubiquitin protein ligase E3A Encodes a
ubiquitination
ligase, which targets
protein degradation
system

[302] [303]

Rare Mutations (Structural Variations)

GABRB3 (15q11–13 duplication) GABAA receptor beta 3 Encodes one of 18
subunits for a
multisubunit
chloride channel

+ [70] [71]
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GENE SYMBOL GENE NAME GENE FUNCTION Cerebellar
Pathologyb

Selected Human References Selected Mouse References

which forms the
GABAA receptor

SHANK3 (22q13 deletion) SH3 and multiple ankyrin
repeat domains 3

Encodes a
multidomain
scaffold protein of
the postsynaptic
density that connects
neurotransmitter
receptors, ion
channels, and other
proteins to the actin
cytoskeleton and G-
protein coupled
signaling pathways.

+ [61, 62] SHANK3 – Not
determined

Shank3 – Not determined

SEZ6L2 (16p11.2 deletion) seizure related 6 homolog Encodes a
multidomain
transmembrain
protein, homologous
to SRPX2 in which
mutations cause
epilepsy and
language disorders

NLGN3 neuroligin 3 Encodes a member
of the neuroligin
family of neuronal
surfact proteins,
which are ligands
for beta- neurexins
and may be involved
in synapse formation
and remodeling

NLGN4X neuroligin 4, X-linked Encodes a member
of the neuroligin
family of neuronal
surfact proteins,
which are ligands
for beta- neurexins
and may be involved
in synapse formation
and remodeling

NRXN1 neurexin 1 Encodes a member
of the neurexin
family of cell
adhesion molecules
and receptors
located on the
neuronal cell
surface; may be
involved in cell
recognition and
adhesion by forming
intracellular
junctions through
neuroligin binding

+ [304]

Association Studiesa

AVPR1Aa arginine vasopressin receptor
1A

Encodes a G-protein
coupled receptor for
arginine
vasopression, which
activate a
phosphatidyl-
inositol-calcium
second messenger
system; involved in
social behaviors
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GENE SYMBOL GENE NAME GENE FUNCTION Cerebellar
Pathologyb

Selected Human References Selected Mouse References

CNTNAP2 contactin associated protein-
like 2

Encodes Caspr2, a
neurexin family
member;
homozygous
mutations cause
cortical dysplasia-
focal epilepsy
syndrome

+ [305]

DISC1 disrupted in schizophrenia 1 Encodes a large
transmembrane
protein involved in
neurite outgrowth
and cortical
development

EN2a engrailed 2 Encodes a
Homeobox protein
critical for hindbrain
patterning

+ [68]

GRIK2 ionotropic glutamate receptor,
kainate 2

Encodes a
postsynaptic
glutamatereceptor
subunit;
homozygous
mutationscause a
mental retardation
syndrome

+ [306]

ITGB3a integrin beta-3 precursor Encodes a cell-
surface protein
composed of an
alpha and beta chain
to mediate cell
adhesion and cell-
surface mediated
signaling of platelets

METa met proto-oncogene Encodes a receptor
tyrosine kinase
involved in cell
proliferation,
morphogenesis and
survival; influences
synapse
development

+ [69]

OXTR* oxytocin receptor Encodes a G-protein
coupled receptor for
oxytocin; involved
in social behaviors

RELN reelin Encodes a large
secreted
extracellular matrix
protein involved in
cell-cell interactions
required for proper
cell positioning and
neuronal migration
in brain
development

+ [142, 307] [308]

SLC25A12 calcium-binding mitochondrial
carrier protein

Encodes a calcium-
binding
mitochondrial
carrier protein,
which is involved in
exchanging aspartate
for glutamate across
the inner
mitochondrial
membrane

[309]
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GENE SYMBOL GENE NAME GENE FUNCTION Cerebellar
Pathologyb

Selected Human References Selected Mouse References

SLC6A4 serotonin transporter Encodes the
serotonin
transporter, an
integral membrane
protein that
transports serotonin
from the synaptic
cleft into
presynaptic neurons

a
Five or more positive association studies (https://sfari.org/sfari-gene, accessed 27 May 2011)

b
Presence of cerebellar effects in humans and/or mice: (blank) if no information available
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Table 2

Motor and cognitive systems implicated by cerebellar structural abnormalities in autistic disorder

Functions affected in AD Cerebellar
lobule

Lateralization in cerebellum Cerebellar
dysfunction
in AD?

Motor

Skeletomotor Vestibular, gross and fine motor
control

I-V,VIII Ipsi dominant Y

Oculomotor Saccade amplitude; pursuit gain Vermis VI-VII Contra dominant (saccades)
Ipsi dominant (smooth pursuit)

Y

Cognitive

EF/Attention Response inhibition, planning, set
shifting

VI, VIIB;
Crus I

Left dominant for spatial attention N

Memory Working memory, procedural
memory

VI, VIIB,
VIIIA; Crus I

None N

Language Phonological processing, articulation,
fluency, auditory comprehension

VI-VII; Crus
I/II

Right dominant (for righthanders) Y

EF executive function, attn attention; Ipsi ipsilateral, Contra contralateral, Y yes, N no
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