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Motor Circuit Abnormalities During 
Cerebellar Development

Elizabeth P. Lackey and Roy V. Sillitoe

Abstract  The cerebellum controls ongoing motor function and motor learning. 
Therefore, damage to its circuits causes a number of movement disorders such as 
ataxia, dystonia, and tremor. Cerebellar connectivity in both normal and abnormal 
states has been intensely studied. As a result, its anatomy, circuitry, and neuronal 
firing properties are among the best understood in the brain. This knowledge has 
directly facilitated efforts to uncover the mechanisms that cause motor dysfunction. 
Here, we discuss several mouse models of cerebellar disease. We focus on how 
cerebellar development depends on genes and neural activity to assemble circuits 
for behavior.

Keywords  Cerebellum • Circuitry • Ataxia • Purkinje cell • Cerebellar nuclei  
• Inferior olive

�Introduction

The cerebellum is best known for its crucial role in controlling smooth, purposeful 
movements. Cerebellar circuits receive motor planning information from the cere-
bral cortex about the goals and commands of movement in addition to feedback 
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information from the brain stem and spinal cord about the sensory consequences of 
movement execution. This activity within the cerebellum can be modified through 
multiple cellular and molecular mechanisms of synaptic plasticity. The resultant 
output of cerebellar activity influences connected motor systems in the cerebral 
cortex, brain stem, and spinal cord to allow for calibration of motor programs that 
can be initiated and executed without immediate sensory feedback. There are cur-
rently two general models for how the cerebellum controls motor behavior during 
both ongoing movement (motor coordination) and repetitions of the same move-
ment (motor learning). One model is that cerebellar computations evaluate the accu-
racy of actions by comparing predicted outcomes of intended movements to the 
outcomes of actual movements and then reduce error by providing signals for adap-
tive corrections [1]. The other model is that the cerebellum participates in the timing 
of movement rather than error correction [2]. It is also possible that the cerebellum 
performs both functions. In either case, it is not surprising that physical, pharmaco-
logical, and genetic insults to the cerebellar circuit result in movement disorders, 
and descriptions of motor symptoms after cerebellar damage date back to Flourens 
[3], Babinski [4–6], Holmes [7], and other pioneers in the field [8]. Cerebellar 
insults typically disrupt the coordination and accuracy of movement, conditions 
cumulatively referred to as “ataxia” (Greek, loss of order). Numerous distinct motor 
symptoms can arise from cerebellar damage, including the inability to judge dis-
tance or scale during target-oriented movements (“dysmetria,” Greek, abnormal 
measure), oscillatory shaking of muscles during movement (tremor), diminished 
reflexive resistance to passive limb displacements (“hypotonia,” Greek, low tone), 
and impaired production of speech (“dysarthria,” Greek, abnormal articulation). 
Symptoms arise from the loss or disruption of normal cerebellar functions, and the 
ultimate motor behavioral consequences may also be due to movement control in a 
pathological state. Here, we discuss the mechanisms for different manifestations of 
cerebellar disease from the perspective of insights gained from mouse models, as 
they are currently one of the most common tools used in the study of cerebellar 
disorders. In order to understand the behavioral consequences of the diseased cere-
bellar circuit, we will consider cerebellar structure and development in the context 
of the functional motor system in vivo.

�Structure of the Cerebellum

The cerebellum is interconnected with the rest of the brain by three pairs of large 
fiber tracts on its ventral surface, the cerebellar peduncles, and located dorsal to the 
pons and medulla (see chapter “The Embryology and Anatomy of the Cerebellum”). 
Though it is a predominantly continuous structure, there are three gross anatomical 
divisions of the cerebellum: a “wormlike” region along the midline called the ver-
mis (Latin, worm), lateral regions that are relatively enlarged in humans called the 
hemispheres, and an intermediate region called the paravermis. The cerebellum 
comprises a three-layered cortex surrounding an inner core of white matter and 
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three pairs of cerebellar nuclei. The sheet of cortex folds as cells proliferate during 
cerebellar development into folia and fissures along the anteroposterior axis, which 
form a series of lobules that are evolutionarily conserved and reproducible in mam-
mals and birds [9]. Based on the work of Olof Larsell, Roman numerals are used to 
identify lobules in the vermis (I – X), whereas the hemispheres comprise CrusI, 
CrusII, lobulus simplex (LS), paramedian lobules (Pml), copula pyramids (Cop), 
the flocculus (Fl), and the paraflocculus (Pfl). Though lobule form is distinct across 
the anatomical divisions of the cerebellum, they contain the same repeated circuit 
and all the major cerebellar cell types [10–12] (Fig. 1), with the Purkinje cell at the 
center of each circuit. Purkinje cell somata form a monolayer, the Purkinje cell 
layer, across the cerebellar cortex and extend elaborate dendritic arbors into the 
outermost of the three layers, the molecular layer. Climbing fibers, one of the two 
major afferent pathways to the cerebellum, originate in the inferior olivary nucleus 
of the medulla and form excitatory synapses on the smooth shafts of Purkinje cell 
dendrites in the molecular layer. Mossy fibers, the second major afferent pathway to 
the cerebellum, terminate on granule cells within the third and innermost layer of 
cerebellar cortex, the granule cell layer, and originate from over two-dozen brain-
stem and spinal cord nuclei [14]. These nuclei include the basilar pontine nuclei 
relaying input from the cerebral cortex, dorsal nucleus of Clarke, vestibular nuclei, 
cuneate nuclei, and lateral reticular nuclei. Mossy fibers communicate with Purkinje 
cells indirectly through granule cell axons, known as parallel fibers, which ascend 

Fig. 1  Architecture of the cerebellar circuit. (a) Mouse brain shown from a lateral view with the 
cerebellum highlighted in color. (b) The basic cerebellar circuit comprises Purkinje cells, granule 
cells, stellate and basket cell interneurons, and the cerebellar nuclei. Afferent information is deliv-
ered to the cerebellum as climbing fibers or mossy fibers. Note that the Purkinje cell is the sole 
output of cerebellar cortex and the cerebellar nuclei deliver efferent information of the circuit. The 
+ and – signs indicate whether each synapse is excitatory or inhibitory, respectively. For simplicity 
we have not shown Golgi cells, unipolar brush cells, Lugaro cells, or candelabrum cells. The dif-
ferent types of glia were also omitted. (Modified with permission from Reeber et al. [13])
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the granule cell and Purkinje cell layers and bifurcate to form excitatory synapses 
on the spines of Purkinje cell dendrites in the molecular layer. Numerous interneu-
rons are present that influence the activity of local circuits, such as stellate and 
basket cells in the molecular layer and Golgi and unipolar brush cells in the granule 
cell layer. Neuromodulatory afferents also terminate in all three layers of the cere-
bellar cortex and within the cerebellar nuclei to influence local activity [15, 16]. 
Purkinje cell axons are the sole output of the  cerebellar cortex and integrate all 
cerebellar inputs before projecting to the core of the cerebellum to form inhibitory 
synapses on their target cerebellar nuclei neurons. The cerebellar nuclei are the final 
efferent pathway to the rest of the brain and spinal cord; however, a small minority 
of Purkinje cells project directly to vestibular nuclei [17]. Despite this relatively 
simple and repeated cytoarchitecture (Fig.  1), a more complex circuit map is 
revealed by molecular, anatomical, and physiological approaches and by symptoms 
of disease. Subsets of Purkinje cells are divided into a series of reproducible para-
sagittal stripes, “zones,” (Fig.  2) that run along the anteroposterior axis and are 
defined by gene expression patterns [12]. The classical and most thoroughly studied 
molecular marker of zones is known as zebrinII, which is an antigen on the meta-
bolic enzyme aldolase C [18]. The topographical map of zebrinII expression in mice 
has been detailed extensively [19–21]. However, zebrinII is conserved, and its gen-
eral pattern of expression is identical across different taxa [22–28]. ZebrinII-
expressing Purkinje cells alternate with zones that do not express the antigen. 
Together, the two subsets form a striking array of zebrinII-positive and zebrinII-
negative stripes that are symmetrically distributed across the midline. More than 40 
molecular markers of zones have been identified [29] including excitatory amino 
acid transporter 4 (EAAT4), phospholipase C beta 3 (PLCβ3), and gamma-
aminobutyric acid type B receptor subunit 2 (GABAβR2), which are expressed in 
zebrinII-positive zones, and phospholipase C beta 4 (PLCβ4), metabotropic gluta-
mate receptor 1 splice variant 1b (mGlurR1b), and neuroplastin, which are expressed 
in the complementary zebrinII-negative zones. Bands of zones do not run 

Fig. 2  ZebrinII zones in the mouse cerebellum. (a, b) Wholemount immunohistochemical stain-
ing of the mouse cerebellum with zebrinII reveals the intricate patterning of the cerebellar cortex 
into parasagittal zones. Roman numerals identify the lobules of the vermis. Pfl paraflocculus, Fl 
flocculus, LS lobulus simplex, Pml paramedian lobule, Cop copula pyramidis. Scale bar = 2 mm. 
(Modified with permission from Reeber et al. [13])
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uninterrupted from anterior lobules to posterior lobules, and a unique pattern of 
zones is observed in four domains of the vermis: anterior = lobules I – V, central = 
lobules VI – VII, posterior = lobules VIII and dorsal IX, and nodular = lobules ven-
tral IX and X [30] (Fig. 2). These domains are also innervated by functionally dis-
tinct mossy fiber afferents; for example, the spinocerebellar tract projects to the 
anterior and posterior domains, the pontocerebellar tract projects to the central and 
posterior domains, and the vestibulocerebellar tract projects to the nodular domain 
[12, 31]. These domains are not equivalent to the traditional functional compart-
ments known as the spinocerebellum (regulation of muscles, tendons, and joints), 
cerebrocerebellum (planning and initiation of movement), and vestibulocerebellum 
(body equilibrium and oculomotor function). However, there is clearly some over-
lap in the functional attributes of each. These divisions are also reflected by the 
phenotypes of cerebellar disease in naturally occurring mutant mice, which often 
display differential structural defects along the anteroposterior axis [30]. 
Furthermore, the axon termination patterns of mossy and climbing fiber afferents 
within each of these domains exhibit parasagittal zones that have a reproducible 
anatomical relationship with the zones of their target Purkinje cells [32, 33] or the 
narrower functional microzones [34]. Climbing fibers originating from a specific 
subnucleus of the inferior olive typically terminate in one or two of these longitudi-
nal zones [35, 36], and mossy fibers from specific sources branch to terminate in 
multiple longitudinal zones [37–40]. Zones are also distinct in their topographically 
defined Purkinje cell output to specific subnuclei of their three target cerebellar 
nuclei, fastigial (medial), interposed (middle; = globose and emboliform in pri-
mates), and dentate (lateral), each of which, too, has a unique efferent pathway to 
the rest of the brain and spinal cord [31, 41, 42], including projections back to the 
inferior olive to form a patterned cortico-nucleo-olivary tripartite loop [43, 44]. 
Together, units of topographically organized cerebellar afferents, their target 
Purkinje cell zones, and Purkinje cell efferent projections to the cerebellar nuclei 
compose cerebellar “modules,” the basic functional circuit of the cerebellum [45]. 
Retrograde transsynaptic tracing shows that individual muscle groups are linked to 
specific Purkinje cell zones [46]. Functional mapping of the cerebellar circuit using 
imaging and electrophysiology also exhibits topography consistent with the zonal 
plan [47–50]. Within each zone, receptive fields mapped by recording responses to 
tactile stimuli reveal a “fractured somatotopy” of spinocerebellar mossy fibers with 
multiple sensory representations of body parts in mosaic patches [47, 51, 52]. Due 
to the relatively uniform cytoarchitecture of the cerebellum, it has been thought that 
these topographical differences in function are caused by differences in afferent and 
efferent connectivity; however, recent evidence suggests that this is also due to other 
regional variations such as Purkinje cell morphology, Purkinje cell packing density, 
granule cell packing density, neuronal soma size, the position of mossy fiber and 
climbing fiber synapses within their target layers, distribution of interneurons, 
intrinsic Purkinje cell firing properties, and synaptic plasticity [53]. Distinct compu-
tational processes within and between zones can potentially arise from variations in 
the cytoarchitecture and physiology of local circuits in these functional compart-
ments. This exquisite organization of connections and the precise circuitry they 
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form require carefully executed developmental programs for proper function and 
behavior [54]. During this complex coordination, there are many opportunities for 
insults to cause disorders with devastating consequences for motor and perhaps 
even non-motor behavior.

�Development of the Cerebellar Circuit

Due to the cerebellum’s well-understood circuitry and roles in developmental and 
adult-onset diseases, it is an important model for understanding normal and abnor-
mal brain circuit map formation [54]. Positional cues must be present to set up the 
patterns of specific lobules on the anteroposterior axis and zones on the mediolateral 
axis. Studies resolving how genes establish the coordinates of this functional frame-
work have increased our understanding of the impact of complex neurological dis-
eases [12]. The embryonic cerebellum is initially smooth without external 
morphological landmarks, but fissures that distinguish five cardinal lobes in the 
vermis begin to form by late embryonic development, embryonic day 17 (E17) in 
mice. Purkinje cells are derived from the ventricular zone of dorsal rhombomere 1 
from E10 to E13 and migrate along radial glia into symmetrical clusters by ~E14. 
The granule cells are derived between ~E12 and E17 from a germinal zone called 
the rhombic lip, which produces a specialized transient progenitor layer on the sur-
face of the cerebellum called the external granule cell layer by E16.5 [54]. Cerebellar 
granule cells are the most numerous cell type in the adult brain. They undergo 
extensive proliferation and are the main driving force for cerebellar growth and 
lobule patterning. During postnatal development, the five cardinal lobes expand and 
fold as they subdivide into the conserved stereotyped lobules, and this process (foli-
ation) is complete by postnatal day 14 (P14) in mice. Genetic cues allowing for the 
precision and reproducibility of foliation between animals are not fully understood 
but may involve the “anchoring” of Purkinje cells to the future base of lobules by 
their projections to the cerebellar nuclei and the proliferation of granule cell precur-
sors mechanically forcing lobule outgrowth [55] under the control of Purkinje cell-
derived sonic hedgehog (Shh) signals [56, 57] and the function of Engrailed 
homeobox genes (En1/2) [58, 59]. The molecular heterogeneity of Purkinje cells 
may provide a scaffold that guides the patterns of neural circuit formation in the 
developing cerebellum, which is consistent with evidence that Purkinje cell subsets 
differentially express intrinsic molecular markers as early as E14 [60–62], including 
cell adhesion and guidance molecules [63, 64]. Purkinje cells are critical not only 
for shaping morphogenesis but also for guiding topographical map formation. 
Purkinje cells of similar birthdates may determine the adult patterns of Purkinje cell 
gene expression and restrict the boundaries of zones as the map forms. This is 
accomplished during embryogenesis when Purkinje cell subsets migrate and cluster 
into similar coordinate positions [65]. Afferents arrive in the cerebellum spanning 
mid-embryonic and postnatal development [66] in positions that later correspond to 
specific lobules, and Purkinje cell cues are thought to provide the scaffold that 
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guides afferents into longitudinal zones following the initial patterning of Purkinje 
cell clusters [54]. Retrograde tracing in fixed embryonic rat tissue shows that mossy 
fibers from the vestibular ganglion arrive in the cerebellum by E13, and those from 
the vestibular nuclei and spinal cord arrive at E15 [66]. Climbing fibers arrive at 
~E17, followed by mossy fibers from the lateral reticular nucleus and pontine nuclei 
at P0 [66]. In mice, spinocerebellar and vestibular mossy fibers arrive at E13/14 
[67], climbing fibers arrive at E14/15 [68], and the remaining mossy fibers arrive 
during late embryonic and postnatal development [54]. Climbing fiber afferents 
exhibit rudimentary parasagittal stripes by E15/16 in mice [68], soon after Purkinje 
cell clusters initially express transient parasagittal molecular markers such as En1/2 
[61]. Climbing fiber termination patterns and Purkinje cell zones correspond topo-
graphically by E17 [69]. Though mossy fibers synapse on granule cells in the adult 
cerebellum, they form transient contacts with Purkinje cells during embryonic 
development that may be critical for the segregation of spinocerebellar afferents 
into parasagittal zones [32, 70–73]. Unlike climbing fibers, mossy fibers do not 
exhibit clear-cut zones until after birth [74]. Purkinje cells are innervated by five to 
six climbing fibers by P3, and during early postnatal development one of these con-
nections is selectively strengthened while the other synapses are eliminated; by P17 
each Purkinje cell is innervated by a single climbing fiber, and each climbing fiber 
may contact up to ten Purkinje cells [75]. Cerebellar postnatal development also 
involves changes in the firing properties of both Purkinje cell simple spikes, which 
are intrinsically generated and modulated by mossy fiber to granule cell inputs via 
granule cell parallel fiber projections, and Purkinje cell complex spikes, which are 
generated by climbing fiber afferents [76] (Fig. 3). Both frequency and regularity of 
Purkinje cell spikes are dynamic as climbing and parallel fiber synapses mature and 
intrinsic Purkinje cell gene expression changes during development [76]. Neural 
activity, mediated by spontaneous activity and sensory experience, likely intersects 
with genetic programs to properly assemble the cerebellum and its circuits [77]. 
Genetic mouse models demonstrate that if genes regulating organization of the cir-
cuit are disrupted, there are severe impacts on map formation and motor function 
although external morphological defects typically associated with cerebellar dis-
ease may be subtle. For example, En1/2 genes are critical for establishing the orga-
nization of the cerebellar circuit, and En1/2 mutants exhibit altered formation of 
lobules and parasagittal Purkinje cell gene expression [59, 78–81]. Furthermore, 
adult patterns of mossy fiber afferents in distinct lobules and parasagittal zones are 
sensitive to En1/2 deletions [72]. Spontaneous mutant mouse models of ataxia iden-
tified by their motor phenotypes also demonstrate an active role for Purkinje cells in 
setting up the topography of cerebellar afferents and the importance of the cerebel-
lar circuit map for motor control. Mossy fiber termination patterns are altered in the 
staggerer mutant mouse with intrinsically affected Purkinje cells [70]. The dreher 
mutation causes cell fate changes of cerebellar progenitors, and anteroposterior and 
parasagittal patterns are distorted but present despite external morphological pheno-
types [82]. The cerebellar deficient folia (cdf) mutation causes a selective failure of 
a zebrinII-positive Purkinje cell cluster to disperse, and adult mutants have abnor-
mal parasagittal zone widths in the anterior vermis [83]. Scrambler mutant mice are 
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able to maintain Purkinje cell zones and topographical circuits despite the abnormal 
placement of 95 % of Purkinje cells due to severe ectopia [84]. The reeler mutation 
causes the cerebellum to contain a “single lobule” composed of hypogranular cortex 
and a central mass of Purkinje cell clusters mixed with cerebellar nuclei, but the 
spinocerebellar and vestibulocerebellar afferents of reeler mice are able to maintain 

Fig. 3  Purkinje cells fire simple spikes and complex spikes. (a) Purkinje cell labeled using the 
classical Golgi-Cox staining method, demonstrating the elaborate morphology and dendritic 
branching of the Purkinje cell. (b) Extracellular single-unit recording from a Purkinje cell of an 
adult mouse in vivo. Purkinje cells fire two types of action potentials: high-frequency simple 
spikes that are driven by intrinsic activity and modulated by mossy fiber-granule cell inputs and 
low-frequency complex spikes that are triggered by climbing fiber input (astericks). (c) Higher 
power image of the Purkinje cell recording shown in panel (b) with individual spike waveforms 
visible. (Modified with permission from Reeber et al. [13])
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targeting to specific regions despite the lack of external morphological landmarks 
[85, 86]. These mouse models of motor dysfunction, which have cerebellar abnor-
malities due to structural and circuit defects, have been invaluable for furthering our 
understanding of how circuit maps are generated. Moreover, the use of spontaneous 
and engineered (knockout and conditional) mice has helped shed light on the mech-
anisms of complex cerebellar diseases.

�The Role of Cerebellar Development in Ataxia, a Classical 
Cerebellar Movement Disorder

As the genes and specific mutations causing human disorders continue to be identi-
fied, genetic mouse models of individual diseases have shed light on how the cere-
bellum is affected at the levels of pathology, physiology, and circuit patterning to 
cause symptoms with which patients present in the clinic. Ataxia is the most com-
mon symptom of cerebellar disease and a common phenotype of the aforemen-
tioned mutant mice. Upon neurological examination, patients with ataxia usually 
exhibit uncoordinated limbs, impaired balance, gait disturbance, and diminished 
fine motor control [87]. Cerebellar ataxia is the most common form of ataxia, and 
there currently are over 60 identified forms of inherited cerebellar ataxia [13, 88]. 
Although ataxia and other cerebellar motor deficits are typically discussed in rela-
tion to specific genetic mutations, defects in cerebellar circuitry can also be sporadic 
or acquired as a result of stroke, tumors, multiple sclerosis, alcoholism, peripheral 
neuropathy, metabolic disorders, and vitamin deficiencies [89]. The following 
genetic cerebellar manipulations demonstrate the diversity of paths that can lead to 
ataxia and related motor deficits. We focus on Purkinje cells due to their crucial role 
during cerebellar development and their central function in the adult circuit.

�SCA1 (Spinocerebellar Ataxia Type 1)

Spinocerebellar ataxia type 1 (SCA1) is a dominantly inherited form of ataxia. 
SCA1 causes progressive loss of motor coordination, impaired balance, and gait 
disturbance. Other symptoms typically include dysarthria, dysmetria, difficulty 
swallowing, muscle atrophy, kyphosis, nystagmus, spasticity, and cognitive impair-
ments [90]. SCA1 belongs to a family of neurodegenerative conditions that are 
caused by abnormal CAG repeat expansions that encode polyglutamine tracts. The 
mutated gene responsible for SCA1 was cloned and identified as the transcriptional 
regulator ATAXIN-1 [91]. The polyglutamine ataxin-1 protein product is widely 
expressed in the brain but in SCA1 becomes toxic primarily to Purkinje cells of the 
cerebellum [92]. Polyglutamine ataxin-1 remains uniquely soluble in Purkinje cells, 
allowing it to enter the nucleus and disrupt the function of multiple protein com-
plexes [93]. In humans, the onset of motor deficits most often occurs in the third or 
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fourth decade of life followed by death 10–15 years later; however, the age of onset 
and survival time depend on the number of repeats in the expanded polyglutamine 
sequence and can occur as late as the sixth decade of life or as early as the first 
decade [94]. Neuroimaging of late-stage SCA1 patients reveals gross atrophy of the 
cerebellum primarily due to the degeneration of Purkinje cells [90, 92, 95]. SCA1 
patients also typically exhibit atrophy of the dentate cerebellar nuclei, pons, inferior 
olive, and other brain stem nuclei as the disease progresses [92]. Thus, degeneration 
eventually impacts both the cerebellar afferent and the efferent pathways. 
Postmortem examination of cerebellar tissue from SCA1 patients shows morpho-
logical abnormalities of remaining Purkinje cells in addition to Purkinje cell loss 
[95, 96]. The generation of mutant SCA1 transgenic mice has been critical in fur-
thering our understanding of SCA1 progression [97–99]. First, electrophysiological 
properties of Purkinje cells such as intrinsic firing and the strength of glutamatergic 
synapses are abnormal preceding both onset of ataxia and Purkinje cell structural 
alterations in SCA1 mutant mice [100, 101]. Furthermore, specific genes involved 
in glutamate and calcium signaling are downregulated in Purkinje cells of SCA1 
mutants before the morphological changes or behavioral deficits are obvious [102, 
103]. Impaired performance on motor tasks in SCA1 mutant mice appears subse-
quently but before Purkinje cell morphological changes [100], suggesting changes 
in gene expression and altered circuit activity initiate SCA1 symptoms rather than 
the degeneration of Purkinje cells. Motor performance continues to decline as the 
dendritic morphology of Purkinje cells begins to deteriorate, dendritic arborization 
is reduced, the number of dendritic spines decreases, and the molecular layer shrinks 
as cells regress [97, 100]. Structural abnormalities become more evident as the 
proximal Purkinje cell dendrites atrophy and when the Purkinje cell somata begin to 
exhibit heterotopic positioning in the molecular layer [97, 99, 100]. It is not until the 
later stages of disease progression that Purkinje cell loss is detected [97, 99, 100]. 
The ages at which these events occur in SCA1 mutant mice differ between models 
containing shorter or longer knocked-in CAG repeats, consistent with what is 
observed in human patients [94]. The longer repeats cause an earlier onset of the 
disease and more severe symptoms. Despite the earlier onset, analysis of disease 
progression in juvenile and young adult mutant mice reveals that abnormalities in 
circuit activity and motor performance precede Purkinje cell degeneration. 
Progressive impairment of motor function in SCA1 thus reflects not only the 
degeneration of cells in the cerebellum and associated brain stem nuclei but also the 
earlier and sustained dysfunction of key neuronal populations that are integrated 
within the circuit.

�SCA6 (Spinocerebellar Ataxia Type 6)

Spinocerebellar ataxia type 6 (SCA6), like SCA1, is a dominantly inherited form of 
ataxia and a triplet repeat disease. In SCA6, a CAG repeat expansion occurs within 
the gene CACNA1A, which encodes the pore-forming subunit of voltage-dependent 
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P/Q-type calcium channels [104, 105]. The mutated polyglutamine P/Q-type cal-
cium channels are widely expressed in the brain but become toxic primarily to 
Purkinje cells [106], where they are highly expressed in the plasma membrane 
[107]. Age of onset and survival time depend on the number of repeats in the 
expanded polyglutamine sequence, but SCA6 onset most commonly occurs in the 
fifth or sixth decade of life followed by death 20–30 years later [94]. SCA6 patients 
experience slowly progressive ataxia of the limbs and gait in addition to dysarthria 
and nystagmus [104, 108], and neuroimaging reveals cerebellar atrophy [108]. 
Neurodegeneration in SCA6 occurs mostly in Purkinje cells, but death of neurons in 
the dentate cerebellar nuclei and inferior olive is also observed [105, 109, 110]. 
Postmortem examination of cerebellar tissue from SCA6 patients shows morpho-
logical abnormalities of remaining Purkinje cells in addition to the loss of Purkinje 
cells [106]. In transgenic mouse models of SCA6, the onset of ataxia occurs before 
morphological changes or loss of Purkinje cells [111]. Electrophysiological exami-
nation reveals that Purkinje cells exhibit reduced firing rates and rhythmicity at ages 
coinciding with the onset of ataxia [112] and at later disease stages [113]. Though 
the polyglutamine mutation occurs in an ion channel that regulates the firing pat-
terns of Purkinje cells in adult mice [114], SCA6 symptoms do not result from 
changes in channel current but rather age-dependent gain-of-function effects of 
aggregated mutant protein on cellular function [113, 115, 116]. Although SCA6 
symptoms manifest in midlife, P/Q channels are expressed soon after birth [117] 
and are involved in synapse elimination of climbing fiber innervation onto Purkinje 
cells during development [75, 118, 119]. Interestingly, Purkinje cells of SCA6 
mutant mice exhibit transiently increased firing rates and rhythmicity as well as 
abnormal climbing fiber innervation during early postnatal development without 
causing behavioral abnormalities [120]. These alterations disappear once the mice 
reach weanling age when the circuit has largely developed [54], and cellular and 
synaptic function of Purkinje cells return to normal [120]. These transient electro-
physiological phenotypes during development are different from those observed in 
adult SCA6 mice, and they do not appear to impact motor coordination nor repre-
sent a mild initial stage of the ultimate phenotype that would progressively worsen. 
However, compensatory adaptations prior to disease onset have been observed in 
the Purkinje cells of SCA1 mutant mice [101], and such homeostatic alterations to 
the cerebellar circuit in response to transient electrophysiological dysfunction have 
not yet been detected in developing SCA6 mice but may not become pathological 
until later in life, if they are present [120]. In addition to SCA1 and SCA6, a pro-
longed period of Purkinje cell dysfunction prior to neuronal loss has emerged as a 
common feature in other polyglutamine disorders including spinocerebellar ataxia 
type 3 (SCA3); Purkinje cells in a genetic mouse model of SCA3 exhibit abnormal 
intrinsic activity and motor symptoms prior to neurodegeneration [121]. These early 
manifestations of hereditary ataxias could be effective targets for therapy as the 
circuits could be rescued before the cells die [100, 112, 121].
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�Car8wdl (The waddles Spontaneous Mutant Mouse)

The carbonic anhydrase 8 gene (Car8) is abundantly expressed in Purkinje cells 
[122, 123]. Lower levels of expression can also be seen in the cerebellar nuclei and 
brainstem due to the termination of Purkinje cell axons in these regions. The CAR8 
protein is involved in calcium modulation pathways [124] and is expressed begin-
ning during embryonic development and continuing into adulthood [125, 126]. A 
spontaneous mutant mouse, waddles (Car8wdl), contains a deletion within the Car8 
gene and exhibits progressive ataxia that is evident by 2 weeks of age in addition to 
appendicular dystonia and tremor [122]. In humans, mutations in the homologous 
gene (CA8) also cause ataxia [127]. Unlike in the SCAs, Purkinje cells do not 
degenerate, and the cerebellum does not show gross anatomical defects [122, 123]. 
However,  adult Car8wdl mice have microcircuit abnormalities including denser 
climbing fiber innervation that extends to distal Purkinje cell dendrites and reduced 
parallel fiber synapse formation on Purkinje cell dendritic spines [128]. The muta-
tion also impairs the topography of cerebellar circuits during development; the seg-
regation of Purkinje cell subsets into distinct parasagittal zones is developmentally 
delayed in Car8wdl mice, and the topography of spinocerebellar afferents is abnor-
mal in early postnatal and adult mice [123] (Fig. 4). Furthermore, electrophysiologi-
cal examination of mutant mice reveals that the developing Purkinje cells exhibit 
abnormal firing frequency and patterns [123, 128], but Purkinje cells do not degen-
erate even as ataxia worsens [123]. The ataxia observed in Car8wdl mice thus may 
result from both miswiring of the cerebellum’s functional map and aberrant electro-
physiological output of adult Purkinje cells. The CAR8 protein is a binding partner 
for inositol triphosphate receptor type 1 (IP3R1) [122, 124], an intracellular calcium 
release channel that is mutated in SCA15. Interestingly, IP3R1 is one of the genes 
downregulated in SCA1 mice preceding the  onset of ataxia or morphological 
changes [102, 103]. Impaired calcium homeostasis in Purkinje cells appears to 
mediate a central mechanism of pathogenesis common to many types of ataxia that 
manifest with or without neurodegeneration. However, CAR8 likely has calcium-
independent functions as well.

�L7Cre;Vgatflox/flox (Conditional Genetic Silencing of Purkinje Cell 
Neurotransmission)

Effective cerebellar control of motor behavior depends on the ability of Purkinje 
cells to integrate incoming sensorimotor inputs and communicate appropriately 
with their target neurons in the cerebellar nuclei. In the L7Cre;Vgatflox/flox mouse, 
inhibitory synaptic transmission of Purkinje cells is constitutively blocked using 
conditional genetics [129]. Under control of the cell type-specific promoter L7, Cre 
recombinase excises the floxed vesicular GABA transporter gene (Vgat) that 
encodes the transporter for loading neurotransmitter into synaptic vesicles [129]. 
This eliminates the ability of Purkinje cells, the sole output of the cerebellar cortex, 
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Fig. 4  The termination 
pattern of spinocerebellar 
mossy fibers is altered in 
Car8wdl mice. (a) 
Schematic of the postnatal 
day 5 (P5) mouse 
cerebellum from a lateral 
view with the cerebellum 
highlighted in blue and the 
primary target domains of 
spinocerebellar mossy fiber 
projections highlighted in 
magenta. Roman numerals 
identify the lobules of the 
vermis. Note that the 
anteriormost lobules are 
also innervated by the 
spinocerebellar tract and 
are not visible as they are 
hidden from view by the 
colliculi. Cb cerebellum, 
BS brain stem, Ctx cerebral 
cortex, IC inferior 
colliculus, SC superior 
colliculus. (b) Fluorescent 
mapping of spinocerebellar 
mossy fiber terminal fields 
in lobule III of a Car8wdl 
mouse and a control mouse 
at P5 after injection of 
WGA-Alexa 555 into the 
lower thoracic-upper 
lumbar spinal cord and 
transport of the tracer up 
the spinocerebellar tract. 
Mossy fiber topography is 
altered in Car8wdl mice 
because the sensory 
pathways are incorrectly 
targeted and weakly 
innervate the cerebellum 
during early postnatal 
development. Scale bar = 
250 μm. Panel (b) was 
modified with permission 
from White et al. [123]
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to communicate with the cerebellar nuclei, the final output of the cerebellum and its 
link to the rest of the motor system. Purkinje cell output to the vestibular nuclei is 
also silenced by this approach. L7Cre;Vgatflox/flox mice exhibit motor coordination 
defects, gait disturbance, and impaired balance. Though the absence of Purkinje cell 
output does not affect the gross morphology of the cerebellum, segregation of 
Purkinje cells into zones is disrupted, and the zonal topography of spinocerebellar 
afferents develops abnormally [129]. Although the basic circuit map is intact, the 
normally sharp boundaries of zones are compromised [129]. Purkinje cells of 
L7Cre;Vgatflox/flox mice exhibit abnormal electrophysiological activity, but their output 
is not signaled downstream in this model [129]. However, loss of Purkinje cell sig-
naling causes the cerebellar nuclei to fire abnormally, impacting the ultimate output 
of the cerebellum. Taken together with other models of cerebellar dysfunction, it is 
clear that ataxia and other motor deficits can arise due to insults in wiring, firing, or 
survival of Purkinje cells in a wide range of diseases with diverse causes.

�Cerebellar Development and Non-motor Disorders

Over the past 30 years, evidence from functional neuroimaging studies has mounted 
indicating that the cerebellum is active during non-motor behaviors such as percep-
tion, cognition, and emotion [130–132]. This idea is supported by evidence of 
extensive afferents and efferents interconnecting the cerebellum with prefrontal and 
parietal cortex [41, 133, 134]. Lesioning studies also suggest that cerebellar damage 
can lead to a variety of non-motor behavioral deficits [132, 135, 136]. However, the 
extent of the cerebellum’s role in cognitive function remains unclear and is a topic 
of lively debate [137–140]. The adult cerebellum appears to be particularly relevant 
to those non-motor tasks requiring complex spatial and temporal judgments, such as 
prediction and perceptual sensory discrimination, or in which skilled men-
tal responses are developed using an internal model [134, 141, 162]. It could be that 
the computational capacities of the cerebellum to discriminate patterns and use 
these patterns to learn to make context-dependent predictions with respect to motor 
behavior would be also useful to non-motor areas of the brain [142]. Signals from 
cerebellar cortex to both motor and non-motor areas of the cerebral cortex synapse 
in the interposed and dentate cerebellar nuclei and are then relayed through the 
thalamus [54]. In return, mossy fibers originating in the basal pontine nuclei relay 
information from cerebral cortex to the cerebellar cortex, with non-motor information 
likely going to the hemispheres [54]. Together, these cerebro-cerebellar connections 
form closed loops in which regions of the cerebellar cortex projecting to a given 
area of the cerebral cortex in turn receive input originating in those same areas of 
the  cerebral cortex [41]. Each of these regions is involved in specific functions, 
forming a topographical map across the cerebellar cortex, cerebellar nuclei, thala-
mus, pons, and cerebral cortex [31, 41, 42]. Functional neuroimaging links different 
cognitive and motor behaviors to activity in specific cerebro-cerebellar closed loops 
[143], and focal cerebellar damage can cause different motor or non-motor deficits 
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in a location-dependent manner [132, 136]. This anatomical and functional segrega-
tion of cerebro-cerebellar connections might respect the modular architecture of the 
cerebellum [45]. Anatomical and functional abnormalities in the cerebellar circuit 
have been implicated in several non-motor neurodevelopmental disorders [144] and 
may play a particularly important role during sensitive periods of development 
[145]. Clinical studies have also noted increased cognitive deficits in children who 
suffer cerebellar damage during posterior fossa tumor resection [146]. How the 
cerebellum interacts with the cerebral cortex during development remains poorly 
understood. Some non-motor diseases linked to cerebellar development include 
autism spectrum disorder [145, 147, 148] and dyslexia [149, 150]. The cerebellum 
could also be involved in schizophrenia [151, 152]. The study of cerebellar non-
motor diseases has required both human patients and genetic mouse models. For 
example, the most consistently affected structure in postmortem examination of 
tissue from autistic individuals is the cerebellum, including hypoplasia and reduced 
numbers of Purkinje cells without signs of neurodegeneration [147, 153, 154]. The 
En2 gene is necessary for establishing the structure and circuit organization of the 
cerebellum during mouse development [54], and EN2 mutations are linked to autism 
susceptibility in humans [155–157]. Loss-of-function mutations and transgenic 
misexpression of En2 in mice cause autism-like behaviors [158, 159]. These mice 
show some morphological abnormalities in the cerebellum that are broadly similar 
to those reported in humans with autism as well as abnormal foliation and afferent 
topography [59, 79–81]. In addition to cerebellar defects being implicated in non-
motor diseases, cerebellar “motor” diseases can also feature non-motor symptoms. 
For example, human and mouse studies show that SCA1 [99, 160] and human CA8 
mutations [127] cause cognitive deficits in addition to ataxia. It could be that the 
Purkinje cell and its associated microcircuits underlie both motor [129] and non-
motor problems [162]. This would suggest that the basic operational properties of a 
Purkinje cell could be tuned to different behaviors. Future experimental work will 
reveal whether this is the case.
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