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Abstract The autosomal dominant spinocerebellar ataxias
(SCAs) are a group of progressive neurodegenerative
diseases characterised by loss of balance and motor coordi-
nation due to the primary dysfunction of the cerebellum. To
date, more than 30 genes have been identified triggering the
well-described clinical and pathological phenotype, but the
underlying cellular and molecular events are still poorly
understood. Studies of the functions of the proteins implicat-
ed in SCAs and the corresponding altered cellular pathways
point to major aetiological roles for defects in transcriptional
regulation, protein aggregation and clearance, alterations of
calcium homeostasis, and activation of pro-apoptotic routes
among others, all leading to synaptic neurotransmission
deficits, spinocerebellar dysfunction, and, ultimately, neuronal
demise. However, more mechanistic and detailed insights are
emerging on these molecular routes. The growing under-
standing of how dysregulation of these pathways trigger the
onset of symptoms and mediate disease progression is leading
to the identification of conserved molecular targets influenc-
ing the critical pathways in pathogenesis that will serve as
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effective therapeutic strategies in vivo, which may prove
beneficial in the treatment of SCAs. Herein, we review the
latest evidence for the proposed cellular and molecular
processes to the pathogenesis of dominantly inherited
spinocerebellar ataxias and the ongoing therapeutic strategies.
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Abbreviations

ADCA Autosomal dominant spinocerebellar ataxia

Ca*" Calcium ion

CACNAIA Calcium channel, voltage-dependent, P/Q
type, alpha 1A subunit

CAG DNA sequence coding for glutamine

CNS Central nervous system

DRPLA Dentatorubral-pallidoluysian atrophy

ER Endoplasmic reticulum
FGF14 Fibroblast growth factor 14
GABA y-aminobutyric acid

Glu Glutamate

HDACs Histone deacetylases

HSP Heat shock protein

ITPR1 Inositol 1,4,5-triphosphate receptor type 1

KCNC3 Potassium voltage-gated channel subfamily
C member 3

MIJD Machado—Joseph disease

PC Purkinje cells

PP2 Protein phosphatase 2 (formerly 2A)

PPP2R2B Serine/threonine protein phosphatase 2 (for-
merly 2A) 55 kDa regulatory subunit B beta
isoform

PRKCG Protein kinase C gamma

Q Glutamine
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SCA Spinocerebellar ataxia

SPTBN2 Beta-III spectrin

TBP TATA-box-binding protein

UPR Unfolded protein response

UPS Ubiquitin-dependent proteasome system
Introduction

Ataxia is a neurological disorder characterised by loss of
control of body movements. Patients suffering from ataxia
are clumsy and unable to walk steadily, have slurred speech
and eventually lose the ability to swallow and breathe
smoothly. Ataxia results from variable degeneration of
neurons in the cerebellar cortex, brain stem, spinocerebellar
tracts and their afferent/efferent connections. Such neuro-
degeneration can result from multiple sclerosis, brain
tumour, alcoholism or an inherited genetic defect. There
are over 50 different types of inherited ataxias striking
during childhood or adulthood. Autosomal dominant
spinocerebellar ataxias (SCAs, also known as ADCAs)
comprise a highly heterogeneous group of dominantly
inherited ataxias where the age of onset of the clinical
symptoms is typically between 30 and 50 years of age,
although early onset in childhood and onset in later decades
after 60 years have been reported for specific SCA subtypes
[1] (Table 1). The prognosis is variable depending on the
underlying cause of the spinocerebellar ataxia subtype.
Epidemiological data indicate that SCAs might be more
common than previously estimated with prevalences over
5-7 in 100,000 in some geographical areas reaching 18.5/
100,000 in Japan when including dominant, recessive and
sporadic SCAs and familial spastic paraplegia [2]. This is
similar to the prevalences reported for other uncommon
motor neurodegenerative diseases, such as Huntington or
motor neuron diseases.

Clinical Features of the Spinocerebellar Ataxias

During the past 15 years, over 30 dominantly inherited
SCA subtypes have been described (Table 1). Although
ataxia is the prominent symptom in SCAs, few mutations
cause an almost pure cerebellar syndrome and isolated
neurodegeneration in the cerebellar cortex. On the contrary,
most SCAs are multisystemic disorders presenting clinical
variability and even those SCA subtypes regarded as ‘pure’
cerebellar forms reveal neurodegeneration not only in the
cerebellum and spinocerebellar tracts, but also in many other
areas of the central and peripheral systems. Table | summa-
rises most of the non-ataxia manifestations accompanying
various SCA subtypes described so far and the neuropatho-
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logical findings. With a high phenotypic variability and
because of the highest prevalence among all SCA subtypes,
SCA3 is the best characterised SCA subtype at the
neuropathological level [3, 4]. Four SCA3 subtypes have
been proposed which are related to the number of CAG
repeats and the age of onset including ataxia and the presence
of extrapyramidal affection, essentially dystonia; ataxia with
pyramidal syndrome; ataxia with neuropathy and ataxia with
parkinsonism and neuropathy as predominant symptoms. A
fifth SCA3 subtype would be defined by the presence of
ataxia and spastic paraplegia [5, 6]. In addition, there may be
involvement, usually subclinically, of lower neurons [7]. This
is a subtype presenting essential tremor-like [8] and different
combinations of restless legs syndrome [9], REM behaviour
disorder [10], disautonomy [11] and peripheral neuropathy,
such as neuronopathy or axonopathy [12]. The spared
widespread neurodegeneration most likely accounts for other
non-ataxic symptoms in SCAs, albeit there has been a debate
about the prevalence of the presence of neuropsychiatric
symptoms as depression and cognitive impairment [4, 13].
SCA7, with less phenotypic variability than other SCAs, is
unique for loss of vision due to retinal pigmentary dystrophy
[14]. In the upcoming years, it is likely that the multisystemic
nature of SCAs will be more widely recognised. Those cases,
as in DRPLA which has been traditionally regarded as almost
exclusively present among the Japanese population albeit it
reveals now a significant prevalence in other non-Asian
populations [15], might lead to the definition of new SCA
phenotypes and generalise the idea that ataxia may be a
relatively minor neurological symptom in SCA patients.

Cellular and Molecular Pathways Implicated
in Neurodegeneration in the Sinocerebellar Ataxias

To date, more than 30 SCA genes or loci have been
identified [16] (Table 2). Recognised mechanisms leading
to spinocerebellar neurodegeneration include polyglutamine
expansions (SCAs 1, 2, 3, 6, 7, 17 and DRPLA); non-
coding expansions (SCA10 and SCA12); as well as
conventional mutations in genes encoding cytoskeletal
proteins (BIII spectrin, SCAS), ion channels (voltage gated
potassium channel Kv3.3, SCA13), protein kinases (tau
tubulin kinase 2, SCA1l; protein kinase C gamma,
SCA14), intracellular calcium channels (inositol 1,4,5-
triphosphate receptor 1, SCA15), fibroblast growth factors
(FGF14, SCA27) and ATPases (AFG3L2, SCA28; Fig. 1).

SCAs 1,2, 3,6, 7, 17 and DRPLA are all caused by the
expansion of a translated CAG repeat sequence leading to
an abnormally long polyglutamine (polyQ) tract in the
encoded proteins named ataxins 1, 2 and 3, alpha 1A-
voltage-dependent calcium channel, ataxin 7, TATA-box-
binding protein and atrophin 1, respectively, hence included
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dendrites, and somatic sprouts of PC. Intranuclear

Cerebellar atrophy, PC degeneration, abnormal
inclusions

Decreases muscle tone, horizontal gaze
nystagmus

45-72

117210

ADCA

16g-

Cerebellar, medullar and spinal cord atrophy. Loss

Thermoanalgesia, deep sensory loss

decades

Unassigned Unknown 3rd-6th decade

of PC and dentate neurons. The inferior olive and

lower cranial nerve nuclei also show extensive cell

loss. Posterior columns and spinocerebellar tracts are
demyelinated. Ubiquitin immunoreactive intranuclear

inclusions are absent

in the group regarded as polyglutaminopathies. They all
show as common features, the progressive neurodegener-
ation of neuronal subsets in distinct brain areas and the
formation of polyQ-containing protein aggregates form-
ing characteristic nuclear or cytoplasmic inclusions [1].
The age at onset and severity of disease symptoms
inversely correlate with the length of the glutamine
repeat. SCAs 8, 10 and 12, are caused by repeat
expansions located outside of the coding region of the
disease genes [17—-19]. While SCAs 8 and 10 appear to be
caused by toxic RNA gain-of-function mechanisms
(albeit SCA8 might be also caused by polyglutamine
expansions), SCA12 is caused by dysregulation of the
activity of the crucial enzyme protein phosphatase 2 (PP2,
formerly named PP2A) in cerebellar Purkinje cells.
Different mechanisms are responsible for cerebellar ataxia
and neurodegeneration in SCAs 5, 11, 13, 14, 15, 27 and
28 where alterations in amino acid composition in beta-III
spectrin (SPTBN2) [20], tau tubulin kinase 2 (TTBK2)
[21], potassium channel KCNC3 [22], protein kinase C
gamma (PRKCG) [23, 24], the Inositol 1,4,5-triphosphate
receptor (ITPR1) [25], fibroblast growth factor 14
(FGF14) [26], and the ATPase family gene 3-like 2
protein (AFG3L2) [27], respectively, elicit disease symp-
toms in these SCA subtypes. In the rest of SCAs, the
genes and, therefore, the mutations remain to be identified
and characterised. Understanding the pathogenic mecha-
nisms underlying neurodegeneration in spinocerebellar
ataxias is leading to the identification of potential
therapeutic targets that will ultimately facilitate drug
discovery (Table 3).

Common Occurring Pathways During Polyglutamine
Neurotoxicity: Protein Aggregation, Misfolding,
Stability and Clearance

Seven spinocerebellar ataxia subtypes including SCAs 1, 2,
3/Machado—Joseph disease, 6, 7, 17 and DRPLA, are all
caused by the expansion of a CAG repeat sequence in
specific genes leading to abnormally long polyQ tracts in the
encoded proteins [28]. Presumably, a similar pathogenic
pathway is involved in these SCAs, since each of the
expanded CAG repeats encodes polyglutamine and the
pathogenic threshold for disease is roughly the same, at
around 40 copies of the repeat in most of the different
subtypes. It is assumed that the common toxic gain-
of-function mechanisms for the polyglutamine-containing
protein are aggregation and deposition of misfolded proteins
leading to neuronal dysfunction and eventually cell death.
Proteins with expanded stretches of polyglutamine appear to
take on an abnormal configuration resulting in the formation
and deposition of polyglutamine aggregates in disease
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Cerebellum

Fig. 1. Molecular mechanism of neurodegeneration in the spinocer-
ebellar ataxias. / aggregation, 2 apoptosis, 3 autophagy, 4 Ca*"
homeostasis/signalling alterations, 5 disruption of axonal transport and
vesicle trafficking, 6 excitotoxicity, 7 interference with gene tran-
scription, 8 mitochondrial impairment, 9 oxidative stress, /0 alter-
ations of proteasome degradation, // synaptic neurotransmission
deficits, 72 unfolded protein response (UPR), 13 potassium channel

neurons forming characteristic nuclear or cytoplasmic inclu-
sions, which are neuropathological hallmarks in these
diseases [29]. These inclusions contain cellular components
such as ubiquitin, the proteasome, HSP70, and transcription
factors among others [30-32]. Whether the toxicity is a
direct result of the aggregate or results from intermediary
structures formed during the process of aggregation has been
object of controversy, but blocking aggregation is still one
approach attempted to minimising toxicity. A possible
mechanism for aggregate formation by the mutant protein
would be by loss of native state stability by the expanded
polyglutamine and, thus, leading to the formation and
accumulation of a partially unfolded, aggregation-prone
species, resulting in fibrillisation. This phenomenon probably
accounts for the earlier age of onset and higher severity of

Inhibitory
Synapse

dysfunction, /4 tau phosphorylation, /5 neuronal membrane skeleton,
16 neuritogenesis, 17 voltage-gated Na" channels. Ca®" calcium ions,
ER endoplasmic reticulum, GABA y-aminobutyric acid, Glu gluta-
mate, /TPR] inositol 1,4,5-triphosphate receptor type 1, K potassium
ions, mGIuRI metabotropic glutamate receptor type 1, Na™ sodium
ions, O glutamine

disease symptoms observed when mutant ataxins contain
longer numbers of glutamines.

Ataxin 3, an ubiquitin-specific cysteine protease that
associates with the proteasome, deubiquitinates proteins by
binding polyubiquitin chains through several ubiquitin
interaction motifs (UIMs) within the Josephin domain,
which is located near the polyQ tract [33]. Elucidation of
the molecular structure of the Josephin domain within
ataxin 3 has led to propose a model for recognition of
interactions and formation of stable complexes with
HHR23B located in the same surface involved in the
interaction with UBA domains, the S5a polyUb-binding
site and the proteasome. These observations have provided
a link between ataxin 3 and the UPS that is of particular
relevance to other neurodegenerative diseases such as in
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Table 3 Cellular and molecular pathways implicated in the spinocerebellar ataxias

SCA Identified cellular and molecular pathways Numbers on

subtype Fig.1

SCA1 Aggregation, apoptosis/caspases, autophagy, calcium and dopaminergic signalling, dysruption of vesicular (1-12, 14, 16)
transport, ER, gene transcription, HSR, mitochondrial dysfunction, PI3K/Akt, PP2, PRKC, SUMOylation,
synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCA2 Aggregation, apoptosis/caspases, autophagy, calcium and dopaminergic signalling, ER, gene transcription, 14, 7-12, 17)
HSP, mitochondrial dysfunction, synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCA3 Aggregation, apoptosis/caspases, autophagy, dopaminergic signalling, ER, gene transcription, HSR, (1-3, 7-12)
mitochondrial dysfunction, SUMOylation, synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCAS Neuronal membrane skeleton, synaptic neurotransmission deficits (glutamate, GABA) (6, 11, 15)

SCA6 Aggregation, apoptosis/caspases, autophagy, dopaminergic signalling, ER, gene transcription, HSR, (14, 7-12)
mitochondrial dysfunction, synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCA7 Aggregation, apoptosis/caspases, autophagy, ER, gene transcription, HSR, mitochondrial dysfunction, (1-3, 6-12)
SUMOylation, synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCA8 Aggregation, apoptosis/caspases, gene transcription, mitochondrial dysfunction, synaptic neurotransmission 1, 2,69, 11,
deficits (glutamate, GABA), UPR, UPS 12, 15)

SCA10 Neuritogenesis. (16)

SCA11 Dysruption of vesicular transport, tau phosporylation (5, 14)

SCA12 Apoptosis/caspases, dysruption of vesicular transport, gene transcription, PP2, tau phosphorylation 2,5,7,14)

SCA13 Potassium channel signalling (13)

SCA14 Calcium, neuritogenesis, synaptic neurotransmission deficits (glutamate, GABA) 4, 11, 16)

SCA15 Calcium (2, 4, 16)

SCA17/ Aggregation, apoptosis/caspases, autophagy, dopaminergic signalling, ER, gene transcription, HSR, (1-3, 7-12)

HDL4 mitochondrial dysfunction, synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

SCA27 Dopaminergic signalling, signal transduction, sodium voltage channel 11, 17)

SCA28 Mitochondrial dysfunction 2,9

DRPLA Aggregation, apoptosis/caspases, autophagy, ER, gene transcription, HSR, mitochondrial dysfunction, (1-3, 7-12)
synaptic neurotransmission deficits (glutamate, GABA), UPR, UPS

19q- Actin dynamics, intracel.lular signalling, synaptic neurotransmission deficits (7, 11)

ADCA

SCA1 [34]. It seems that the expanded polyglutamine
within ataxin 3 alters its normal function and produces
functional disruptions of the UPS pathway [35]. Alterna-
tively, reduction of proteasome activity may result from
caspase-dependent cleavage of proteasome subunits owing
to aggregated protein-induced apoptosis [36]. Since the
UPS plays a prominent role in the detoxification and
targeting of damaged proteins for degradation, derange-
ments of this system might lead to an abnormal accumu-
lation of a variety of toxic proteins, including those
containing the polyglutamines that would otherwise have
been degraded, ultimately leading to neuronal dysfunction
and death. Molecular chaperones, proteins that can repair or
facilitate proteasome degradation of abnormally folded
proteins, play a role in SCAs as aggregates in human
post-mortem tissue often immunostain for chaperones [29].
This evidence indicates that the mechanisms of cell survival
mediated by the endoplasmic reticulum (ER) chaperones
and the unfolded protein response (UPR) are activated
during neurodegeneration in spinocerebellar ataxias. The
presence of unfolded proteins in the ER can cause ER stress
or an imbalance between the load of unfolded proteins and
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the capacity of the ER protein-folding machinery. In order
to restore ER homeostasis, neurons activate the ER stress
response or UPR, eventually leading to transcriptional
activation of genes encoding for chaperons. Consistently,
experimental overexpression of molecular chaperones mod-
ulates the formation of protein aggregates in cultured cells,
transgenic mice and fruit flies, diminishing the toxicity of
glutamine expansions [30, 37, 38]. Chaperones seem to
stabilise the misfolded monomeric conformation by pre-
venting the intramolecular transition that gives rise to
spherical and annular oligomers and, simultaneously,
stabilising a conformation that promotes inclusion body
formation [39]. Alternatively, by interacting with the disease
proteins, chaperones prevent abnormal interactions with
other proteins in the cell that are causal in toxicity.

Proteins that remain misfolded are degraded primarily
by the ubiquitin—proteasome system, but also by the
autophagic phagosome-lysosome system, which contrib-
utes to the routine turnover of cytoplasmic components
[40]. Autophagy has revealed to play an essential role in
the cellular clearance of toxic aggregated proteins in a cell
culture model of polyglutamine-expanded ataxin 1-
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mediated neurodegeneration [41]. The precise mechanism
by which aggregated mutant ataxin 1 is captured by
autophagosomes is unclear, but it appears that inhibition
of mTOR, a negative regulator of autophagic clearance,
induces autophagy and reduces toxicity of polyglutamine
expansions in fly and mouse models of neurodegeneration
[42]. This study has established that autophagy efficiently
degrades cytoplasmic insoluble aggregates and points to a
possible therapeutic strategy by modulating the autophagic
process to promote clearance of aggregated disease
proteins. It is important to note that autophagy may also
induce cell death in neurons that accumulate protein
aggregates in a way that results in a pathological
condition, although the underlying mechanisms remain
unknown.

Dysregulation of Transcription and Gene Expression

Compelling evidence implicates those ataxins containing
long stretches of polyglutamines in the regulation of gene
transcription. Nuclear expression of polyglutamine-
expanded proteins is an essential step in polyglutamine
pathogenesis, and the resulting transcriptional dysregulation
caused by ataxins containing expanded polyglutamines
results in neuronal dysfunction and death in a few SCAs
[43]. Interference with gene expression occurs by the
effects of the mutation exerted on the interaction of ataxins
with transcriptional regulatory proteins and DNA or on
chromatin remodelling. For instance, in SCAI, ataxin 1
interacts with several transcription factors regulating tran-
scription including the transcriptional co-repressors/activa-
tors Lanp/Anp32a [44], PQBP-1 [45], silencing mediator of
retinoid and thyroid hormone receptors [46], HDAC3 [46]
(Matilla, unpublished observations), Boat [47], Gfi-1/
senseless [48], Capicua [49], Tip60 [50] and SP1 [51].
The mutant forms of ataxin 1 exert alterations in the
expression levels of genes regulated by those transcriptional
regulators leading to alterations of Wnt-receptor signalling,
retinoid acid/Thyroid hormone signalling, and nucleic acid
binding [52]. Similarly, ataxins 2, 3 and 7, and the SCA77
and DRPLA gene products, the basal transcription factor
TATA-binding protein and atrophin 1, respectively, are
directly involved in transcription as components of
transcriptional regulatory complexes [53-56], and the
genes and pathways regulated by these factors are just
being identified. Interference with transcriptional regula-
tions of specific subset of genes by polyglutamine
expansions lead to neuronal dysfunction such as axonal
and neurite integrity [57] and accounts for the cell-type
specificity degeneration observed in spinocerebellar ataxias,
through the sequestration of factors by the long glutamine
stretches within the mutant proteins, whose expression are
confined to cells that degenerate in these conditions [44].

Therefore, they would then become unavailable to
perform their normal cellular duties with potentially lethal
consequences. Remarkably, Anp32a/Lanp is a potent
specific regulator of protein phosphatase 2 (PP2) activity,
and its expression is predominantly confined to cerebellar
Purkinje cells [44, 58]. Therefore, dysregulation of PP2
activity is a scenario underlying cerebellar neurodegener-
ation in SCA1. Accordingly, in both SCA1 and SCA12,
cell death might be provoked by similar pathogenic
mechanisms. Similarly, inactivation of the tissue-specific
transcription factor CRX in SCA7 by the polyglutamine-
based association with mutant ataxin 7 could contribute to
the cone-rod dystrophy observed in SCA7 mice and
patients [59].

One group of nuclear proteins that bind to and whose
activity are altered by mutant ataxins is histone acetyl-
transferases (HATs). HATs are responsible for the acetyla-
tion of histones and several other important proteins, and
this modification results in altered function of the target
protein [60]. HATs also regulate cellular processes at levels
as different as modifying transcriptional competence of
chromosomes, temporal regulation of promoter activity and
protein activation/inactivation. The altered balance between
protein acetylation and deacetylation may be a crucial
process contributing to pathogenesis induced by mutant
proteins containing expanded polyglutamines [61]. Impor-
tantly, restoration of this balance is possible by genetic or
pharmacological reduction of the opposing enzyme group,
i.e. the histone deacetylases (HDACs). This is leading to
new therapeutic strategies with HDAC inhibitors to treat
neurodegeneration [61-63].

Alterations in Synaptic Neurotransmission

Alterations in glutamate synaptic neurotransmission underlie
some mechanism mediating neurodegeneration in SCAs. In
SCA1 transgenic mice, motor dysfunction precedes neuronal
death, demonstrating that mutant ataxin 1 produces disruption
of motor functions in SCA1 not by killing cells, but by
affecting some Purkinje cellular functions including
alterations in synaptic plasticity [64]. Elevated intracellular
calcium levels mediated by calcium-permeable glutamate
receptors have been proposed as a possible mechanism [65].
The importance of maintaining proper glutamate transmission
in the Purkinje cell/parallel fibre synapse for proper motor
function is supported from studies with ataxia mouse mutants.
For instance, mice lacking mGluR1 display significant motor
deficits and, importantly, introduction of mGlurl expression
into Purkinje cells of mGluR1~~ mice restores normal motor
function [66].

RNA-mediated neurotoxicity has been implicated in
SCAS pathogenesis [19]. Recent studies have revealed that
the SCAS8 expansion is expressed in both directions (CUG
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and CAG) and that a novel gene expressed in the CAG
direction encodes a pure polyglutamine expansion protein
(ataxin 8; ATXNS) [67]. Moreover, the expression of non-
coding (CUG)(n) expansion transcripts (ataxin 8 opposite
strand, ATXN8OS) and the discovery of intranuclear
polyglutamine inclusions suggests that SCA8 pathogenesis
may involve toxic gain-of-function mechanisms at both the
protein and RNA levels. The SCA8 mice have revealed a
loss of cerebellar GABAergic inhibition and, similar to
human patients, intranuclear inclusions containing expanded
polyQ in Purkinje cells and other neurons. This recent data
could provide a convincing explanation for the lack of
penetrance observed in SCAS patients [68, 69].

Alterations in Calcium Homeostasis

Evidence points to derangements of neuronal calcium
signalling in neurodegeneration of spinocerebellar ataxias.
Cerebellar Purkinje cells seem to be particularly sensitive to
fluxes in intracellular calcium levels, which could result
from different sources, such as the reduction of chaperone
activity and ER stress. Several neuronal genes abundantly
expressed in Purkinje cells that are involved in calcium
signalling or homeostasis are down-regulated in the
cerebellum of SCA1 mutant mice before the occurrence of
detectable motor impairment or pathology [65, 70]. This
suggests a major role of disruption of calcium homeostasis
in cerebellar Purkinje cells that could be importantly
involved in the pathogenic process and/or the survival of
these cells in SCALI.

In SCA2, mutant ataxin 2, but not wild-type, specifically
associates with the cytosolic C-terminal region of type 1
ITPR1, an intracellular calcium release channel [71].
Association of Atxn2[58Q] with the receptor increases the
sensitivity of ITPR1 to activation by inositol-tri-phosphate
in planar lipid bilayer reconstitution experiments. This
evidence indicates that disturbed neuronal Ca®’-signalling
may play an important role in SCA2 neuropathology.

SCAG6 is caused by polyglutamine expansion in the
CACNAIA gene, which encodes an alpha (2.1) subunit,
formerly named [alpha]lA, the major pore-forming subunit
of the Cay2.1 voltage-dependent P/Q-type calcium channel
[72, 73]. Voltage-dependent calcium channels are made up
of beta and gamma-s accessory subunits. Alpha subunits
are membrane glycoproteins of approximately 2,400 amino
acids in length in which primary structure predicts the
presence of four homologous domains, each consisting of
six transmembrane domains and a pore-forming P loop. P/
Q-type calcium channels are high-voltage-activated calcium
channels found primarily in neurons and expressed at high
levels in granule cells and Purkinje cells of the cerebellar
cortex. Their principal role is believed to be in synaptic
transmission. Patch-clamp recordings of Purkinje cells in
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SCA6 mice have revealed a non-inactivating current that is
highly sensitive to a spider toxin omega-agatoxin, indicating
that the human Ca,2.1 expressed in PC exhibits typical P-type
properties [74]. Furthermore, the voltage dependence of
activation and inactivation and current density are not different
between SCA6 mice and control, suggesting that alterations of
the channel properties do not underlie the pathogenic
mechanism of SCA6. This supports for gain-of-function
mutation mechanisms in SCA6.

SCA14 is caused by mutations in protein kinase C
gamma (PKC gamma). Interestingly, 18 of 22 mutations are
concentrated in the C1 domain, which binds diacylglycerol
and is necessary for translocation and regulation of PKC
gamma kinase activity. Wild-type PKC gamma, but not C1
domain mutants, inhibits Ca?" influx in response to
muscarinic receptor stimulation [75]. The sustained Ca**
influx induced by muscarinic receptor ligation causes
prolonged membrane localization of mutant PKC gamma.
In vitro kinase assays revealed that most Cl domain
mutants are constitutively active, albeit they are unable to
phosphorylate transient receptor potential (TRP) channels in
vivo. Therefore, mutant PKC gammas fail to phosphorylate
TRP channels resulting in sustained Ca®" entry. Such an
alteration in Ca®" homeostasis and Ca*"-mediated signalling
in Purkinje cells contribute to the neurodegeneration
characteristic of SCA14.

SCA15 is caused by deletions and missense mutations in
the ITPR1. The ITPR1 couples to intracellular Ca** channels
to facilitate Ca®" release from the endoplasmic reticulum
after activation by the intracellular second messenger inositol
1,4,5-triphospate. SCA15 results then from impaired inositol
1,4,5-triphospate-mediated intracellular second-messenger
signalling and disturbed calcium release altering intracellular
calcium homeostasis.

Mitochondrial Stress and Apoptosis

Multiple lines of evidence suggest that neuronal death in
spinocerebellar ataxias result from the direct activation of
apoptotic pathways [76]. In addition to the role of mitochon-
dria in intracellular calcium homeostasis as discussed earlier,
polyglutamine-expanded cellular death of cerebellar neurons
by polyglutamine-expanded containing proteins, is preceded
by recruitment of caspases into polyQ aggregates [77]. This is
followed by activation of caspases 3 and 9, and of
mitochondrial apoptotic pathways mediated by members of
the Bcl-2 family, such as Bax and Bcl-x(L) [78, 79]. Both
factors are known key components of neuronal apoptosis by
regulating mitochondrial release of cytochrome-c and Smac/
DIABLO. Consistently with these observations, mutant ataxin
7 in SCA7 induces translocation of cytochrome-c¢ and
Smac/DIABLO to the cytosol preceded by activation of
caspases 9 and 3. This suggests that mutant ataxin 7 causes
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apoptotic death of cerebellar neurons by promoting
mitochondrial release of cytochrome-c and Smac/DIABLO.
Alternatively, pro-apoptotic pathways could be activated by
displacement of harmful factors sequestered by expanded
polyglutamines, or through non-canonical mechanisms of
caspase activation. In any case, the toxic proteins promote
mitochondrial dysfunction and increased free radical produc-
tion associated with oxidative damage, and abnormal energy
metabolite concentration and utilisation.

Further evidence of mitochondrial dysfunction resulting
or contributing to ataxia is exemplified by AFG3L2, an
ubiquitous nuclear-encoded mitochondrial m-AAA protease
that forms hetero-oligomeric paraplegin-AFG3L2 and homo-
oligomeric AFG3L2 complexes in the inner mitochondrial
membrane. These complexes ensure protein quality control
in the inner membrane, jointly with a chaperone-like activity
on the respiratory chain complexes. Very recently, mutations
in AFG3L2 have been identified in SCA28 (F.Taroni and S.
Di Donato, personal communication). In this SCA subtype,
respiratory chain dysfunction and increased reactive oxygen
species production caused by AFG3L2 haploinsufficiency
seem to lead to dark degeneration of Purkinje cells and
cerebellar dysfunction [27]. This data implicates impaired
mitochondrial proteolysis as a novel pathway in cerebellar
neurodegeneration.

Emerging Pathways

Most of the crucial pathways leading to toxicity by the
disease proteins in spinocerebellar ataxias remain to be
discovered. Emerging lines of evidence are pointing to the
biological functions of the disease proteins as responsible
for the detrimental effects of the mutations associated with
neuronal toxicity in spinocerebellar ataxias. In support of
this evidence, in SCA1 the polyQ expansion is not
sufficient to cause disease. It appears that phosphorylation
of a specific serine residue in ataxin 1 by the protein
kinases A and B/Akt play a crucial role in modulating the
ability of the mutant form of ataxin 1 to induce neuro-
degeneration by influencing its biological interactions with
other proteins and the formation of nuclear inclusions [80].
Therefore, the protein context and the cellular proteins with
which ataxin 1 normally interacts are important in the
disease process, indicating that for instance blocking the
phosphorylation events could be a viable treatment. In
support of this, the protein context remarkably appears to
be a modifying factor of the age of onset in spinocerebellar
degeneration [81]. In SCA2, ataxin 2 contains an RNA-
binding Lsm domain characterised by a conserved sequence
motif consisting of two short segments known as Sm1 and
Sm2, which are separated by a variable linker [82]. Lsm
domain proteins are involved in a variety of essential RNA
processing events including RNA modification, pre-mRNA

splicing, mRNA decapping and degradation, and some of
them are also important components of spliceosomal small
nuclear ribonucleoprotein (snRNPs) complexes [83].
Interestingly, ataxin 2 interacts with A2BP1 (ataxin 2-
binding protein 1) [84], whose RNA-binding Caenorhabditis
elegans homologue, fox-1, regulates tissue-specific alternative
splicing [85]. Deciphering the mechanisms by which ataxin 2
regulates alternative splicing should provide insights into the
pathways dysregulated during disease progression leading to
the identification of potential therapeutic targets.

More recently, the genetic defects have been identified in
three spinocerebellar ataxias. In-frame deletions in the beta-
II spectrin gene SPTBN2 co-segregate with SCAS in
American and French families [20]. It appears that these
spectrin mutations alter the levels, distribution, and stability
of the beta-III spectrin-associating protein and Purkinje cell
specific glutamate transporter EAAT4. In a German family,
missense mutations within the SCAS5 gene co-segregating
with the disease in affected individuals may disrupt the
ability of spectrin to bind to the actin cytoskeleton. These
observations suggest that disruption of glutamate signalling
and vesicle trafficking may play a role in the pathogenic
mechanisms in SCAS5, which are pathways previously
implicated in neurodegeneration in SCAIl, Alzheimer's
and Huntington's diseases and amyotrophic lateral sclerosis.

SCA10 is uniquely caused by an intronic pentanucleo-
tide ATTCT repeat within the E46L gene, now designated
ATXNI10 [86]. The E46L protein is widely expressed
throughout the brain, contains two armadillo (arm) repeat
domains, and interacts with the heterotrimeric GTP-binding
protein (G-protein) [87]. It has been proposed that E46L
enhances heterotrimeric G-protein signalling to mediate
neurite formation. E46L belongs to the armadillo repeat
family of proteins where the arm repeats mediate protein—
protein interactions to modulate a myriad of cellular
processes, including intracellular signalling, cytoskeletal
regulation, nuclear transport, and regulation of gene
expression both during development and throughout adult
life [88]. Therefore, E46L might be regulating important
cellular processes through the mediation of G-protein
intracellular signalling.

The microtubule-associated protein tau (encoded by
MAPT) and several tau kinases have been implicated in
neurodegeneration, but only MAPT has a proven role in
disease. Mutations in the gene encoding tau tubulin kinase 2
cause spinocerebellar ataxia type 11 [21]. Affected brain tissue
shows substantial cerebellar degeneration and tau deposition.

An expanded CAG trinucleotide repeat located within
the promoter region of the gene encoding a brain-specific
regulatory subunit of the protein phosphatase 2 (formerly
2A; PPP2R2B) has been associated with SCAI12 [17].
Neurodegeneration in SCA12 is confined to the cerebellum.
The serine/threonine protein phosphatase 2 regulates a wide
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array of cellular processes including cell growth and
differentiation, DNA replication, cellular morphogenesis,
long-term depression, and apoptosis [89]. It has been
proposed that the SCA/2 repeat expansion alters the levels
of expression of one splice variant (termed B betal) of
PPP2R2B by influencing the efficiency of the promoter
driving expression, with potentially lethal consequences. It
remains possible that the SCA12 expansion could also have an
effect on PPP2R2B splicing, or alter gene expression in some
other fashion. Thus far, there is little evidence to suggest that
the repeat is translated into polyglutamine. Protein phospha-
tase 2 dephosphorylates a diversity of kinases, including PKB/
Akt and PKCs, which appear to mediate in neurodegenerative
processes in SCAs 1 and 14, respectively [23, 80].
Interestingly, dysregulation of PP2 promotes tau hyper-
phosphorylation, microtubule destabilisation, modification
of synapse structure, and neurodegeneration in Alz-
heimer's disease (AD) [90]. And significantly, the levels
of PP2 activity are decreased in AD for unknown
mechanisms. Therefore, disruption of normal brain/cere-
bellar PP2 functions could be a common player in the
pathogenic mechanisms of neurodegenerative conditions.

In SCA13, missense mutations in exon 2 of the potassium
channel KCNC3 gene have been found associated with
neurodevelopmental and neurodegenerative phenotypes [91].
KCNC3 (also known as Kv3.3) is a fast-rectifying voltage-
gated Shaw subtype potassium channel abundantly
expressed in the cerebellum, and the mutations appear to
impair channel activity being consistent with a dominant
negative effect of the mutant allele. It appears that the
channel mutations shift the activation curve in the negative
direction and slowed channel closing and, therefore, might
change the output characteristics of fast-spiking cerebellar
neurons, in which KCNC channels confer capacity for high
frequency firing.

The disease symptoms in SCAs 14 and 27 are elicited by
alterations in amino acid composition within the gamma
subunit of protein kinase C (PRKCG) [23, 24] and the
FGF14 [26], respectively. These alterations appear to
dysregulate protein function and specific cellular pathways.
Calcium-phospholipid-dependent protein kinase C comprises
a family of enzymes that transduce the plethora of signals
promoting lipid hydrolysis, thus regulating a variety of
cellular processes, such as membrane-receptor signal trans-
duction, control of gene expression, and synaptic plasticity
[92]. PRKCG is highly expressed in brain and spinal cord,
with particularly high expression in Purkinje cells of the
cerebellar cortex during dendritic development, where it
seems to act as a negative regulator of dendritic growth and
branching [93]. Mutant PRKCG gene products are less stable
than the normal protein leading to abnormal activation
patterns, altered membrane targeting, and enhanced activity.
It is speculated that the SCA14 phenotype results from gain-
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of-function mechanisms rather than haploinsufficiency, be-
cause no chain-terminating mutations have been found and
heterozygous PKC-null animals are neurologically normal
[94]. Most mutations causing SCA14 are located in the PKC
gamma C1B regulatory subdomain, and SCA14 mutant PKC
gamma proteins showed enhanced phorbol-ester-induced
kinetics when compared with wild-type PKC gamma [95].
SCA14 mutant PKC gamma shows reduced kinase activity
of downstream components of the MAPK signalling
pathway. These results show that SCA14 mutations located
in the CIB subdomain “open” PKC gamma protein
conformation leading to increased C1 domain accessibility,
but inefficient activation of downstream signalling pathways.

Alterations in protein stability of FGF14 underlie neuro-
degeneration of the cerebellum and basal ganglia in SCA27
[26]. FGF14 is a member of a subclass of fibroblast growth
factors that is expressed in the developing and adult central
nervous system, and has been implicated in neuronal
signalling, axonal trafficking, and synaptosomal function
[96]. Neuropharmacological studies in mice showed that
Fgfl4-deficient mice have reduced responses to dopamine
agonists indicating that FGF14 is required for striatopallidal
mediated dopaminergic-signalling. Therefore, dysfunction
of this pathway could account for the cortical hyper-
excitabillity and the parkinsonism-associated symptoms in
SCA27. Current clamp recordings from PC in cerebellar
slices has revealed attenuated spontaneous firing in Fgf14-
deficient neurons [97]. Unlike in the wild-type animals,
more than 80% of Fgfl4™~ PC are quiescent and failed to
fire repetitively in response to depolarizing current injec-
tions. Immunohistochemical examination revealed reduced
expression of Navl.6 protein in Fgfl4”~ PC. Together,
these observations suggest that FGF14 is required for
normal Navl.6 expression in Purkinje neurons, and that
loss of FGF14 impairs spontaneous and repetitive firing in
Purkinje neurons by altering the expression of Nav1.6 [97].

A single nucleotide substitution in the 5’ untranslated
region of the gene encoding the Purkinje cell atrophy
associated protein puratrophin 1, also known as pleckstrin
homology domain containing family G (with RhoGef
domain) protein 4 (PLEKHG4), a protein implicated in
intracellular signalling and actin dynamics at the Golgi
apparatus, is associated with a spinocerebellar ataxia
subtype characterised by pure cerebellar atrophy and
sensorineural hearing impairment [98]. Interestingly, the
puratrophin 1 gene is located to the same chromosomal
region where the SCA4 gene localises [99]. Although the
heterozygous C/T single-nucleotide substitution within the
puratrophin 1 gene detected in the chromosome 16q22.1-
linked ADCA Japanese families has not been detected in
SCA4 families with ataxia and peripheral neuropathy, the
puratrophin 1 gene cannot be excluded of being associated
with disease symptoms in SCA4 yet.
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Therapeutic Strategies

There are currently no known effective treatments to
modify disease progression in any of the SCAs or related
neurodegenerative disorders, although some benefits on
ataxic symptoms have been reported in a few therapeutic
trials (reviewed in [1, 100, 101]). Some benefits regarding
ataxic symptoms have been reported with gabapentin, 5-
hydroxytryptophan, buspirone or tansodpirone, sulfame-
thoxazole/trimethoprim or lamotrigine in SCA3, acetazol-
amide in SCA6, NMDA modulators or antagonists and
deep brain stimulation in SCA2 with tremor. Dopaminergic
and anticholinergics drugs have been used to alleviate
tremor, bradykinesia or dystonia in SCA2 and SCA3.
Restless legs and periodic leg movements in sleep usually
respond to dopaminergic treatment. Spasticity in SCAs is
effectively treated with baclofen, tizanadine or mimentine.
In selected cases where other treatments have failed,
botulinum toxin has been successfully used to treat dystonia
and spasticity. Intention tremor has been ameliorated with
benzodiazepines, 3-blockers, or chronic thalamic stimula-
tion. Muscle cramps, which are often present at the onset of
the condition in SCAs 2, 3, 7 and DRPLA, are alleviated
with magnesium, chinine or mexiletine.

The efficacy of lithium treatment has been examined in a
knock-in mouse model of SCA1 (Scal'**???) that repli-
cates many features of the human disease [102]. The effects
of lithium on a marker altered early in the course of SCA1
pathogenesis, coupled with its positive effect on multiple
behavioural measures and hippocampal neuropathology,
make it an excellent candidate treatment for human SCA1
patients. Lithium has been reported to be beneficial in
animal models of brain injury, stroke, Alzheimer's,
Huntington's, Parkinson's disease, amyotrophic lateral
sclerosis (ALS) and spinal cord injury. Clinical trials
assessing the effects of lithium in SCA1 and other
neurodegenerative diseases are under way, and a recent
clinical trial suggests that lithium halts the progression of
ALS. Albeit there are clinical benefits of lithium treatment,
common side effects include muscle tremors, twitching,
ataxia and hypothyroidism. Long term use of lithium has
been linked to hyperparathyroidism, hypercalcemia (bone
loss), hypertension, kidney damage, nephrogenic diabetes
insipidus (polyuria and polydipsia), seizures and weight
gain. Albeit lithium is a promising drug that can be
potentially beneficial to ataxia patients, clinical and
biological responses to dose with time should be carefully
evaluated and monitored in any clinical trial.

Innovative approaches, such as RNA interference (RNA1)
with the aim of inhibiting polyglutamine-induced neuro-
degeneration, prevention of protein misfolding and aggrega-
tion by overexpression of chaperones and regulation of gene
expression by application of histone deacetylase inhibitors, are

proving effective in pre-clinical trials. In SCA1, intracerebellar
injection of vectors expressing short hairpin RNAs profoundly
improves motor coordination, restores cerebellar morphology,
and resolves characteristic ataxin 1 inclusions in Purkinje cells
of transgenic mice [103]. While these results prove that RNAi
therapy improves cellular and behavioural characteristics in
pre-clinical trials, its application in patients to protect or even
reverse disease phenotypes shall be delayed until proper
toxicity tests are assessed. Pointing to a different target,
molecular chaperones provide a first line of defence against
misfolded, aggregation-prone proteins. Many studies have
analysed the effects that chaperone overexpression has on
inclusion body formation and toxicity of pathogenic polyQ
fragments in cell culture, and it is clear that overexpression of
molecular chaperones might prove beneficial for the treatment
of neurodegenerative diseases [104]. They prevent inappro-
priate interactions within and between non-native polypep-
tides, enhance the efficiency of de novo protein folding and
promote the refolding of proteins that have become misfolded
as a result of the mutations and cellular stress [105]. Chemical
and molecular chaperones might also prevent toxicity by
blocking inappropriate protein interactions, by facilitating
disease protein degradation or sequestration, or by blocking
downstream signalling events leading to neuronal dysfunction
and apoptosis. Congo Red, thioflavine S, chrysamine G and
Direct Fast have proved effective in suppressing aggregation
in vitro and in vivo [106, 107], albeit their efficacy in vivo is
limited by their abilities to cross the blood-brain barrier.
Several low molecular mass chemical chaperones, such as the
organic solvent dimethylsulfoxide and the cellular osmolytes
glycerol, trimethylamine n-oxide and trehalose, have proved
effective in preventing cell death triggered by mutant ataxin 3
by increasing its stability in their native conformation [108].
Trehalose was identified in an in vitro screen for inhibitors of
polyQ aggregation, and its administration reduces brain
atrophy, improves motor dysfunction, and extends the lifespan
of mice resembling the polyglutamine disorder Huntington's
disease [109]. In vitro experiments suggest that the beneficial
effects of trehalose result from its ability to bind and stabilise
polyglutamine-containing proteins. More recently, a new
generation of small chemical compounds that directly target
polyQ aggregation without significant cytotoxicity have been
identified in high-throughput screens using cell-free assays or
by targeting cellular pathways [110, 111]. These compounds
inhibit polyQ aggregation in cultured cells and intact neurons
and can rescue polyQ-mediated neurodegeneration in vivo.
By a different mechanism, a small molecule that acts as a
co-inducer of the heat shock response by prolonging the
activity of heat-shock transcription factor HSF1, arimoclo-
mol, significantly improves behavioural phenotypes, pre-
vents neuronal loss, extends survival rates and delays disease
progression in a mouse model of neurodegeneration [112].
Similarly, activation of heat-shock responses with geldana-
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mycin inhibits aggregation and prevents cell death [113].
This suggests that pharmacological activation of the heat
shock response may therefore be an effective therapeutic
approach to treating neurodegenerative diseases. However,
excessive up-regulation of chaperones might lead to unde-
sirable side effects, such as alterations in cell cycle regulation
and cancer [114]. Therefore, a delicate balance of chaperones
is likely to be required for a beneficial neuroprotective effect.
For instance, chemical or molecular chaperones, used in
combination with a pharmacological agent that up-regulates
the synthesis of molecular chaperones, might be a valid
therapeutic approach for treating spinocerebellar ataxias
caused by polyglutamine expansions. Aggregate formation
has also been successfully targeted with inhibitors of trans-
glutaminase, such as cystamine, which reduces apoptotic cell
death and alleviates disease symptoms by the expanded
polyglutamine [115, 116].

Compounds targeting mitochondrial function such as
coenzyme Q10 [117], creatine [118] and taurousodeox-
ycholic acid (TUDCA) [119]; or autophagy, such as the
mTor inhibitor rapamycin and various analogous [42], have
proved effective at reducing cellular toxicity in animal
models, and are currently being tested in clinical trials.
Caspase activation, which usually precedes neuronal cell
death, can be targeted with caspase inhibitors such as
zVAD-fmk, CrmA, cystamine, FADD DN, and minocycline
[77]. These have proved efficient to decrease microglia
activation, prevent disease progression, delay onset of
symptoms and extend survival rates in several mouse
models of neurodegeneration [120-122]. Other agents
promoting the clearance of mutant proteins in the CNS or
Ca”" signalling blockers and stabilisers, such as specific
inhibitors of the NR2B-subunit of N-methyl-D-aspartate
glutamate receptors, blockers/antagonists of metabotropic
glutamate receptor mGIuRS and inositol 1,4,5-trisphosphate
receptor InsP3R1, such as remacemide; intracellular Ca®"
stabilisers such as dantrolene; dopamine stabilisers, such as
mermaid-ACR-16; dopamine depleters; and agents induc-
ing anti-excitotoxic effects, such as riluzole, or alleviating
cognitive components, such as horizon-dimebon; they all
may be partially beneficial for the treatment of some
neurological symptoms in spinocerebellar ataxias [71,
123, 124]. Neuroprotective drugs like olesoxime have
proved to increase microtubule dynamics, re-establish
neuritic outgrowth, improve myelination and prevent
apoptotic factor release and oxidative stress [125]. Inhibi-
tion of potassium channels with 3,4-diaminopyridine has
proved efficient in normalising motor behaviours in young
SCA1 mice; and in restoring normal PC volume and
dendrite spines density and the molecular layer thickness
in older SCA1 mice. Aminopyridines, such as fampridine,
increase PC excitability and are also efficient for treating
down-beat nystagmus [126].
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The role that some ataxins play in transcription and,
more importantly, the suppression of cytotoxic effects
mediated by some of their co-transcriptional regulators are
being used to modulate the pathological effects of mutant
ataxins, opening the path for new therapeutic strategies for
treating some of the SCAs. Recent progress in HDAC
research has made possible the development of inhibitors of
specific HDAC family proteins and these compounds could
prove effective candidates for treatment of spinocerebellar
ataxias [127, 128]. Neuroprotective and neurorestoration
strategies addressed to specific bioenergetic defects might
hold particular promise in the treatment of spinocerebellar
conditions. Drugs, such as rasagiline, have proved efficient
in protecting neuronal cells against apoptosis through
induction of pro-survival Bcl-2 and neurotrophic factors
[129]. Recent alterations of the insulin growth factor (IGF-1)
pathway have been reported to be implicated in both SCA1
and SCA7 [130], suggesting that in vivo neuroprotection
exerted by IGF-1 through the PP2-regulated PI3K/Akt
signalling pathway, could potentially be used to halt
cerebellar neurodegeneration [131, 132].

Gene therapy and stem cell and grafting approaches are
being considered for treating spinocerebellar neurodegen-
erations. Delivery of proteins or compounds by viral
vectors represents one such gene therapeutic approach.
Neural cell replacement therapies are based on the idea that
neurological function lost during neurodegeneration could
be improved by introducing new cells that can form
appropriate connections and replace the function of lost
neurons. This strategy although potentially effective is still
in early experimental stages. Since neurogenesis does occur
in the adult nervous system, another approach is based on
the stimulation of endogenous stem cells in the brain or
spinal cord to generate new neurons. Studies to understand
the molecular determinants and cues to stimulate endoge-
nous stem cells are under way [133]. Although promising,
we are only starting to learn the potential and challenges of
these emerging therapies, especially for their use in treating
human neurodegeneration.

Conclusions

Herein, we review common themes occurring in spinocer-
ebellar neurodegenerative conditions. Progressive neurode-
generation in spinocerebellar ataxias is mediated by mutant
proteins capable of inducing neuronal damage and synaptic
neurotransmission deficits by interfering with several con-
served cellular and molecular pathways including protein
aggregation and clearance, dysregulation of transcription and
gene expression, the ubiquitin—proteasome system, altera-
tions of calcium homeostasis, and activation of pro-apoptotic
routes among others. These pathways interact and enhance
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each other leading to the accumulation of cellular damage
that eventually leads to dysfunction and, ultimately, the
demise of neurons through a series of multiple events. This
evidence indicates that targeting simultaneously several
pathways is necessary to therapeutically prevent neuro-
degeneration, preserve neuronal function and alleviate the
neurological symptoms. The growing understanding of how
dysregulation of these pathways trigger the onset of
symptoms and mediate disease progression is leading to the
identification of conserved molecular targets influencing the
critical pathways in pathogenesis that will serve as effective
therapeutic strategies in vivo, which may prove beneficial in
the treatment of spinocerebellar ataxias. Improved ataxia
rating scales and SCA functional indexes recently developed
[134, 135] to validate neurological assessment methods and
therapeutic interventions will be very useful to measure the
severity of the ataxia symptoms in future clinical trials in
SCA patients.

Acknowledgements Antoni Matilla-Duefias' ataxia research is funded
by the Spanish Ministry of Science and Innovation (BFU2008-00527/
BMC), the Carlos III Health Institute (CP08/00027) and the European
Commission (EUROSCA project, LHSM-CT-2004-503304). We are
indebted to the Spanish Ataxia Association (FEDAES) and the ataxia
patients for their continuous support and motivation. Antoni Matilla is a
Miguel Servet Investigator in Neurosciences of the Spanish National
Health System.

References

1. Matilla-Duefias A, Goold R, Giunti P (2006) Molecular
pathogenesis of spinocerebellar ataxias. Brain 129:1357-1370

2. Tsuji S, Onodera O, Goto J, Nishizawa M (2008) Sporadic
ataxias in Japan—a population-based epidemiological study.
Cerebellum 7:189-197

3. Schols L, Peters S, Szymanski S, Kruger R, Lange S, Hardt C et
al (2000) Extrapyramidal motor signs in degenerative ataxias.
Arch Neurol 57:1495-1500

4. Riess O, Rub U, Pastore A, Bauer P, Schols L (2008) SCA3:
neurological features, pathogenesis and animal models. Cerebellum
7:125-137

5. Wang YG, Du J, Wang JL, Chen J, Chen C, Luo YY et al (2009)
Six cases of SCA3/MJD patients that mimic hereditary spastic
paraplegia in clinic. J Neurol Sci 285:121-124

6. Gan SR, Zhao K, Wu ZY, Wang N, Murong SX (2009) Chinese
patients with Machado-Joseph disease presenting with compli-
cated hereditary spastic paraplegia. Eur J Neurol 16:953-956

7. Lukas C, Hahn HK, Bellenberg B, Hellwig K, Globas C,
Schimrigk SK et al (2008) Spinal cord atrophy in spinocerebellar
ataxia type 3 and 6: impact on clinical disability. J Neurol
255:1244-1249

8. Tan EK, Tong J, Pavanni R, Wong MC, Zhao Y (2007) Genetic
analysis of SCA 2 and 3 repeat expansions in essential tremor
and atypical Parkinsonism. Mov Disord 22:1971-1974

9. Reimold M, Globas C, Gleichmann M, Schulze M, Gerloff C,
Bares R et al (2006) Spinocerebellar ataxia type 1, 2, and 3 and
restless legs syndrome: striatal dopamine D2 receptor status
investigated by [11C]raclopride positron emission tomography.
Mov Disord 21:1667-1673

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Friedman JH, Fernandez HH, Sudarsky LR (2003) REM
behavior disorder and excessive daytime somnolence in
Machado—Joseph disease (SCA-3). Mov Disord 18:1520-1522
Pradhan C, Yashavantha BS, Pal PK, Sathyaprabha TN (2008)
Spinocerebellar ataxias type 1, 2 and 3: a study of heart rate
variability. Acta Neurol Scand 117:337-342

van de Warrenburg BP, Notermans NC, Schelhaas HJ, van Alfen
N, Sinke RJ, Knoers NV et al (2004) Peripheral nerve
involvement in spinocerebellar ataxias. Arch Neurol 61:257-261

. Burk K, Globas C, Bosch S, Klockgether T, Zuhlke C, Daum I et

al (2003) Cognitive deficits in spinocerebellar ataxia type 1, 2,
and 3. J Neurol 250:207-211

Gupta SN, Marks HG (2008) Spinocerebellar ataxia type 7
mimicking Kearns—Sayre syndrome: a clinical diagnosis is
desirable. J Neurol Sci 264:173-176

Wardle M, Morris HR, Robertson NP (2009) Clinical and genetic
characteristics of non-Asian dentatorubral-pallidoluysian atro-
phy: a systematic review. Mov Disord 24:1636—1640
Matilla-Dueiias A (2008) The highly heterogeneous spinocer-
ebellar ataxias: from genes to targets for therapeutic intervention.
Cerebellum 7:97-100

Holmes SE, O'Hearn EE, MclInnis MG, Gorelick-Feldman DA,
Kleiderlein JJ, Callahan C et al (1999) Expansion of a novel
CAG trinucleotide repeat in the 5' region of PPP2R2B is
associated with SCA12. Nat Genet 23:391-392

Wakamiya M, Matsuura T, Liu Y, Schuster GC, Gao R, Xu W et
al (2006) The role of ataxin 10 in the pathogenesis of
spinocerebellar ataxia type 10. Neurology 67:607—-613
Daughters RS, Tuttle DL, Gao W, lkeda Y, Moseley ML, Ebner
TJ et al (2009) RNA gain-of-function in spinocerebellar ataxia
type 8. PLoS Genet 5:¢1000600

Ikeda Y, Dick KA, Weatherspoon MR, Gincel D, Armbrust KR,
Dalton JC et al (2006) Spectrin mutations cause spinocerebellar
ataxia type 5. Nat Genet 38:184—190

Houlden H, Johnson J, Gardner-Thorpe C, Lashley T, Hernandez
D, Worth P et al (2007) Mutations in TTBK2, encoding a kinase
implicated in tau phosphorylation, segregate with spinocerebellar
ataxia type 11. Nat Genet 39:1434-1436

Waters MF, Minassian NA, Stevanin G, Figueroa KP, Bannister
JP, Nolte D et al (2006) Mutations in voltage-gated potassium
channel KCNC3 cause degenerative and developmental central
nervous system phenotypes. Nat Genet 38:447-451

Chen DH, Brkanac Z, Verlinde CL, Tan XJ, Bylenok L, Nochlin
D et al (2003) Missense mutations in the regulatory domain of
PKCgamma: a new mechanism for dominant nonepisodic
cerebellar ataxia. Am J Hum Genet 72:839-849

Yabe I, Sasaki H, Chen DH, Raskind WH, Bird TD, Yamashita I
et al (2003) Spinocerebellar ataxia type 14 caused by a mutation
in protein kinase C gamma. Arch Neurol 60:1749-1751

van de Leemput J, Chandran J, Knight MA, Holtzclaw LA, Scholz
S, Cookson MR et al (2007) Deletion at ITPR1 underlies ataxia in
mice and spinocerebellar ataxia 15 in humans. PLoS Genet 3:¢108
van Swieten JC, Brusse E, de Graaf BM, Krieger E, van de Graaf
R, de Koning I et al (2003) A mutation in the fibroblast growth
factor 14 gene is associated with autosomal dominant cerebral
ataxia. Am J Hum Genet 72:191-199

Maltecca F, Magnoni R, Cerri F, Cox GA, Quattrini A, Casari G
(2009) Haploinsufficiency of AFG3L2, the gene responsible for
spinocerebellar ataxia type 28, causes mitochondria-mediated
Purkinje cell dark degeneration. J Neurosci 29:9244-9254
Zoghbi HY, Orr HT (2000) Glutamine repeats and neuro-
degeneration. Annu Rev Neurosci 23:217-247

Ross CA, Poirier MA (2004) Protein aggregation and neurode-
generative disease. Nat Med 10:S10-S17

Cummings CJ, Mancini MA, Antalffy B, DeFranco DB, Orr HT,
Zoghbi HY (1998) Chaperone suppression of aggregation and

@ Springer



Cerebellum

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

altered subcellular proteasome localization imply protein misfold-
ing in SCAL. Nat Genet 19:148-154

McCampbell A, Taylor JP, Taye AA, Robitschek J, Li M,
Walcott J et al (2000) CREB-binding protein sequestration by
expanded polyglutamine. Hum Mol Genet 9:2197-2202
Schmidt T, Lindenberg KS, Krebs A, Schols L, Laccone F,
Herms J et al (2002) Protein surveillance machinery in brains
with spinocerebellar ataxia type 3: redistribution and differential
recruitment of 26S proteasome subunits and chaperones to
neuronal intranuclear inclusions. Ann Neurol 51:302-310

Chai Y, Berke SS, Cohen RE, Paulson HL (2004) Poly-ubiquitin
binding by the polyglutamine disease protein ataxin-3 links its
normal function to protein surveillance pathways. J Biol Chem
279:3605-3611

Park Y, Hong S, Kim SJ, Kang S (2005) Proteasome function is
inhibited by polyglutamine-expanded ataxin-1, the SCA1 gene
product. Mol Cells 19:23-30

Mao Y, Senic-Matuglia F, Di Fiore PP, Polo S, Hodsdon ME, De
Camilli P (2005) Deubiquitinating function of ataxin-3: insights
from the solution structure of the Josephin domain. Proc Natl
Acad Sci USA 102:12700-12705

Sun XM, Butterworth M, MacFarlane M, Dubiel W, Ciechan-
over A, Cohen GM (2004) Caspase activation inhibits protea-
some function during apoptosis. Mol Cell 14:81-93

Cummings CJ, Sun Y, Opal P, Antalffy B, Mestril R, Orr HT et
al (2001) Over-expression of inducible HSP70 chaperone
suppresses neuropathology and improves motor function in
SCA1 mice. Hum Mol Genet 10:1511-1518

Bonini NM (2002) Chaperoning brain degeneration. Proc Nat
Acad Sci USA 99:16407-16411

Sakahira H, Breuer P, Hayer-Hartl MK, Hartl FU (2002) Molecular
chaperones as modulators of polyglutamine protein aggregation and
toxicity. Proc Nat Acad Sci USA 99:16412-16418

He C, Klionsky DJ (2009) Regulation Mechanisms and
Signaling Pathways of Autophagy. Annu Rev Genet (in press)
Iwata A, Christianson JC, Bucci M, Ellerby LM, Nukina N,
Forno LS et al (2005) Increased susceptibility of cytoplasmic
over nuclear polyglutamine aggregates to autophagic degrada-
tion. Proc Nat Acad Sci USA 102:13135-13140

Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG et
al (2004) Inhibition of mTOR induces autophagy and reduces
toxicity of polyglutamine expansions in fly and mouse models of
Huntington disease. Nat Genet 36:585-595

Helmlinger D, Tora L, Devys D (2006) Transcriptional alter-
ations and chromatin remodeling in polyglutamine diseases.
Trends Genet 22:562-570

Matilla A, Koshy BT, Cummings CJ, Isobe T, Orr HT, Zoghbi
HY (1997) The cerebellar leucine-rich acidic nuclear protein
interacts with ataxin-1. Nature 389:974-978

Okazawa H, Rich T, Chang A, Lin X, Waragai M, Kajikawa M
et al (2002) Interaction between mutant ataxin-1 and PQBP-1
affects transcription and cell death. Neuron 34:701-713

Tsai CC, Kao HY, Mitzutani A, Banayo E, Rajan H, McKeown
M et al (2004) Ataxin 1, a SCA1 neurodegenerative disorder
protein, is functionally linked to the silencing mediator of
retinoid and thyroid hormone receptors. Proc Nat Acad Sci
USA 101:4047-4052

Mizutani A, Wang L, Rajan H, Vig PJ, Alaynick WA, Thaler JP
et al (2005) Boat, an AXH domain protein, suppresses the
cytotoxicity of mutant ataxin-1. EMBO J 24:3339-3351

Tsuda H, Jafar-Nejad H, Patel AJ, Sun Y, Chen HK, Rose MF et
al (2005) The AXH domain of Ataxin-1 mediates neurodegen-
eration through its interaction with Gfi-1/senseless proteins. Cell
122:633-644

Lam YC, Bowman AB, Jafar-Nejad P, Lim J, Richman R, Fryer
JD et al (2006) ATAXIN-1 interacts with the repressor Capicua

@ Springer

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

62.

63.

64.

65.

66.

67.

in its native complex to cause SCAIl neuropathology. Cell
127:1335-1347

Serra HG, Duvick L, Zu T, Carlson K, Stevens S, Jorgensen N
et al (2006) RORalpha-mediated Purkinje cell development
determines disease severity in adult SCAl mice. Cell
127:697-708

Goold R, Hubank M, Hunt A, Holton J, Menon RP, Revesz T et
al (2007) Down-regulation of the dopamine receptor D2 in mice
lacking ataxin 1. Hum Mol Genet 16:2122-2134
Matilla-Dueiias A, Goold R, Giunti P (2008) Clinical, genetic,
molecular, and pathophysiological insights into spinocerebellar
ataxia type 1. Cerebellum 7:106-114

Shimohata T, Nakajima T, Yamada M, Uchida C, Onodera O,
Naruse S et al (2000) Expanded polyglutamine stretches interact
with TAFII130, interfering with CREB-dependent transcription.
Nat Genet 26:29-36

Li F, Macfarlan T, Pittman RN, Chakravarti D (2002) Ataxin-3 is
a histone-binding protein with two independent transcriptional
corepressor activities. J Biol Chem 277:45004-45012

Zhang S, Xu L, Lee J, Xu T (2002) Drosophila atrophin
homolog functions as a transcriptional corepressor in multiple
developmental processes. Cell 108:45-56

Helmlinger D, Hardy S, Sasorith S, Klein F, Robert F, Weber C
et al (2004) Ataxin-7 is a subunit of GCNS5 histone
acetyltransferase-containing complexes. Hum Mol Genet
13:1257-1265

Friedman MJ, Shah AG, Fang ZH, Ward EG, Warren ST, Li S et
al (2007) Polyglutamine domain modulates the TBP-TFIIB
interaction: implications for its normal function and neuro-
degeneration. Nat Neurosci 10:1519-1528

Matilla A, Radrizzani M (2005) The Anp32 family of proteins
containing leucine-rich repeats. Cerebellum 4:7-18

La Spada AR, Fu Y, Sopher BL, Libby RT, Wang X, Li LY et al
(2001) Polyglutamine-expanded ataxin-7 antagonizes crx func-
tion and induces cone-rod dystrophy in a mouse model of sca7.
Neuron 31:913-927

Kouzarides T (2000) Acetylation: a regulatory modification to
rival phosphorylation? EMBO J 19:1176-1179

Steffan JS, Bodai L, Pallos J, Poelman M, McCampbell A,
Apostol BL et al (2001) Histone deacetylase inhibitors arrest
polyglutamine-dependent neurodegeneration in Drosophila. Nature
413:739-743

McCampbell A, Taye AA, Whitty L, Penney E, Steffan JS,
Fischbeck KH (2001) Histone deacetylase inhibitors reduce
polyglutamine toxicity. Proc Nat Acad Sci USA 98:15179-15184
Hockly E, Richon VM, Woodman B, Smith DL, Zhou X, Rosa
E et al (2003) Suberoylanilide hydroxamic acid, a histone
deacetylase inhibitor, ameliorates motor deficits in a mouse
model of Huntington's disease. Proc Nat Acad Sci USA
100:2041-2046

Clark HB, Burright EN, Yunis WS, Larson S, Wilcox C,
Hartman B et al (1997) Purkinje cell expression of a mutant
allele of SCALI in transgenic mice leads to disparate effects on
motor behaviors, followed by a progressive cerebellar dysfunc-
tion and histological alterations. J Neurosci 17:7385-7395
Serra HG, Byam CE, Lande JD, Tousey SK, Zoghbi HY, Orr HT
(2004) Gene profiling links SCA1 pathophysiology to glutamate
signaling in Purkinje cells of transgenic mice. Hum Mol Genet
13:2535-2543

Ichise T, Kano M, Hashimoto K, Yanagihara D, Nakao K,
Shigemoto R et al (2000) mGluR1 in cerebellar Purkinje cells
essential for long-term depression, synapse elimination, and
motor coordination. Science 288:1832—1835

Ikeda Y, Daughters RS, Ranum LP (2008) Bidirectional
expression of the SCA8 expansion mutation: one mutation, two
genes. Cerebellum 7:150-158



Cerebellum

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Worth PF, Houlden H, Giunti P, Davis MB, Wood NW (2000)
Large, expanded repeats in SCAS8 are not confined to patients
with cerebellar ataxia. Nat Genet 24:214-215

Corral J, Genis D, Banchs I, San Nicolas H, Armstrong J,
Volpini V (2005) Giant SCAS alleles in nine children whose
mother has two moderately large ones. Ann Neurol 57:549-553
Lin X, Antalffy B, Kang D, Orr HT, Zoghbi HY (2000)
Polyglutamine expansion down-regulates specific neuronal
genes before pathologic changes in SCAl. Nat Neurosci
3:157-163

Liu J, Tang TS, Tu H, Nelson O, Herndon E, Huynh DP et al
(2009) Deranged calcium signaling and neurodegeneration in
spinocerebellar ataxia type 2. J Neurosci 29:9148-9162
Zhuchenko O, Bailey J, Bonnen P, Ashizawa T, Stockton DW,
Amos C et al (1997) Autosomal dominant cerebellar ataxia
(SCAG6) associated with small polyglutamine expansions in the
alpha 1A-voltage-dependent calcium channel. Nat Genet 15:62-69
Pietrobon D (2002) Calcium channels and channelopathies of the
central nervous system. Mol Neurobiol 25:31-50

Saegusa H, Wakamori M, Matsuda Y, Wang J, Mori Y, Zong S et
al (2007) Properties of human Cav2.1 channel with a spinocer-
ebellar ataxia type 6 mutation expressed in Purkinje cells. Mol
Cell Neurosci 34:261-270

Adachi N, Kobayashi T, Takahashi H, Kawasaki T, Shirai Y,
Ueyama T et al (2008) Enzymological analysis of mutant
protein kinase Cgamma causing spinocerebellar ataxia type 14
and dysfunction in Ca2+ homeostasis. J Biol Chem
283:19854-19863

Lipinski MM, Yuan J (2004) Mechanisms of cell death in
polyglutamine expansion diseases. Curr Opin Pharm 4:85-90
Sanchez I, Xu CJ, Juo P, Kakizaka A, Blenis J, Yuan J (1999)
Caspase-8 is required for cell death induced by expanded
polyglutamine repeats. Neuron 22:623-633

Chou AH, Yeh TH, Kuo YL, Kao YC, Jou MJ, Hsu CY et al
(2006) Polyglutamine-expanded ataxin-3 activates mitochondrial
apoptotic pathway by upregulating Bax and downregulating Bcl-
x(L). Neurobiol Dis 21:333-345

Wang HL, Yeh TH, Chou AH, Kuo YL, Luo LJ, He CY et al
(2006) Polyglutamine-expanded ataxin-7 activates mitochondrial
apoptotic pathway of cerebellar neurons by upregulating Bax and
downregulating Bel-x(L). Cell Signal 18:541-552

Chen HK, Fernandez-Funez P, Acevedo SF, Lam YC, Kaytor
MD, Fernandez MH et al (2003) Interaction of Akt-
phosphorylated ataxin-1 with 14-3-3 mediates neurodegenera-
tion in spinocerebellar ataxia type 1. Cell 113:457—468

van de Warrenburg BP, Hendriks H, Durr A, van Zuijlen MC,
Stevanin G, Camuzat A et al (2005) Age at onset variance
analysis in spinocerebellar ataxias: a study in a Dutch—French
cohort. Ann Neurol 57:505-512

Albrecht M, Golatta M, Wullner U, Lengauer T (2004) Structural
and functional analysis of ataxin-2 and ataxin-3. Eur J Biochem
271:3155-3170

He W, Parker R (2000) Functions of Lsm proteins in mRNA
degradation and splicing. Curr Opin Cell Biol 12:346-350
Shibata H, Huynh DP, Pulst SM (2000) A novel protein with RNA-
binding motifs interacts with ataxin-2. Hum Mol Genet 9:1303-1313
Jin Y, Suzuki H, Maegawa S, Endo H, Sugano S, Hashimoto K
et al (2003) A vertebrate RNA-binding protein Fox-1 regulates
tissue-specific splicing via the pentanucleotide GCAUG. EMBO
J22:905-912

Matsuura T, Yamagata T, Burgess DL, Rasmussen A, Grewal RP,
Watase K et al (2000) Large expansion of the ATTCT
pentanucleotide repeat in spinocerebellar ataxia type 10. Nat
Genet 26:191-194

Lin X, Ashizawa T (2005) Recent progress in spinocerebellar
ataxia type-10 (SCA10). Cerebellum 4:37-42

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Coates JC (2003) Armadillo repeat proteins: beyond the animal
kingdom. Trends Cell Biol 13:463-471

Sontag E (2001) Protein phosphatase 2A: the Trojan horse of
cellular signaling. Cell Signal 13:7-16

Lim J, Lu KP (2005) Pinning down phosphorylated tau and
tauopathies. Biochim Biophys Acta 1739:311-322

Waters MF, Pulst SM (2008) Scal3. Cerebellum 7:165-169
Newton AC (2001) Protein kinase C: structural and spatial
regulation by phosphorylation, cofactors, and macromolecular
interactions. Chem Rev 101:2353-2364

Schrenk K, Kapthammer JP, Metzger F (2002) Altered dendritic
development of cerebellar Purkinje cells in slice cultures from
protein kinase Cgamma-deficient mice. Neuroscience 110:675-689
Abeliovich A, Paylor R, Chen C, Kim JJ, Wehner JM, Tonegawa
S (1993) PKC gamma mutant mice exhibit mild deficits in
spatial and contextual learning. Cell 75:1263-1271

Verbeek DS, Goedhart J, Bruinsma L, Sinke RJ, Reits EA (2008)
PKC gamma mutations in spinocerebellar ataxia type 14 affect
C1 domain accessibility and kinase activity leading to aberrant
MAPK signaling. J Cell Sci 121:2339-2349

Wang Q, Bardgett ME, Wong M, Wozniak DF, Lou J, McNeil
BD et al (2002) Ataxia and paroxysmal dyskinesia in mice
lacking axonally transported FGF14. Neuron 35:25-38
Shakkottai VG, Xiao M, Xu L, Wong M, Nerbonne JM, Ornitz
DM et al (2009) FGF14 regulates the intrinsic excitability of
cerebellar Purkinje neurons. Neurobiol Dis 33:81-88

Ishikawa K, Toru S, Tsunemi T, Li M, Kobayashi K, Yokota T et
al (2005) An autosomal dominant cerebellar ataxia linked to
chromosome 16q22.1 is associated with a single-nucleotide
substitution in the 5’ untranslated region of the gene encoding
a protein with spectrin repeat and Rho guanine-nucleotide
exchange-factor domains. Am J Hum Genet 77:280-296
Flanigan K, Gardner K, Alderson K, Galster B, Otterud B, Leppert
MF et al (1996) Autosomal dominant spinocerebellar ataxia with
sensory axonal neuropathy (SCA4): clinical description and genetic
localization to chromosome 16g22.1. Am J Hum Genet 59:392-399
Manto M, Marmolino D (2009) Cerebellar ataxias. Curr Opin
Neurol 22:419-429

Trujillo-Martin MM, Serrano-Aguilar P, Monton-Alvarez F, Carrillo-
Fumero R (2009) Effectiveness and safety of treatments for
degenerative ataxias: a systematic review. Mov Disord 24:1111-1124
Watase K, Gatchel JR, Sun Y, Emamian E, Atkinson R, Richman
R et al (2007) Lithium therapy improves neurological function
and hippocampal dendritic arborization in a spinocerebellar
ataxia type 1 mouse model. PLoS Med 4:¢182

Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT et al
(2004) RNAI suppresses polyglutamine-induced neurodegenera-
tion in a model of spinocerebellar ataxia. Nat Med 10:816-820
Muchowski PJ, Wacker JL (2005) Modulation of neurodegener-
ation by molecular chaperones. Nat Rev Neurosci 6:11-22
Chan HY, Warrick JM, Gray-Board GL, Paulson HL, Bonini NM
(2000) Mechanisms of chaperone suppression of polyglutamine
disease: selectivity, synergy and modulation of protein solubility
in Drosophila. Hum Mol Genet 9:2811-2820

Heiser V, Scherzinger E, Boeddrich A, Nordhoff E, Lurz R,
Schugardt N et al (2000) Inhibition of huntingtin fibrillogenesis by
specific antibodies and small molecules: implications for Hunting-
ton's disease therapy. Proc Nat Acad Sci USA 97:6739-6744
Sanchez 1, Mahlke C, Yuan J (2003) Pivotal role of oligomer-
ization in expanded polyglutamine neurodegenerative disorders.
Nature 421:373-379

Yoshida H, Yoshizawa T, Shibasaki F, Shoji S, Kanazawa I
(2002) Chemical chaperones reduce aggregate formation and cell
death caused by the truncated Machado-Joseph disease gene
product with an expanded polyglutamine stretch. Neurobiol Dis
10:88-99

@ Springer



Cerebellum

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Tanaka M, Machida Y, Niu S, Ikeda T, Jana NR, Doi H et al
(2004) Trehalose alleviates polyglutamine-mediated pathology in
a mouse model of Huntington disease. Nat Med 10:148-154
Heiser V, Engemann S, Brocker W, Dunkel I, Boeddrich A,
Waelter S et al (2002) Identification of benzothiazoles as
potential polyglutamine aggregation inhibitors of Huntington's
disease by using an automated filter retardation assay. Proc Nat
Acad Sci USA 99:16400-16406

Zhang X, Smith DL, Meriin AB, Engemann S, Russel DE, Roark
M et al (2005) A potent small molecule inhibits polyglutamine
aggregation in Huntington's disease neurons and suppresses
neurodegeneration in vivo. Proc Nat Acad Sci USA 102:892—-897
Kieran D, Kalmar B, Dick JR, Riddoch-Contreras J, Burnstock
G, Greensmith L (2004) Treatment with arimoclomol, a
coinducer of heat shock proteins, delays disease progression in
ALS mice. Nat Med 10:402-405

Rimoldi M, Servadio A, Zimarino V (2001) Analysis of heat
shock transcription factor for suppression of polyglutamine
toxicity. Brain Res Bull 56:353-362

Mosser DD, Morimoto RI (2004) Molecular chaperones and the
stress of oncogenesis. Oncogene 23:2907-2918

Dedeoglu A, Kubilus JK, Jeitner TM, Matson SA, Bogdanov M,
Kowall NW et al (2002) Therapeutic effects of cystamine in a
murine model of Huntington's disease. J Neurosci 22:8942—-8950
Karpuj MV, Becher MW, Springer JE, Chabas D, Youssef S, Pedotti
R et al (2002) Prolonged survival and decreased abnormal move-
ments in transgenic model of Huntington disease, with administra-
tion of the transglutaminase inhibitor cystamine. Nat Med 8:143—149
Shults CW (2003) Coenzyme Q10 in neurodegenerative dis-
eases. Curr Med Chem 10:1917-1921

Ryu H, Rosas HD, Hersch SM, Ferrante RJ (2005) The
therapeutic role of creatine in Huntington's disease. Pharmacol
Ther 108:193-207

Keene CD, Rodrigues CM, Eich T, Chhabra MS, Steer CJ, Low
WC (2002) Tauroursodeoxycholic acid, a bile acid, is neuro-
protective in a transgenic animal model of Huntington's disease.
Proc Nat Acad Sci USA 99:10671-10676

Ona VO, Li M, Vonsattel JP, Andrews LJ, Khan SQ, Chung WM
et al (1999) Inhibition of caspase-1 slows disease progression in
a mouse model of Huntington's disease. Nature 399:263-267
Chen M, Ona VO, Li M, Ferrante RJ, Fink KB, Zhu S et al
(2000) Minocycline inhibits caspase-1 and caspase-3 expression
and delays mortality in a transgenic mouse model of Huntington
disease. Nat Med 6:797-801

Lesort M, Lee M, Tucholski J, Johnson GV (2003) Cystamine
inhibits caspase activity. Implications for the treatment of
polyglutamine disorders. J Biol Chem 278:3825-3830

Gauthier S (2009) Dimebon improves cognitive function in
people with mild to moderate Alzheimer's disease. Evid Based
Ment Health 12:21

Mestre T, Ferreira J, Coelho MM, Rosa M, Sampaio C (2009)
Therapeutic interventions for disease progression in Huntington's
disease. Cochrane Database Syst Rev CD006455

Bordet T, Buisson B, Michaud M, Drouot C, Galea P, Delaage P
et al (2007) Identification and characterization of cholest-4-en-3-
one, oxime (TRO19622), a novel drug candidate for amyotrophic
lateral sclerosis. J Pharmacol Exp Ther 322:709-720

Strupp M, Kalla R, Glasauer S, Wagner J, Hufner K, Jahn K et al
(2008) Aminopyridines for the treatment of cerebellar and ocular
motor disorders. Prog Brain Res 171:535-541

Dokmanovic M, Marks PA (2005) Prospects: Histone deacety-
lase inhibitors. J Cell Biochem 96:293-304

Thomas EA, Coppola G, Desplats PA, Tang B, Soragni E, Burnett
R et al (2008) The HDAC inhibitor 4b ameliorates the disease
phenotype and transcriptional abnormalities in Huntington's disease
transgenic mice. Proc Natl Acad Sci USA 105:15564—-15569

@ Springer

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Naoi M, Maruyama W, Yi H, Inaba K, Akao Y, Shamoto-Nagai
M (2009) Mitochondria in neurodegenerative disorders: regula-
tion of the redox state and death signaling leading to neuronal
death and survival. J Neural Transm (in press)

Gatchel JR, Watase K, Thaller C, Carson JP, Jafar-Nejad P, Shaw
C et al (2008) The insulin-like growth factor pathway is altered
in spinocerebellar ataxia type 1 and type 7. Proc Nat Acad Sci
USA 105:1291-1296

Fernandez AM, Carro EM, Lopez-Lopez C, Torres-Aleman I
(2005) Insulin-like growth factor I treatment for cerebellar
ataxia: Addressing a common pathway in the pathological
cascade? Brain Res Rev 50:134-141

Leinninger GM, Feldman EL (2005) Insulin-like growth factors in
the treatment of neurological disease. Endocr Devel 9:135-159
Gage FH (2002) Neurogenesis in the adult brain. J Neurosci
22:612-613

Schmitz-Hubsch T, du Montcel ST, Baliko L, Berciano J, Boesch S,
Depondt C et al (2006) Scale for the assessment and rating of ataxia:
development of a new clinical scale. Neurology 66:1717-1720
Schmitz-Hubsch T, Giunti P, Stephenson DA, Globas C, Baliko
L, Sacca F et al (2008) SCA Functional Index: a useful
compound performance measure for spinocerebellar ataxia.
Neurology 71:486-492

Lastres-Becker I, Rub U, Auburger G (2008) Spinocerebellar
ataxia 2 (SCA2). Cerebellum 7:115-124

Garden GA, La Spada AR (2008) Molecular pathogenesis and
cellular pathology of spinocerebellar ataxia type 7 neurodegen-
eration. Cerebellum 7:138-149

Higgins JJ, Pho LT, Ide SE, Nee LE, Polymeropoulos MH
(1997) Evidence for a new spinocerebellar ataxia locus. Mov
Disord 12:412-417

Johnson J, Wood N, Giunti P, Houlden H (2008) Clinical and genetic
analysis of spinocerebellar ataxia type 11. Cerebellum 7:159-164
Miyoshi Y, Yamada T, Tanimura M, Taniwaki T, Arakawa K,
Ohyagi Y et al (2001) A novel autosomal dominant spinocer-
ebellar ataxia (SCA16) linked to chromosome 8q22.1-24.1.
Neurology 57:96-100

Stevanin G, Brice A (2008) Spinocerebellar ataxia 17
(SCA17) and Huntington's disease-like 4 (HDL4). Cerebellum
7:170-178

Devos D, Schraen-Maschke S, Vuillaume I, Dujardin K, Naze P,
Willoteaux C et al (2001) Clinical features and genetic analysis
of a new form of spinocerebellar ataxia. Neurology 56:234-238
Verbeek DS, Schelhaas JH, Ippel EF, Beemer FA, Pearson PL,
Sinke RJ (2002) Identification of a novel SCA locus (SCA19) in
a Dutch autosomal dominant cerebellar ataxia family on
chromosome region 1p21-q21. Hum Genet 111:388-393
Schelhaas HJ, van de Warrenburg BP (2005) Clinical, psycho-
logical, and genetic characteristics of spinocerebellar ataxia type
19 (SCA19). Cerebellum 4:51-54

Knight MA, Hernandez D, Diede SJ, Dauwerse HG, Rafferty I,
van de Leemput J et al (2008) A duplication at chromosome
11q12.2-11q12.3 is associated with spinocerebellar ataxia type
20. Hum Mol Genet 17:3847-3853

Delplanque J, Devos D, Vuillaume I, De Becdelievre A,
Vangelder E, Maurage CA et al (2008) Slowly progressive
spinocerebellar ataxia with extrapyramidal signs and mild
cognitive impairment (SCA21). Cerebellum 7:179-183

Chung MY, Lu YC, Cheng NC, Soong BW (2003) A novel
autosomal dominant spinocerebellar ataxia (SCA22) linked to
chromosome 1p21—q23. Brain 126:1293-1299

Verbeek DS (2009) Spinocerebellar ataxia type 23: a genetic
update. Cerebellum 8:104—107

Stevanin G, Broussolle E, Streichenberger N, Kopp N, Brice A,
Durr A (2005) Spinocerebellar ataxia with sensory neuropathy
(SCA25). Cerebellum 4:58-61



Cerebellum

150.

151.

152.

Yu GY, Howell MJ, Roller MJ, Xie TD, Gomez CM (2005)
Spinocerebellar ataxia type 26 maps to chromosome 19p13.3
adjacent to SCA6. Ann Neurol 57:349-354

Mariotti C, Brusco A, Di Bella D, Cagnoli C, Seri M,
Gellera C et al (2008) Spinocerebellar ataxia type 28: a
novel autosomal dominant cerebellar ataxia characterized by
slow progression and ophthalmoparesis. Cerebellum 7:184—
188

Dudding TE, Friend K, Schofield PW, Lee S, Wilkinson IA,
Richards RI (2004) Autosomal dominant congenital non-

153.

154.

155.

progressive ataxia overlaps with the SCA15 locus. Neurology
63:2288-2292

Storey E, Bahlo M, Fahey M, Sisson O, Lueck CJ, Gardner RJ
(2009) A new dominantly inherited pure cerebellar ataxia, SCA
30. J Neurol Neurosurg Psychiatry 80:408—411

Tsuji S (2002) Dentatorubral-pallidoluysian atrophy: clinical
aspects and molecular genetics. Adv Neurol 89:231-239

Genis D, Ferrer I, Sole JV, Corral J, Volpini V, San Nicolas H et
al (2009) A kindred with cerebellar ataxia and thermoanalgesia. J
Neurol Neurosurg Psychiatry 80:518-523

@ Springer



	Cellular and Molecular Pathways Triggering Neurodegeneration in the Spinocerebellar Ataxias
	Abstract
	Introduction
	Clinical Features of the Spinocerebellar Ataxias
	Cellular and Molecular Pathways Implicated in Neurodegeneration in the Sinocerebellar Ataxias
	Common Occurring Pathways During Polyglutamine Neurotoxicity: Protein Aggregation, Misfolding, Stability and Clearance
	Dysregulation of Transcription and Gene Expression
	Alterations in Synaptic Neurotransmission
	Alterations in Calcium Homeostasis
	Mitochondrial Stress and Apoptosis
	Emerging Pathways

	Therapeutic Strategies
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


