
Molecular Pathogenesis of Spinocerebellar Ataxia Type 6

Holly B. Kordasiewicz* and Christopher M. Gomez†

*Ludwig Institute for Cancer Research, University of California at San Diego, La Jolla, California 92093; †Department of
Neurology, University of Chicago, Chicago, Illinois 60637

Summary: Spinocerebellar ataxia type 6 (SCA6) is a neuro-
degenerative disorder caused by abnormal expansions of a
trinucleotide CAG repeat in exon 47 of the CACNA1A gene,
which encodes the �1A subunit of the P/Q-type voltage-gated
calcium channel. The CAG repeat expansion is translated into
an elongated polyglutamine tract in the carboxyl terminus of
the �1A subunit. The �1A subunit is the main pore-forming
subunit of the P/Q-type calcium channel. Patients with SCA6
suffer from a severe form of progressive ataxia and cerebellar
dysfunction. Design of treatments for this disorder will depend
on better definition of the mechanism of disease. As a disease
arising from a mutation in an ion channel gene, SCA6 may
behave as an ion channelopathy, and may respond to attempts

to modulate or correct ion channel function. Alternatively, as a
disease in which the mutant protein contains an expanded poly-
glutamine tract, SCA6 may respond to the targets of drug
therapies developed for Huntington’s disease and other poly-
glutamine disorders. In this review we will compare SCA6 to
other polyglutamine diseases and channelopathies, and we will
highlight recent advances in our understanding of �1A subunits
and SCA6 pathology. We also propose a mechanism for how
two seemingly divergent hypotheses can be combined into a
cohesive model for disease progression. Key Words: Spino-
cerebellar ataxia type 6 (SCA6), channelopathy, polyglutamine
disease, P/Q-type calcium channel, Purkinje cell, cerebellum.

INTRODUCTION

Spinocerebellar ataxia type six (SCA6) is a progres-
sive ataxic disorder caused by a CAG repeat expansion
in the CACNA1A gene encoding the �1 subunit of the
neuronal P/Q-type voltage-gated calcium channel
(VGCC).1,2 SCA6 is one of three dominantly inherited
neurological disorders caused by mutations in the gene
encoding the �1A subunit.3,4 SCA6 is also one of 10
polyglutamine diseases caused by expansion of a native,
polyglutamine-encoding CAG tract.5-7 Thus, based on
the affected gene and the mutational mechanism, the
pathogenesis of SCA6 may be related to the ion channel
disorders (channelopathies) and/or the CAG repeat dis-
orders (polyglutamine diseases). Currently, there is no
treatment for this neurodegenerative disease. Successful
therapeutic strategies must be targeted to a valid patho-
logical mechanism, and thus understanding the underly-
ing mechanisms of disease is crucial to finding a proper
treatment. This review addresses the molecular mecha-
nisms of SCA6 pathogenesis and highlights recent ad-

vances in our understanding of �1A processing and
SCA6 toxicity. We will focus on the relationship of
SCA6 to other channelopathies and to other polyglu-
tamine diseases in an attempt to further our understand-
ing of the mechanisms of SCA6 pathogenesis.

PHENOTYPE AND PATHOLOGY

SCA6 is a neurodegenerative disorder of the cerebel-
lum, characterized by gaze-evoked nystagmus, dysar-
thria, progressive imbalance, and severe limb coordina-
tion.1,2,8,9 Some patients with SCA6 experience
occasional bouts of vertigo, but there is no muscle weak-
ness or cognitive impairment.10 SCA6 is a late onset
disorder with an average onset age of 50 years.1,2,11,12

The disease usually progresses slowly and does not
shorten lifespan, but most patients do become wheelchair
bound by their late 60s. The worldwide prevalence is
variable, being highest in Japan and moderate in Europe,
although accurate absolute numbers are not available.
Genetic epidemiologic studies in England have estimated
the frequency of the disease-causing mutation at approx-
imately 1 in every 10,000 individuals.13

Magnetic resonance imaging of SCA6 patients shows
mild to moderate cerebellar atrophy compared with
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healthy brains.9,14 Postmortem analysis of SCA6 brains
demonstrates cerebellar atrophy due to selective Purkinje
cell degeneration.2,9,15,16 SCA6 brains display a striking
selective loss of Purkinje cells, with particularly high
losses in the midline vermal region of the cerebellum.17

The surviving Purkinje cells frequently have decreased
dendritic arborizations and decreased cytoplasmic or-
ganelles compared with controls.17 Mild to moderate
granule cell loss appears to be secondary to Purkinje cell
loss, but basket, stellate, and Golgi cells of the cerebellar
cortex appear largely unaffected.

P/Q-TYPE CALCIUM CHANNELS

SCA6 is caused by a mutation in the C-terminus of the
�1A subunit of the P/Q-type VGCC. P/Q-type calcium
channels are comprised of the �1A pore-forming sub-
unit, and at least two auxiliary subunits, � and �2�.18

Although the auxiliary subunits do not directly form the
channel, they are required for proper channel function.19

The �1A subunit has a structure similar to other �1
subtypes; i.e., four linked homologous domains, each
comprised of six transmembrane segments (S1-6). The
four linked domains are linked by three intracellular
loops (I-II, II-III, and III-IV) and are flanked by cyto-
plasmic N and C-termini, all of which interact with a
variety of auxiliary subunits and regulatory proteins. The
genes encoding the �1 subunits are highly spliced.20

Some forms of the �1A subunit encode a polyglutamine
tract that is variable in length, and the expansion of
which underlies SCA6.2 The �1A subunit is one of the
most widely expressed of all �1 subunits, as it has been
found throughout the brain, heart, pituitary, liver, spleen,
and kidneys, with particularly prominent expression in
Purkinje and granule cells of the cerebellar cortex.21-24

The �1A subunit is responsible for both the slowly in-
activating highly agatoxin sensitive P-current as well as
the fast inactivating conotoxin sensitive Q-current.25-28

As with other �1 subunits, the intracellular C-terminus
of the �1A subunit has been implicated in a number of
protein–protein interactions that play a prominent role in
modulating channel activity.19 Calcium calmodulin
readily binds to an EF hand domain in the �1A C-
terminus.29,20 This binding inhibits channel currents and
alters synaptic efficacy. The C-terminus can also alter
channel inactivation kinetics and possibly �1A subcel-
lular localization.30-32 Despite these shared functions, the
�1A subunit differs from other calcium channel �1 sub-
units primarily in its C-terminus. However, a unique
function for the �1A C-terminus that can account for its
divergence from other �1 C-termini has not been fully
elucidated. One functional distinction concerns the �4
auxiliary subunit, which selectively binds to the �1A
C-terminus, and upon binding alters channel kinet-
ics.33,34 Interestingly, the polyglutamine tract, which is

expanded in SCA6, is only present in �1A subunits, and
is not evolutionarily conserved, as polyglutamine tracts
are not present in rodent �1A C-termini. A complete
understanding of the function of the C-terminus is im-
perative because the SCA6 mutation is contained within
the distal C-terminus of �1A, and the therapeutic target
will invariably affect C-terminal functioning.

CACNA1A GENETICS

Genetic studies confirm that P/Q-type channels are
critical for neuronal function and viability, although the
details of the role(s) P/Q-type channels play are unclear
and may be complicated. In mice, spontaneous or tar-
geted mutations of this gene typically lead to recessively
inherited severe neurologic disorders characterized by
ataxia, seizures, and dystonia.4,35-42 Mutations of several
types, both loss of function and altered function, have
roughly similar phenotypes. The molecular consequence
of one of these mutations, Tg(la), is selective loss of the
complete C-terminus of the �1A subunit after either
codon 1922 or codon 1967, resulting in seizures, and
episodic and progressive cerebellar disease with degen-
eration of Purkinje cells.37 Because in this mouse the
mutant “tail-less” P/Q-type channels remain largely
functional within the cerebellar neurons, this mutant
points to a key role for the C-terminus in cerebellar
neuronal function and viability, a fact relevant to the
human disease SCA6.
In humans, only mutations exhibiting more pro-

nounced phenotypes, with autosomal dominant inheri-
tance, have been recognized.4 Mutations in the
CACNA1A gene cause two dominantly inherited episodic
disorders in humans; familial hemiplegic migraine
(FHM)43 and episodic ataxia type 2 (EA-2).44 Both are
typically caused by point mutations in the CACNA1A
gene, and their disease mechanisms have both been
linked to altered calcium channel function; i.e., they are
channelopathies. Patients with FHM suffer from severe
headaches, hemiparesis, or hemianesthenia, and occa-
sionally episodic imbalance, with typical onset beginning
at ages 10 to 20 years.43,45 In FHM, point mutations at
conserved residues in CACNA1A can lead to changes in
current densities, altered inactivation kinetics, and al-
tered open probability of P/Q-type channels.41,43,45

In EA-2, patients experience episodic imbalance, dys-
arthria, vertigo, and hand incoordination. CACNA1A mu-
tations found in EA-2 are most commonly nonsense or
splicing mutations that result in �1A subunits that are
truncated within the repeat domains, or that predict
skipped exons with loss of function of the mutant in
expression studies.4,46,47 Several studies suggest that the
truncated subunits exhibit dominant inheritance by ex-
erting a dominant negative effect on the wild-type P/Q
current activity.44,48,49
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SCA6 is a progressive ataxic disorder caused by a
trinucleotide repeat (CAG) expansion in exon 47 of the
CACNA1A gene.2 This repeat is translated into a poly-
glutamine expansion in the distal C-terminus of certain
splice variants of the P/Q-type calcium channel �1A
subunit. The CAG repeat in CACNA1A is polymorphic
in length. Healthy individuals normally have between 4
and 18 glutamines, while individuals with SCA6 have
between 19 and 33 glutamines.50 Age of onset of disease
in SCA6 is inversely correlated with the length of the
glutamine repeat expansion. For example, individuals
with a glutamine repeat of 20 begin to exhibit symptoms
in their 70s, while individuals with a repeat length of 30
glutamines begin to exhibit symptoms as early as 30
years old.12 The findings of the SCA6 mutation in
humans and the spontaneous mouse mutant leaner C-
terminal �1A splice mutation strongly suggest that ge-
netic mutation of the C-terminus has significant func-
tional consequences.

SCA6 AS AN ION CHANNELOPATHY

The involvement of a functional ion channel subunit
(�1A) of a VGCC in SCA6 favors the hypothesis that
SCA6 is an ion channel disorder in which the polyglu-
tamine expansion in the C-terminus of �1A causes ataxia
by altering calcium channel function. Numerous studies
have attempted to determine how the polyglutamine ex-
pansion affects the properties of the P/Q-type calcium
channel, and ultimately how a small polyglutamine ex-
pansion in a VGCC may lead to cell death.15,16,51-55

Unfortunately, these results appear highly variable and
depend on which expression system and auxiliary VGCC
subunits are used. Nevertheless, all of these studies pro-
vide insight into the various aspects of SCA6 pathology,
in particular, the basis for the selective Purkinje cell
degeneration in SCA6.
The first group to analyze the effect of expanded poly-

glutamine tracts on P/Q-type calcium channel function-
ing reported only moderate alterations in channel inacti-
vation kinetics.52 In BHK cells stably expressing �2�
and �1a, an 8-mV hyperpolarizing shift in the voltage
dependence of inactivation was found in cells expressing
expanded (Q30 or Q40) �1A compared with unexpanded
controls (Q4).52 However, the disease-causing expansion
of Q24 did not alter kinetics in this model. In this study,
no changes in current density and only a slightly hyper-
polarizing shift in the voltage dependence of activation
in Q30 and Q40 containing calcium channels were ob-
served. The researchers hypothesized that the shift in
inactivation kinetics decreases the number of channels
available at resting membrane potential, and thus de-
creases the amount of calcium entering the cell. In these
same cells, apoptotic cell death was analyzed using the
nicked DNA staining assay, TUNEL. Even though ki-

netic alterations were observed, none of the cells trans-
fected with the expanded (Q30 or Q40) calcium channels
displayed TUNEL staining, indicating that in this system
these kinetic alterations were not sufficient to induce
apoptosis.
In another study, Toru et al.55 had detected an effect

using the Q24 allele in HEK cells cotransfected with
�2�, �1a, and �1AQ24, recording a 6-mV hyperpolar-
izing shift in the voltage dependence of inactivation
compared with unexpanded controls (Q13). Similarly,
cells expressing Q28-containing calcium channels exhib-
ited an 11-mV hyperpolarizing shift, greater than the
8-mV shift previously reported in calcium channels with
much larger expansions (Q30 and Q40).52 Interestingly,
the negative shifts in inactivation kinetics were only
observed in splice variants of the P/Q-type calcium chan-
nel that contain exon 31, which encode the residues
asparagine and proline (NP�). Calcium channels that do
not contain the NP residues (NP�) exhibit a positive
shift in the voltage dependence of inactivation when the
channel contains an expansion of Q28. The studies from
these groups are consistent with the view that the
changes in the polyglutamine-expanded NP� �1A cal-
cium channels will result in a decrease in calcium influx
into the cell.
Several investigators have explored whether different

subtypes of beta auxiliary VGCC subunits determine the
channel gating consequences of �1A subunits bearing
SCA6 polyglutamine expansions. Our group studied
�1A subunit alleles expressed in Xenopus oocytes by
injecting expanded (Q22, Q26, or Q30) or unexpanded
(Q13) �1A subunits together with �2� and �2, 3, or 4
subunits. We found that expression of the Q30 expanded
�1A led to a hyperpolarizing shift in the voltage depen-
dence of activation and a delay in inactivation, but only
when oocytes were expressing expanded �1A and �4
subunits.16 A trend for similar effects was seen in Q20-
or Q26-expressing oocytes. No significant changes were
observed in cells expressing �1A with �2 or �3.
The influence of beta subunit subtype was also seen in

G-protein coupling, which is determined in part by C-
terminal motifs. Because the splice variant used in these
studies was sensitive to G-protein mediated inactivation,
we co-expressed the G-protein coupled 
-opioid recep-
tor, together with unexpanded �1A, �2�, and �2, 3, or 4
and treated with DAMGO to inhibit inactivation. This
inhibition was attenuated in cells expressing Q26 and
Q30 expanded �1A and �4, suggesting that the delay in
inactivation and the prevention of G-protein mediated
inhibition of inactivation would lead to an increase in
calcium influx.16 These results suggest a model in which
polyglutamine-mediated �1A alterations are dependent
on the � subunit and result in an increase in intracellular
calcium. Surprisingly, these findings are contradictory
to those of the two previous studies,52,55 and suggest
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that polyglutamine-expanded SCA6-associated P/Q-type
channels lead to increased calcium entry into cerebellar
neurons.
A fourth study reported that HEK cells stably express-

ing �1 and �2� exhibited an increase in the surface
expression of �1A containing Q23, Q27, or Q72 repeats
compared with unexpanded controls (Q4 and Q11). The
increase in surface expression resulted in a twofold in-
crease in current density but did not alter channel kinet-
ics.54 These changes occurred without an apparent
change in mRNA levels, suggesting that the increase in
current density was due to increased stability of polyglu-
tamine-expanded �1A subunits. Other proteins bearing
expanded polyglutamine tracts, such as huntingtin, have
shown similar increases in stability and resistance to
degradation relative to the unexpanded proteins.56-59 The
relevance of these studies to SCA6 is questionable be-
cause the expansion Q72 in �1A greatly exceeds the
largest allele identified in SCA6, Q33. However, current
density was increased relatively equally in all expanded
�1A expressing cells (Q23, Q27, and Q72).
In a follow-up study the same investigators expressed

expanded Q23 and Q72, unexpanded, Q11 �1A in HEK
cells transiently, together with �2a or �4 auxiliary sub-
units, rather than �1 subunits.60 Interestingly, in this
experiment no changes in current densities were ob-
served. This finding illustrates either the importance of �
subunit subtype or the difference between transient or
stable expression of auxiliary subunits. However, in the
�2a or �4 studies the expanded polyglutamine tract did
shift the steady state inactivation in the positive direction
by 6 mV. In addition, expanded polyglutamine tracts
facilitated a decrease in activity-dependent inactivation,
but not inactivation or activation of current kinetics. For
example, after a 100 Hz pulse, 54% of the current in
unexpanded �1A-expressing cells was inactivated where
only 46% inactivation occurred in expanded (Q72) �1A-
expressing cells. These properties again favored in-
creased calcium entry into SCA6 neurons.

Conclusion
In all instances the �1A subunits expressing SCA6

mutations can form functioning channels. Electrophysi-
ologic analysis of the channel function indicates that the
expanded glutamine tracts alter channel kinetics and
functioning. From these studies, it is clear that different
model systems can affect the channel kinetics and may
account for some of the differences among experiments.
However, more importantly, splice forms of �1A and the
different � subunit forms appear to account for some
significant differences in findings among groups and
even within individual studies. This may have realistic
implications, as �1A splice forms and the various forms
of � subunits all display divergent, cell-specific expres-
sion patterns in vivo. These observations suggest that a

lethal combination of P/Q-type channel variables yet to
be completely specified may contribute to pathogenesis.
Although the model systems used are very useful in

controlling for many variables, they may be too simple to
model the complexity of the biophysical properties of the
cerebellum. These changes may be ideally studied using
direct cerebellar slice recordings, where proper ratios of
� subunits, �1A splice forms, and activity can be main-
tained after genetic manipulation has been carried out
through transfection methods. These types of studies
need to be adequately assessed prior to utilizing thera-
peutics directed at altering channel kinetics. As the lit-
erature stands, it appears that SCA6 mutations can both
increase and decrease the amount of calcium entering the
cell, depending upon the model system used. This im-
portant distinction needs to be addressed in the proper
adequately complex system.

SCA6 AS A POLYGLUTAMINE DISEASE

The mutational mechanism in SCA6 suggests that
the pathogenesis of this disorder may share features
in common with the group of disorders known as the
polyglutamine diseases. Huntington’s disease (HD),
Machado-Joseph’s disease (MJD/SCA3), spinocerebellar
ataxias (SCA) 1, 2, 7, and 17, dentatorubropallidoluysian
atrophy, and spinal and bulbar muscular atrophy
(SMBA) are all caused by abnormal expansion of a
polyglutamine tract normally occurring in a set of unre-
lated proteins. In each of these disorders a protein con-
taining a normal stretch of glutamines (in healthy indi-
viduals, typically between 10 and 40 glutamines in
length) is abnormally elongated, typically to 40 to 100
glutamines.12,61-63 Several of these disorders, particu-
larly Huntington’s disease, have been extensively stud-
ied, and numerous therapeutic approaches have been ex-
plored in experimental models and in early clinical trials.
If SCA6 is mechanistically similar it may benefit from
therapeutic advances made in these polyglutamine dis-
eases.
With the exception of SMBA, an X-linked disorder,

all polyglutamine diseases exhibit an autosomal domi-
nant pattern of inheritance (i.e., only one mutant allele is
required for the disease phenotype to develop). In addi-
tion, in all polyglutamine diseases the size of the glu-
tamine repeat expansion varies between some individu-
als and the age of onset of disease symptoms is inversely
correlated with the size of the repeat expansion.12,61,62

Furthermore, in subsequent generations the expanded
glutamine tract is susceptible to further expansion, fa-
voring an even earlier age of onset.63-65 This clinical and
genetic evidence suggests that polyglutamine diseases
are caused by a “toxic gain-of-function.” As a prerequi-
site to the design of rational therapies, molecular and
cellular studies have subsequently sought to understand
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the potentially common structural and functional basis
for the pathogenesis of the selective neuronal degenera-
tion in the polyglutamine diseases. One common feature
has been that the affected proteins in HD, SMBA, SCA3,
and SCA7 all appear to be proteolytically processed at
discrete sites within the proteins in both the normal and
disease-causing forms.66-69 Moreover, all polyglutamine
disease-causing proteins (except ataxin-2) form nuclear
aggregates.5,6 These commonalities and other common
pathways of processing in the nucleus may reveal pow-
erful therapeutic strategies.
Although many similarities exist between the polyglu-

tamine diseases, SCA6 differs from most others in this
class in several respects. First, SCA6 is caused by an
expanded repeat that is “pathological” at a range of 19 to
33 glutamines. This tract length is well within the range
of healthy polyglutamine tracts in other diseases that
cause neurodegeneration only when they contain greater
than 35 glutamines. Studies of “naked” polyglutamine
tracts (i.e., those that are not part of the endogenous
polypeptide where they occur) conventionally use re-
peats of 35 to 45 glutamines as their negative control,
and report no cell death above baseline. Therefore, poly-
glutamine tracts that are part of the �1A subunit protein
are toxic to cells at much lower sizes.
Second, until recently SCA2 and SCA6 appeared to

share common features, distinguishing them from the
other SCAs. SCA2 and SCA6 are the only polyglutamine
disease proteins that do not form ubiquitinated nuclear
aggregates. In all other polyglutamine diseases except
SCA2 and SCA6, the accumulation of the disease-
causing polyglutamine tract in the nucleus was necessary
to mediate the disease.56,67,70-83 In the case of SCA2, the
disease appears to be mediated by an effect on protein
translation.76,84 In the case of SCA6, as discussed above,
the expanded polyglutamine tract occurs in a neuronal
ion channel protein, whose function may be altered by
the expanded tract. Third, clinical genetic studies point to
a role played by the polyglutamine tract in the �1A
subunit in modulating the severity of SCA2.85 Specifi-
cally, SCA2 patients with larger normal, but not SCA6-
causing, polyglutamine tracts in the �1A gene appear to
have earlier onset ataxia than those with small �1A
polyglutamine tracts.

C-Terminal fragments
Recent studies, coupled with other unexplained obser-

vations, have provided stronger support for a pathogenic
mechanism in SCA6 that more closely resembles the
other polyglutamine diseases and have provided evi-
dence against the absolute role of P/Q-type channel ki-
netics in disease pathogenesis.
Over a decade ago, it was reported86 that the C-terminus

of the �1C voltage-gated calcium channel is cleaved by
calpain, a calcium-dependent protease, from the full-length

protein in skeletal muscle. This cleavage phenomenon in
hippocampal cultures is facilitated by activity of accompa-
nying NMDA receptors and results in a fourfold increase in
current density.87 Also, C-terminal fragments of �1A sub-
units have been detected in protein extracts of purified �1A
and �1A-expressing cells.88 While initially seeming to have
little importance, these fragments took on greater signifi-
cance when the SCA6 mutation was identified in the ex-
treme distal C-terminus of the �1A subunit.
Kubodera et al.51 recently reported that the C-terminus

of the �1A subunit is post-translationally processed and
cleaved from the full-length protein. This is consistent
with reports of �1C subunits in which the C-terminus is
also cleaved near the same region.86 This study was
notable because of the observation that the �1A C-
terminal fragments were only detected in protein extracts
from HEK cells transiently expressing expanded (Q30)
�1A, although it contrasted with the previous findings on
C-terminal cleavage. These investigators51 hypothesized
that both the expanded and unexpanded �1A subunits
were cleaved, but that the expanded C-terminus was
selectively resistant to degradation. This property has
been observed in other polyglutamine proteins. More
significantly, these investigators51 found that in HEK cell
cultures expressing C-terminal fragments cell death, as
determined by dye exclusion, was increased in an allele-
dependent manner. C-termini containing Q28 were sig-
nificantly more toxic than C-termini harboring Q13. In
this experiment there was no difference in toxicity of
full-length �1A subunits bearing wild-type or expanded
polyglutamine tracts.
Recently our group has confirmed the cleavage of the

�1A subunit within cerebellar tissue.89 Of greater signif-
icance, however, was our observation that the endoge-
nous free C-terminal fragment localizes to Purkinje cell
nuclei. In addition, C-terminal fragments cleaved from
recombinant �1A subunits or expressed as isolated C-
termini localize to nuclei in cultured cell lines and pri-
mary granule cell cultures. Interestingly, using immuno-
blotting to estimate protein abundance, we found that
cleavage and nuclear localization are not affected by
polyglutamine length. The expanded and unexpanded
C-terminal fragment was found in equal abundance in
HEK cell cultures transiently transfected with full-length
�1A subunits.
To understand the molecular basis for the nuclear

translocation, our group has characterized three potential
nuclear localization signals (NLSs) to determine whether
they target the C-terminal fragment to the nucleus. In
HEK cell cultures, elimination of any of the three NLS
reduces nuclear localization of the C-terminus, but elim-
ination of all three NLS drastically reduces C-terminal
nuclear localization.89 This redundancy substantiates the
importance of nuclear localization of the C-terminus.
Interestingly, none of the NLS sequences present in the
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C-terminus conform to the classic structure of an NLS.
There are two recognized classes of NLS; monopartite,
which contain a string of basic residues, and bipartite,
which consist of two monopartite NLS separated by
twelve or more residues.90-92 In the �1A subunit, the
motifs participating in nuclear localization, referred to as
NLS1, 2, 3, are separated by at least 66 residues; too
great a distance to form bipartite NLSs. Moreover, the
�1A NLS1, comprised of the amino acids PKARRLD, is
the strongest of the NLSs tested. This motif does not
conform to a monopartite NLS because the string of
basic residues is interspersed with the nonpolar residues
Ala, Pro, and Leu. However, the �1A NLS1 actually
resembles an emerging class of NLSs, like those found in
c-myc (PAAKRVKLD).90 Although we were unable to
completely abolish nuclear targeting with mutation to a
single NLS, the strength of the �1A NLSs and nuclear
targeting suggest an important function of the C-terminus in
the nucleus.
Although the purpose of cleavage and nuclear translo-

cation of the �1A C terminus has yet to be explained, it
is likely to be involved in a nuclear signaling event,
perhaps relating to gene expression. Recent evidence
demonstrating that the C-terminal fragment of the �1C
subunit of the L-type calcium channel acts as a transcrip-
tion factor in cell nuclei,93 suggests a similar role for
�1A C-terminal fragments in cell nuclei. Interestingly,
many polyglutamine disease proteins are known to in-
teract with transcription factors and may be transcrip-
tional regulatory elements themselves.
Our group has also studied the toxicity of the �1A

C-terminal fragment. We demonstrated that in HEK and
primary granule cell cultures, expression of the �1A
C-terminal fragment, when bearing an expanded poly-
glutamine tract of 33 glutamines, is toxic to cells.89 This
toxicity is independent of the function of the full-length
protein. In addition, like other polyglutamine diseases
the toxicity is highly dependent on the nuclear localiza-
tion of the expanded protein. Exclusion of the C-terminal
fragment from the nucleus by mutating the three-
conserved NLSs decreases toxicity (as analyzed by pro-
pidium iodide exclusion) in HEK cells stably expressing
�3 and �2�. This is similar to the finding that exclusion
of expanded huntingtin from the nucleus prevents cell
death,80 and exclusion of expanded ataxin-1 by mutation
of the NLS in SCA1 mice prevents cell death and ataxic
phenotypes.94 Attachment of a nuclear export signal
(NES) to an expanded androgen receptor, the cause of
SMBA, inhibits toxicity in drosophila models.95 Con-
versely, atrophin-1, the protein mutated in dentatorubro-
pallidoluysian atrophy, is localized to the cytoplasm and
the nucleus. However, removal of the NES results in the
polyglutamine tract accumulating in the nucleus.77 Given
that the SCA6 expanded C-terminal fragment is the first
demonstration that a small CAG expansion of only 28 or

33 repeats can be toxic to cells, these data suggest that
SCA6 may have a similar disease mechanism as other
polyglutamine diseases. Thus, treatments directed
against proteolysis, nuclear accumulation, or nuclear en-
try might provide a useful treatment for SCA6, in addi-
tion to the other polyglutamine diseases.

Conclusion
These recent findings have two important implications

concerning disease pathogenesis. First, because the
cleaved C-terminus of the �1A subunit contains a poly-
glutamine tract that is expanded in SCA6 and is translo-
cated to the nucleus, they suggest that SCA6 shares
disease mechanisms in common with other polyglu-
tamine diseases, such as HD, and may share potential
treatment strategies. Second, because this C-terminal
cleavage eliminates the C-terminus from the functioning
�1A subunit, this observation has important implications
for the interpretation of previous electrophysiologic stud-
ies. It is conceivable that C-terminal cleavage effects
kinetic functioning of the full-length channel and that
C-terminal cleavage may occur differently in different
cell types. Because traditionally, whole cell patch-clamp
techniques were used and not individual channel record-
ing, it is imperative to determine, in the expression sys-
tems used to study the function of the polyglutamine-
expanded �1A subunit, if the C-terminus is cleaved, and
to what extent. Thus, the ratio of cleaved to uncleaved
�1A subunits in previous P/Q-type channel recordings,
and the affect of cleavage on normal P/Q-type channel
kinetics should be determined to assess the relative con-
tributions of the two mechanisms.

POLYGLUTAMINE-MEDIATED TOXICITY

Given recent findings that the polyglutamine-contain-
ing C-terminal fragments may be toxic in an allele-
dependent manner, it is interesting to speculate how prior
kinetic data shall be interpreted based on the finding of
endogenous cleavage of �1A subunits. Although the ki-
netic data have yet to be directly linked to toxicity, some
studies have reported death in cells expressing SCA6
mutations in full-length ion-conducting �1A subunits. In
one study, HEK cells expressing full-length �1A sub-
units bearing a glutamine expansion of Q28 exhibited
signs of apoptotic cell death in a qualitative nicked DNA
assay.15 Another group failed to detect an apoptotic ef-
fect in cells expressing �1A with Q24, Q30, or Q40
repeats.52 The same group later reported that in serum-
starved conditions, the expanded �1A was more toxic
than its unexpanded counterparts.53 However, the ex-
panded �1A failed to kill cells under normal growth
conditions. It was concluded that the polyglutamine ex-
pansion prevents the �1A from performing its protective
functions as �1 activity is required for survival.96,97 This
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intriguing loss-of-function model has yet to be repli-
cated.
The discrepancies in these reports may be explained

by studies demonstrating that the toxicity of the �1A
C-terminus correlates with the extent of nuclear localiza-
tion (i.e., demonstrating dose dependence of nuclear lo-
calization on cell death).89 The altered culture conditions
for full-length �1A subunits may affect cleavage or nu-
clear localization. Similarly, the amount of C-terminus
accumulating in the nucleus may vary among different
cell types. If this is the case, full-length �1A may se-
quester the C-terminus and prevent nuclear entry and
subsequent toxicity.

Purkinje cell selectivity in SCA6
In SCA6 and some of the other forms of dominantly

inherited SCA, Purkinje cells are lost with markedly
selective sparing of other neuronal types. While promi-
nent death of Purkinje cells in multiple forms of SCA
may point to a selective vulnerability of Purkinje cells to
certain neuronal stresses, the abundant expression of the
�1A subunit in the cerebellum compared with other re-
gions of the nervous system may explain part of the
neuronal selectivity. Curiously, the �1A subunit is also
highly expressed in cerebellar granule cells, which are
not affected in SCA6. However, CACNA1A, the gene
encoding the �1A subunit, is highly alternatively
spliced.20 The splice variant encoding the polyglutamine
expansion contains the complete exon 47.2 Studies have
shown that this splice variant appears in abundance only
in cerebellar Purkinje cells.15,16 The reverse transcriptase–
polymerase chain reaction analysis of exon 47 of the
CACNA1A gene confirmed that the cerebellum expressed
10 to 20 times more exon 47 than the cortex, thalamus,
or hippocampus and Purkinje cell bodies displayed the
highest levels of staining after in situ hybridization to the
exon 46-47 boundary.15 Moreover, using an �1A C-
terminus-specific antibody, a significant proportion of
the cleaved C-terminus is detected in Purkinje cell nu-
clei, while no C-terminus is detected in granule cell
nuclei.89 Splice variants encoding shorter forms of the
�1A subunit are more common in other neuronal types.
This suggests that splice variants containing the polyglu-
tamine expansion, as in SCA6, are selectively present in
Purkinje cells.
Polyglutamine-dependent alterations in ion channel ki-

netics have also been linked to alternative splice forms of
�1A. For example, in one study the polyglutamine-
mediated alterations in calcium channel kinetics were
observed only in cells expressing �1A subunits that con-
tain the residues NP (NP�). The �1A subunits that did
not contain the NP residues (NP�) were not affected by
polyglutamine expansions.55 Interestingly, Purkinje cells
contain primarily NP� �1A while granule cells contain
both NP� and NP� �1A, leading to the suggestion that

expression of the NP-variant may explain the sparing of
granule cells from polyglutamine toxicity.55 Similarly,
studies demonstrating altered P/Q-type calcium channel
gating induced by �1A subunits bearing SCA6 mutations
only with Purkinje cell-specific �1A splice forms and
subunit combinations may in part explain the selectivity
of cell death.16 Taken together, these data suggest that a
combination of alternative splicing and preferential ex-
pression of certain auxiliary subunits, and possibly fac-
tors involved in generation and nuclear localization of
the C-terminal fragment, may determine Purkinje cell
toxicity.

MULTIMODAL HYPOTHESIS

Presently, from the standpoint of a model for disease
pathogenesis, there is experimental evidence that indi-
cates that SCA6 exhibits features of both a “channelopa-
thy” and a “polyglutamine disease.” The polyglutamine
expansion is toxic to cells independent of the full-length
channel protein, but apparently only when cleaved from
the full-length channel.51,89 In addition, the SCA6 mu-
tation alters the kinetics and functioning of the P/Q-type
calcium channel, although the ultimate effect of �1A
splice variants and subunit combinations on this change
must still be elucidated. Given the prominent role of
P/Q-type calcium channels in cerebellar processing, and
that a number of other CACNA1A mutations can cause
cerebellar dysfunction without cell loss, the kinetic al-
terations seen in SCA6 mutations are likely to result in
altered cerebellar function.
It is intriguing to speculate that these two properties of

SCA6 mutated �1A subunits may combine to give rise to
SCA6. For example, it may be that changes in channel
kinetics are responsible for the onset of disease and the
initial symptoms observed in patients, while the accumu-
lation and presence of the C-terminal fragment in Pur-
kinje cell nuclei is responsible for the neurodegeneration
and the progression of the disease. In support of this is
the observation that many patients with SCA6 report a
long history of episodic symptoms of ataxia and vertigo
prior to developing progressive disease. Many have re-
ceived a previous diagnosis of Meniere’s disease, as is
the case for EA-2, another CACNA1A disorder associated
with impaired channel function. Disease progression in
SCA6 presumably occurs as a result of the effect of the
toxic C-terminus.
Similar mechanisms involving a combination of cell

dysfunction and cell death have been proposed for other
neurodegenerative diseases. For example, transgenic
mouse models of HD and SCA1 manifest symptoms
either prior to, or in the absence of, neuronal death.98,99

Similarly, in Alzheimer’s disease patients, synaptic dys-
function, which correlates with cognitive impairment,
precedes neurodegeneration and cell loss.100,101 Further
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studies are needed for all of these diseases to ascertain
the role of the mutant gene products in cellular dysfunc-
tion and cell death.
Another intriguing possibility is that alterations in

channel kinetics caused by the polyglutamine expansion
may lead to altered cleavage or processing of the C-
terminus in vivo. Although cell culture experiments sug-
gest that cleavage is not affected by polyglutamine
length,89 until tested directly in Purkinje cells this hy-
pothesis cannot be discarded. Paralleling this notion is
the possibility that calcium-activated proteases are re-
sponsible for C-terminal cleavage and thus accumulation
of the C-terminus in nuclei. Preliminary evidence sug-
gests that calcium and calcium-dependent proteases are
not involved in generation of the C-terminal fragment
(Kordasiewicz, unpublished results). However, these ex-
periments are limited to the protease inhibitors and cal-
cium chelators currently available, and do not take into
account processing that may have a highly intracellular
localization. Similarly, it has yet to be determined if
calcium-dependent proteases are involved in degradation
of the C-terminal product. Interestingly, the C-terminus
contains a PEST site, which is a general protease recog-
nition site that has a high affinity for calcium-dependent
proteases, in particular calpain. Future experiments
should address the mechanisms of generation and stabil-
ity of the C-terminal fragment in Purkinje cells, and how
these mechanisms relate to changes in calcium channel
activity.

CONCLUSION

It is clear that the polyglutamine expansion in SCA6
can alter P/Q-type calcium channel kinetics. Further-
more, these results suggest that the selective Purkinje cell
degeneration in SCA6 may be attributed to the differen-
tial expression of SCA6 splice forms, auxiliary subunits,
and possibly posttranslational modifiers. It is likely this
lethal combination of effectors contributes to the selec-
tive loss of cerebellar function and Purkinje cell degen-
eration. This is potentially beneficial from a therapeutic
standpoint, as having multiple effectors may allow mul-
tiple targets for intervention. However, until a realistic
model system (such as a transgenic mouse model) is
derived, the ideal approach will likely remain unclear.
In light of the recent discoveries of C-terminal cleav-

age and nuclear translocation, the mechanism for SCA6
pathogenesis appears even more complicated than ini-
tially anticipated. Important questions such as how the
glutamine expansion affects channel kinetics, proteoly-
sis, other posttranslational processing, transport, and lo-
calization of the �1A subunit will need to be answered.
This unpredicted event may help explain the variability
in the kinetic data generated thus far, particularly given
that the C-terminus appears to be processed in some of

the systems used for the electrophysiologic studies. Po-
tentially, all mechanisms proposed thus far are working
concurrently to cause disease in SCA6, but interestingly,
may be working at different stages of disease. If this is
the case, therapeutics targeted at either channelopathy or
polyglutamine disease mechanisms may be most effec-
tive at different stages of disease.
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