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Spinocerebellar ataxia type 6

Introduction

Spinocerebelìar ataxia type 6 (SCAG) belongs to the group

of ;rutosomal dominant cerebellar ataxias (ADCAs) as well

as to that of channelopathies (Ptacek, I  997). I ts highly var-

iable phenotype defies a clear-cut classif icat ion in any of

thc threc major types of ADCAs, as defir .red by Harding
(l9tì2), though sharing the t l ipe o1'mutation (expansion of

a (ìA(ì repeat stretch) with SCAI, SCAZ, SCA3, and SCA7.

The expandable secluence is ernbedded in a calcium

channel gene, CAC'I/A/,4, on chromosome l9pì3, coding

l irr the a,n subunit of voltage-gated calcium channels type
Pi Q, expressed predominantly in cerebellar Purkinje and
granule cel ls. In many respects, SCA6 dif fers from ADCAs
n'i th t l-re same type of mutation, and is unique among
channelopathies for being dLle to the expansion ofa repcat

sequence.

Point nrutat ions at t l ìe CACNAIA gene are known to
cause episodic ataxia typc 2 (EA2) and famil ial  hemiplegic
nrigraine (Ophoffet al. ,  1996). These disorders, and part ic-

Ll lar ly EA2, share some features with SCA6, raising the
problem of the relat ionship arnong the three al lel ic dis-
t)ases.

Clinical features

SCA6 exhibits a highly variable cl inical picture. In some
studies (e.g., Zhuchenko et al. ,  1997 ; Geschwind et al. ,
1997;  F j l la  e t  a l . ,  1999)  the  phenotype inc ludes  a  mul t i -
' \ ,  i { ' r r ì  i r ì  : 1 l 1 j j 1 i 1 , 1 r  i o  : ì  l L ' r r ' ì l r ' l l : t r '  ì r ' t , . c ì r ' r ' r t r r t ì 1 ,  i ì : ì

obscrved in ADLIA type l ;  in ot l icrs ( lshika\^/a et al. ,  iggT;
Nagai et al. ,  1998;Watanabe et al. ,  l99B; Garcia-Planel ls et
al. ,  1999) the disease has been classif ied as a pure cerebel-
lar ata-xia (ADCA type II I) ;  and in othcrs (Jodice et al. ,  1997;

Ien et al. ,  l99B; Yabe et al. ,  l99B) i t  showed the features of
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EA2, with ataxia/vert igo episodes and interictal cerebellar

deficits with variable degree of severity.

The clinical picture was first described by Zhuchenko et

al.  (1997) as a late-onset, slowly progressive cerebellar

ataxia with nystagmus and dysarthria, brainstem involve-

ment, vibratory and proprioceptive sensory loss, and an

insidious onset charurcterized by'wooziness' and momen-

tary irnbalance. The permanenl and progressive character

of the cerebellar defici t ,  the coexist ing brainstem, and

sensory involvement led these authors to cor-rsider SCA6 as

a disorder distinct fron-r EA2. However, a more complex

picture emerged from the subsec;uent studies. Patients

ntay init ial ly cxperience episodes of ataxia and dvsarthria,

and/or ofvert igo and nausca, accompanied bv visual dis-

turbance (such as di,plopia or blurred vision), and t innitus,

last ing from minutes to days and tr iggerecl by movements

and physical or emotionaì stress. Episodes have a variable

frequency, (from yearly to dai ly) and duration (fron.r

seconds to days). lnterictal ly, patients may be neuro-

Iogicalìy normal or show mild cerebellar signs such as

gaze-evoked nystagmus and/or saccadic pursuit ,  mild dys-

arthria and dysmetria, but no overt l imb or trunk ataxia
(Calandriel lo et al. ,  lg96; Geschr,r, indt et al. ,  1997; |odice et

al. ,  1997) .  This early phase may have a variable duration. l t

commonly lasts a few years before the onset of a perma-

nent and progressive ataxia, but in some cases the disease

may not progress towards a full-blown disorder
(Calandriel lo et al. ,  I996; Jodice et al. ,  1997, Takiyama et al. ,

l99tl) .  Other studies, on the contrarf do not report an epì-

sod ic  phase ( Ikeuch i  e t  a l . ,  1997;  Matsumura  e t  a l . ,  1997;
S t { , \ , , r l l ì n  c l  i r l . ,  ì l ) ! ) 7 ) .  I  l r r , . r ' t , r , r , r .  1 1 1 ,  q l 1 1 r i ; l . l  l r r , l r  ì n  r l i n i ì

t l ìat episocies uray bc ovel looked or att l ibuted to other

causes such as low blood pressure. Patients tend to seek a

neurologist 's advice when ataria becomes permanent, and

the preceding episodic phase often emerges only after a

prolonged and specif ic enquiry about i t .
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IJnbaìance and gait di l lcult ies lrsual ly herald the tran-

sit ion to a permanent alrd slowìy progressirre ataxia. The

neurological exanrinatior-r commonly shou,s tnrnk and

linrb ataxia, d),srnetr ia, dvsarthl ia, hvpotonia, and a

I )a t tc rn  o I  ocr r la r  r Ì loven l r . r ' ì t  abnor -nra l i t i cs ,  s ìn r i la r '  to  t l ra t
1 ' l  L r i l , i { r i r ) l  !  . - : i . , , : i ' f \ { r i r . r , r , ,  1 . , ' , 1  , r  r  ' r ,  ,  . ' , t t l r t , l l l

a doi 'vnbeat (ìonlponct)t ,  r lysnietr ic saccades, saccadic
pursuit,  ancl ht,pelactive vesti l luio-ocular ref lex (G<rrnez et

a l . ,  1997) .  Ve l t igo  ep isodes  may cont inue dur ing  th is

sccor-tcl  l rhase {(ìonrez et al. ,  1997) rrnd periodic exacelba-

t ions oI the celcbelìar signs cirn be present (Yabe et al. ,

l9! l f l ) . ' l -hr: cl in jcal pictulc is often l i rnited to a pure cerebcl-

la r  c le f ìc i t ,  b r r t  decp sc l ìsory  c le f i c i l s ,  ophtha l rnop leg ia ,

hypclrefìexia or hyporefìexia, dirsphagia, and extlapyrami-

da ì  s igns  are  sor ì l c t i Ì r ì r : s  a lso  repor led  ( ( ìesc i rw in r l  e t  a l . ,

1997 ;  S tcvan in  e t  a l . ,  1S197;  Z l ' ruchenko c t  a l . ,  1997) . ] -hese

ìattcr f  catIrrcs, however' ,  are fbuncl nrore fì-ccluently in oìd

sub. icc ts  ( [keur :h ie (  : r1 . ,  l9 ! ]7 ;  [ sh ikawa e t  a l . ,  t99Z;  S tevan in

e f  a l . ,  19117)  o l  in  pa I i i ]n ts  w i t ì r  o thcr  coc .x is t i r rg  d isorde ls ,

such as  c l iabe tes  nre l l i tus  ( ' Iak iyanra  c t  a ì . ,  l99 l ] ) .

Neuroinragirrg leveals a cerclrel lar vclr l l is atroplì \r ,  with

o l  w i t l rou t  the  invo lvernent  o f  ce lebe l ìa r  hemisphcres ,

w i th  l l r cse lva t io r r  o l  b ra ins ten t  ( ( la landr ie l lo  e t  a l . ,  1 .99 i j ;
( ìo rnez  e t  a l . ,  1997;  Jod icc  e t  a l . ,  1997;  Naga i  e t  a l . ,  l99B;

Satoh et al. ,  l .c)f)B; Shizuka ct al. ,  ì f) f)Ba; 
' l i rkiyarna 

et al. ,

l99U) .  Occas io r ra l l y ,  a  s iz t :  reduc t ion  o f ' thc  pons  hus  beer r

repolted (Muftì ta et aì. ,  l99fl ;  Arpa et al. ,  l9f l ! l ;  Nakagawa et

a l . ,  l99 t ) ) .

When treatnrer ' ì t  with acetazolanridc was tr icd, by

analogv with I tA2, patieuts sho,uved a reducecl f ì 'et luency,

c ìu ra t io r - r ,  anc l  sever i ty  o f  ep isodes .  w i th  l i t t le  c l fec t  o r r  per -

tnanent  syn lp ton ls  ( ( ia lanc ì r i c l lo  e t  a l . ,  1996;  Jen e t  a l . ,

l  9.9ri) .

Neuropathology

Màcroscol>ical ly, the blains ol autopsiet l  patients show a
nrarked atlophy of t l"re cerebellar vermis and, to a lesser

extent, of thc henrispher.es. N4icloscopical ly, the cerebellar

cortex is characterized bv a renrarkable loss of Purkinje

cel ls. ( lranule ccl ls are also aff-ected, although less severelv.

Loss  o f  ncurons  is  somet ì rnes  f i rund in  the  denta te  and

in l i r io l  o l i varv  nuc le i  (Subr -anrony  e t  a l . ,  199t j ;  Cornez  e t
al. ,  l !197; Sasaki et al. ,  199t1; lshikar,va et al. ,  1999b; fashiro
et al. ,  I9!)9). Atropìry of brainstem has occasional lrr been

tlescribed (Zhuchenko et al. ,  1997).

No ubiqr-r i t in imrnunoreactive nuclear inclusions,

sin-r i lal  to those obselved in other CAG repeat exparìsion

disorders, have been found. However, non-ubiquit inated

cytopìasnric protein agglegates, detected by anti-o,, ,

subunit antibodies, have been described in Purkinje cel ls
( lshikarva et al. ,  1999a, 19fl9b)

Natura l  h is to rv

It  nray be di l l ìcult  to de.f ine age at olìset when, as in this
case, early signs are insidious and often overlooked b1,
patients and general practi t ionel 's. ln rnost studies, i ìge at
onset refels to the l teginning of pennanent gait  inl [)alat]ce

and is, on averagc, around 50, rvi th a range l iorn l9 to 7iÌ
vears (GorÌ lez eI al. ,  1997; Vlatsunlura el al. ,  ì91)7;
Watanabe e t  a l . ,  I99B) .  As  in  o ther  CAC expans ion  d is -
orders, a signif ìcant inverse correlat ion betweell  af le at
onset antì sizc ol expanded alìeles has been reprlrterì rn
severa l  s t t rd ics  (e .g - ,  I kcuch i  e t  a l . ,  lg97 ;  Ish ikawu e t  i r l . ,
ì . cX)7 ;  R iess  e t  a l . ,  1997;  Zhuchenko e t  a l . ,  1997) .
Anticipatior-r ol '  age art orìset ovcr successive gencrations

has bccn observcd (e.g., Ikcuchi et al. ,  1997; l \ , latsunìurít  t :  t
a l . ,  1997;  Matsuyarna e t  a l . ,  1997;  Watanabc e l  a ì . ,  l9 l ) t ì ) ,

a l t l rough in  thc  absence o f  an  in te lgene la t iona l  vur iu ( ion

of the expandecl al lele size (see bek;rv). 1'his phenorncnon

nright be due to ascolt i ì inrnent bi i ises, as pointed out l ty

Penrose (1948) .  An o l l ì spr ing  w i th  a r ì  ear l ie r  onset  than t  he
parent  i s ,  in  fac t ,  n rore  l i ke ly  to  be  encountered  in  c l in ica l
practice, than the reverse situation. [n adcl i t ion, Arì accu-
r i r t c  assessment  o f  o lder  genera t ions  nr igh t  bc  morc  d i l l ì -

cu l t ,  as  a  consequence o f  ìess  s t r iL - t  d iagnos t ic  c r i t c l i ; r  in

thc past, or of fading nrernories about the exact perio(l  i r ' ì

which the f irst symptorns arose.

Ttre disease ustral ly progresses very slo\N' ly lowir l t ls

inabi l i tv: autorÌomous walking has been observecl everr

alìer lU-20 yerrrs fronr the onset (Ceschwind et al. ,  19:)7).

Llowever, a vely rapid coulse has also becn leportr:( ì
(Watanabe et al. ,  ì  998). The l i fespan appcars to be rrr lrrnal,

although no stí ì t ist ical analysis is avai lable.

Inheritance and mutation

SCAG is an autosor-niì l  donrinant disorder, due to tht:

expansion of a small  polvmorphic CAG repeat stretclì  at

the 3' end of the CACNA 1A gene. Norrnal al leles range h'ot.rt

4 to lu units (Zhuchenko et al. ,  1997; Shizuka er al. ,  I-cl ! l f l i t ,

1998b). Expantìecl al leles range from 20 to 30 repeats
( Ioc l i ce  e î  a l . ,  1997;  Matsuyarna e t  a l . ,  1997 ;  S l ' r i zuka  e t  a l . ,

1998a, I99Bb), i .e.,  a size well  rvi thin the normal range tìrr

other CAG expansion disorders. A cornplete sequence
analysis of the gene coding region in a SCAG pati . ' r l t

showed that the expansion was the only detectable muta-

t ion  ( lod ice  e t  a l . ,  1997) .



Hornozygous patients do not differ substanrially frorn

heteroz)'gous ones, showing a sl ightly earl ier onset and a

more rapid course (Gesch'"vind ct al. ,  1997; Matsumura et

al. ,  1997; Taki,vama et al. ,  1998).
' fhe 

size of SCA6 expanded al leìes is more stable t lran

that of other repeat expansion disorders, as expected on

the basis of i ts relat ively low nurnber of units. No variat ior-r

is trsual ly observed in famil ies over successive generations,

and no mosaicism is apparent in ccl ls from dif ferent parts

o f  the  bra in  ( l sh ikawa c t  a l . ,  1999t r l  o r  in  sperm (Sh izuka e t

al. ,  l99Bb). However, some degree of rrreiot ic instabi l i ty

shoulcl be assrtmed, ber:ause in lwo famiì ies an intergener-

at ional junrp of the expanded al lele size has been leported
( lod ice  e t  a l . ,  1997;  Matsuyama e l  a l . ,  lg97) .

SCA6 expanded al leles have beren found in a nurnber of

sporacl ic at laxia cases ( lkcuchi et al. ,  l9!17; Matslrmura et

e r l . ,  1997;  I ì iess  e t  a l . ,  1997;  Z l rucher rko  c t  a l . ,  l ! ì97 ;  Sh izuka

c t  a l . .  l99Ub) ,  bu t  a  newmula t ion  has  been docunten ted  in

onc  pa t ien t  on ly  (Sh izuka e t  a l . ,  l99 t ìa ) .  Shou ld  a l l  these

cascs be new mlltat ions, the mutabi l i ty of norrnal al leles
w,orr lcl  be very high, part icularly i f  compared 1o that of

S(lAl,  SCA2, c.rr SCA3 al lclc:s, f ìrr  whiclr an cxpansion has

never (SCA I and SCA2) or rarely (SCA3) been found among

.sporad ic  cases  (Andrew er t  a l . ,  1999) .  In  add i t ion ,  i f  a  n tu ta -

t ir .rn/selection eqrri l ibr iurn is assurned, a high fì 'equency of
5(lA6 de-novo mulatior ' ìs norr ld be in contrast with the
(prcsrrrnably) srnal l  or atrsent select ion against a disease,
sur :h  as  th is  one,  u Ì i th  a  very  la te  onset  and a  lo r rg l i fespan
of '  pa t ien ts .  Inconrp le tc  penet rance or  (hc  p resence 0 l '
ncglected rni ld episodic svmplonìs in relat ives appeals to
b t :  a  more  l i kc ly  exp lan i r t ion  fo r  the  h igh  nr r rnber  o f
spo lac l i c  cascs .

The gene and the protein

l ' l rc CACNA.l,4 gene encodes lbr t l ' re a,n subunit ol thc
vo l tage-gatec ì  ca l r : ium channcì  tvpe  P/Q,  a  pore- fo rnr ing
nrcmbrane protein. ' l 'he gene maps ()n chromosorne
l9p l l ì .1 -p13.2  (D i r iong e t  a l . ,  ì9 ! ) i r )  i i nd  covers  about  l ì ( )0
kb  w i t l i4T  exons  (Ophof lc t  a l . ,  lg f i ( j l .

' [ 'he 
cDNA cloners predict large peptides with molccular

nrasses  o f  200 to  275 k l )a  l v i th  four  homologous c lomains
(l- l \ t) ,  each containing six hydlophobic transntembrane
sc f l Ìnents ,  S1-S6 (F ig .  i l l . l ) .  Th is  p r imary  s t ruc tu re  g ives  a
l  . r  r r ; Ì  l s ' : , r t  t r , l 1 r ,  i i r , '  , , 1  ; 1 , ,  . r l r ,  j  l t , r 1 1 r , l s . r '  ì l l r  i l r , ,

po te  l o l r nec l  a t  l he  r ì c t ì t f a l  l i ne  o l ' cou tac t  o l  i ì t r . t r  c l r i r r r ne i -

lornr ing domains.  f l re short  N-terrn inal  and the long C-

lerminal  ta i ls  of  the protein are located in the cytoplasm.
' fhe 

C7ICNAl,4 gene, weì l  conservcd dr-u ' ing evolut ion,  is

expressed as a t ranscr ipt  of  approximately g.B kb in the
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brain (Ophoff et al. ,  1996), more abundantly in the cerebel-

ìum than in other cet 'ebral areas, and part icularly in

Purkinje cel ls. The transcript r-rnder6loes a considerable

variety of alternative spticing, producing at least six iso-

fo rms (Mor i  e t  a l . ,  l99 l ;  Zhuchenko e t  a l . ,  1997) .  These

differ frorn each other (Fig. 3l .2A) according to three nlain

variat ions: (1) the presence ofexon lJTa orofthe alternative

exon 37b (Trettel et at. ,  ì999); (2) the presence or absence

ofexon 44; (c) the presence or absence ofa f ive-nucleotide

stretch, GGCAG, at the 3'end ofthe gene between exons 46

and 47. The latter variat ion is cr i t ical for the expression of

the CAC repeat stretch (Fig. 31.2B): when the f ive nucleo-

t ides are left  in place, the CAG repeat is translated and

expressed as a polvglutarnine scquence at the protein level;

when they are spl iced out, a stop coclon is encountered

upstream of the CAG,. stretch, and the protein does not

i trclrtder t l re glLrt i imine repeat. Isoforms both wìth and

without the GGCAG insert ion, i .e.,  expressing or not

expressing the polvglutanrine tract, have been founcl in the

celebel lar cortex, with zl predominancc of the f irst type in

SCA6 bra ins  ( l sh ikawa e t  a l . ,  1999a) .

The dist inct pfopert ies of the various isoforrns are

unknor.r,n, but they are thouglìt  to lravc regulatory and/or

nrocluÌatory f irncî ir .rns. l t  has been suggested, for instance,

lhat they can nlodulale the binding sites for the presynap-

t ir :  plasnra menrbrane protcir-rs, syntaxin and SNAP-25
(synaptosomc-associatccl protcin o{ '2ir kl)a), implving that

a neuron could ad just the eff icicncy of svnaptic transmis-
.sion (s1'naptic vesicle f irsion) by reguìatirrg thc expression

of dif ferent isoforms of the Ca2' channel genc (Sheng ct a[. ,

I  f)94; Rett ig et al. ,  I  996).

SCAG as compared with otherADCAs

SCAG di lTerrs frorn othr:r cl isorders due to the expansion of

a CAG rcpeat (SCAI-: l  and SCA7, f luntington disease,

dent i ì to - rubro-pa l l ido- luys ian  a t rophV,  and sp ino-bu lbar

rnuscular at lophy) in rnany respccts. lr-r the latter diseascs,

the unstirble expanded CAG stretch, located wit l ' r in the

coding regions of their gencs, tvpicaìly lras a number of

units that ranges from 35 to over 100. ' fhe gene proclucts

are nuclear or cytoplasnric rather than membrane pro-

teins, to which the expanded polyglutanrine stretch

confèrs a gain of function, as shown, for exanrple, by the
: r l r , ; t ' r r i  o  o f ; r l i r r í r  ( ) l - r ì t ' u l { ) r l ( ' t l ( ' r ì ( , t i ì t i f ) n  i n  k t r o t  k  r l r r (  u r i ( ' r l
(u .g . ,  N ' ia t i l l a  e f  u l . ,  t : l s i l t ) .  r \ i t l t r . rL rg l t  I i re  l r r t r i rug t ' r r , ( :  r  r ) l r i  ( ] i

elongated polvglutamine stretches is far from clear, int la-

cel lular ubiquit inated insoluble polyglutamine aggregates

appear to be a common feature of cel ls specif ical ly affected

in each ofthese disorders (for a revier.t ,  see Paulson, 1999).
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I - i g . 3 l . l  (A )  Sche rna t i c s t r uc tu reo f t he , r , , , su ì r un i t o f t hevo l t age -g i ì t edca l c i un rchanne l  t ypeP / ( J .  l a c l t o f t he f ì r u rdoma ins ( l - lV )has

s i xa -he l i x t r a l lS l nembr í ì l ì eSegn re l ì tS (S l -S6 ) . . f heca rb t l x1 , | t e r l r r i t t uso f t l t ep ro te i I r co t l t a i ns , i ns t l l l e

of  polygiutarni r ìes (g ln) .  ( lJ)  ' l i tp  
v iew of  the protein accort l ing t r )  the rnolecuìar  nrodel  proposed by ( ìuy and Cont i  (1990),  showir tg i ts

four- fo ld syrnnìetry and thc centra l  prrre fbrnred bv the l )  segnrents.

' ì 'hese 
nucìear aggregations are found to be ubiquit inated

and, as ir-r SCAI, associ i ì ted to t l ìe proteasome and nuclear

matrix (( lunrrnings et al. ,  l99B). ln addit ion, observations

dèriving fronr transgenic SCAt nrice and cel lr ,r lar models of

Huntir-rgton disease suggest that the nuclear translocation

of the mutant proteins has a cri t ical pathogenic role
(K lement  e t  a l . ,  l99B;  Saudou e t  a l . ,  1998) .

These cornmorr t 'eatures of polygìutamine disorders are

not shared with SCA6. The number of tr iplets in SCA6

expanded al leles is much shorter and stable, fal l ing within

the dist l ibution of the normal al leles in the other diseases.

The CAG repeat is not expressed in al l  isoforms, and recent

evidence suggests that i t  confers to the protein a loss rather

than a gain of function. Cultured cel ls transfected with a,.

subunit cDNAs, engineered to translate the poly-CAGs in 4,

24, 30, and 40 glutarnine residues, sl-ror,ved that expansions

of 30 and 40 polyglutarnines induce a hyperpolarizing shif t

in the voltage dependence of channel inactivatiott
(Matsuyama et al. ,  1999). This shif t  can be predictecì t tr

exert a considerable efl'ect on channel availability, by

halving the Ca2' inf lux, which rnal ' ,  in turn, lead direct ly or

indirect ly to neuronal cel l  death (Matsuyama et al. ,  1999).

ln addit ion, current density ol Ca2' channels in transfectecl

cel ls is not reduced, implying that the mLrtated proteirt  is

nonnally transported to the nembrane and is not seques-

tered into aggregates (Matsuyama et al. ,  1999). I l istologi-

call-y, however, cytoplasmic aggregation, imlnunoreactive

with the a,,,  subunit antibodies, has indeed been observecì

in Purkinje cel ls of SCAG brains (Ishikawa et al. ,  1999a).

These aggregates, unl ike those found in other polygluta-

mine diseases, are not ubiqtr i t inated and are local ized in

the cytoplasm. Their nature and implications with the

disease should be further investigated.

The available evidence shows striking analogies
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l r i g . i ì l . 2 I so fo r r t t so f t he ( ] , ' 1 ( , .N ,4 / , 4gene (n ro t | i f ec l | r l l l Z l l t l che l l k

et  a l .  ( I997),  pnr i luced b1'var ious
, l f ì i s j o i r l ed toexo t ì 47 r ì c t u ' ns l l t : an l o f t he ( ] ( lCAGsegmen l , as topcod r l n i sc t t c< l t t n t t l r edanc ì t hcpo I r ' ( ]A ( lS t r t ( ì | ì

t odon  i s  encoun te rod ,  t h t r s  p I , oc l uc i i r g : r  p ro t c i r r  ( ì on l a i n i r ì g . l  po l t , g l t r t a r t r i ne  s t r e l ch .

bctu'een SCAG ancl EA2. I 'he vast rì laiori tY of EA2 rtruta-
t ions lcarl  to a prern:ìture stop codorl (O1thoff et al. ,  1996;
[ )en ie r  e t  a l . ,  ì99 .c ) ) ,  p robab ly  p roduc ing  a  non- func t iona l
plotein, act ing eit l"rer thror.rgh a mt:chanism of haplo-
insuff icicncv or through a dominant npgative effect, e.g.,
I tv interfèrirrg with the strbunit assenibly. Carriers of EA2

l)() i l l t  mutíì t ions share with SCA6 patients: (a) a sirni lar,
highly variablc phenotype, ranging from vert igoiataxia
i 'pisodes with intcl ictal nystagmus and nti ld ct:rebel lar
s igns ' ,v i th  no  over t : r tax ia  (Den ier  e t  a l . ,  1999)  to : ì  severe
ptogressive pure cercbel lar ataxia preceded or not by epi-
soc les  (Yue e t  a l . ,  1997) ;  (b )  a  p redominant  a t rophv  o f  the
t :e rcbe l la r  vernr i . s  (Den ier  e t  a l . ,  1999) ;  and (c )  a  sens i t i v i t l r
of episodes to acetazolanriclc treatment (Calanclr icl lo et al. ,
l l )96; Jen et al. ,  l99tl) .  Furthermore, a continuity between
SCA6 and EA2 phenotypes lras been observed in the same
kindred segregatirìg fbr an unstable íì l ìele wit l ' r  20 or '25 CAG
fepeats in difTerent family branches (Jodice et al. ,  1997).
I)at ients rvit l -r  25 repeats had a severe progressive ataxia
srn i la r  to  1b í ì t  descr ibcc l  as  SCA6,  u 'h i le  those \ \ ' i t Ì l  20

Conclusions

, r l , , . i ! , 1 i j :  \ l ì 1 l l
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SCA6 is one o[ the thrce al lcl ic disorders dlre to (.ACIúA1,4

gene mulal ions. -fhe other two, farni l ial  herniplegic

tn ig ra ine  anc l  EA2,  d isp lav  a  p redominant ly  ep isod ic
phenotvpe,  typ ica l  o f  channe lopath ies ,  rna in ly  asscrc ia ted

with point nìutat ions. N4issense rnutÍrt ions are found in

lhmil ial  henriplcgic r.nigrainc farni l ies, strggesting that, i rr

thcse  cases ,  s tn rc tu ra l  anomal ies  o f  t l re  p ro te in  lnay  a l tc r

the channel act ivi ty (Oplroff et al. ,  1996; DLrcros et a[. ,

1999) ,  poss ib ly  by  a  ga in  o f  func t io r r  (Hans e t  a t . ,  1999) .
N4utations involving a pfem:ìture slop codon and a trun-

cated protc' in are carr ied b1, rnost EA2 farni l jes, indi i :at ing

that a haploinsuff icicncV rnechanism or a dominant nega-

t ive effect could be responsible fbr this cl isorder (Ophoff et

a I . ,1996;  Den ier  e t  a l . ,  1999) .  Expans io r . r  rnu ta t ion ,  ins teac l ,
is pledominantl \ , 'as.soci.rted with a pure, permanent and

plogressive ataxia, fbr which a pathogcnic mechanism

similar to that of polyglutamine disorders could be

l l l ,pslhesizecl (Zhuchenko ct al. ,  1997). Hor,r 'ever, several
i : , . .  I  r , , . t , l r  t r , , , 1 , 1 , , , , , , l r i l r i  t l t j .  1 1 r 1 , , . 1 , ' , ' i . . , 1 , . 1 . , , , 1 r

t ype-ger lo tVpe cor rc Ìa t iu r t .  l j i r s t  o l  a l l ,  thc  th ree  a l l c l i c  d is -

orders show a considerable amount of phenotypic overlap.
' Ihis 

hoìds tr lre not only fbr EA2 and SCA6 (see above), but

also for famil ial  hemiplegic migraine, :rs shown bi,  sonre

famil ies in which hemiplegic migraine is associated with a

t 'pisodes ancl inte r ictal nysti tgnlus.
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permanent celebel lar ataxia (Ducros et al. ,  1999). l t  is

interestirrg to note that the missense mutations in these

type of families vr,ere fbund to confer a loss of ftrnction to

the protein, as hvpothesized also for EA2 (Hans et al. ,

1 ! )99) ,  a r r r l  fo r  S( lA( ì  lN la tsuyanr i r  c l  a Ì  ,  Ì ! ) : )g ) .  I r t  ; r r id i t ion ,

i r  t l  u l  rc i r t in r l  r r ì i l t i ì t io r ì  \ \ ' a i :  r  c | ) r ) r  l t ' r l  i i t  l l r l i t ' r t t s  \ \  ì t l l  i ì t i r ) . iL

as r,vel l  as henriplegic episodes ( len et al. ,  1999). Second,

dif felent mutatiolìs can be associated with sirni lar pheno-

types: expansion mutations are also found in patients wit l"r

an EA2 phenotype (Jodice et al. ,  ì997; Ien et al. ,  l99B),

whereas a permiìnent and progressive cerebellar dc'f ìci t ,

similar to that of SCA6, was reportcd in subjects calrying a

rn issense n ìu ta t ion  (Yue e t  a l . ,  1997) .

In t l ' r is si tuatiol l ,  nìole work is needed to del ineate the

cl inical arrd pathological spectrurn associated r. t , i th the

CACNAIA expansion l-nutat ion and the extent of i ts overlap

with thc othel al lel ir :  diseases, on t l le one hand, and the

group of disorders clue to CAC,, expansions, on t l ' re other. A

studV of cxpressiort lcgt t la t ion and func:t ion of di l feren t tr ,n

subunit isolbrrns, part icularly ol ' those with or without the

polyglutanrinc tract, . ìs well  as an analysis of their biophys-

ica l  p roper t i cs  w i th  d i f l ' e len t  k ind  o l 'n ìu ta t ions  wou ld  be

highly releval l t  t()  understancl ing the hornologies and

diff 'elences between SCA6 and the other aì lel ic disorders at

a cel lular level.  Final lyl  aninral mocìels could greatlv con-
( r ibu te  to  the  unders tand ing  o f  the  pa thogen ic  rnecha-

nisms involvccl in SCA6, namel-y, whether the mutation

acts bv altering the channel function, as in channel-

opathìes, leading, in turn, to Purkinje cel l  death, or through

a toxic effèct of the mutated pro(e iu pel se, as envisagcd fbr

o ther  po lyg lu tamine d isorders .
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