Brain Pathology 8: 669-679(1998)

RESEARCH ARTICLE

An lIsoform of Ataxin-3 Accumulates
Cells
Regions of SCA3 Patients
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Autosomal dominant spinocerebellar ataxias
(SCA) form a group of clinically and genetically het-
erogeneous neurodegenerative disorders. The
defect responsible for SCA3/Machado-Joseph dis-
ease (MJD) has been identified as an unstable and
expanded (CAG) , trinucleotide repeat in the coding
region of a novel gene of unknown function. The
MJD1 gene product, ataxin-3, exists in several iso-
forms. We generated polyclonal antisera against an
alternate carboxy terminus of ataxin-3. This isoform,
ataxin-3c, is expressed as a protein of approximate-
ly 42 kDa in normal individuals but is significantly
enlarged in affected patients confirming that the
CAG repeat is part of the ataxin-3c isoform and is
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in the
in Affected Brain

translated into a polyglutamine stretch, a feature
common to all known CAG repeat disorders. Ataxin-
3 like immunoreactivity was observed in all human
brain regions and peripheral organs studied. In neu-
ronal cells of control individuals, ataxin-3c was
expressed cytoplasmatically and had a somatoden-
dritic and axonal distribution. In SCA3 patients, how-

ever, C-terminal ataxin-3c antibodies as well as anti-
ataxin-3 monoclonal antibodies (1H9) and anti-ubig-
uitin antibodies detected intranuclear inclusions

(NIs) in neuronal cells of affected brain regions. A
monoclonal antibody, 2B6, directed against an inter-
nal part of the protein, barely detected these Nls
implying proteolytic cleavage of ataxin-3 prior to its

transport into the nucleus. These findings provide

evidence that the alternate isoform of ataxin-3 is
involved in the pathogenesis of SCA3/MJD. Intranu-
clear protein aggregates appear as a common fea-
ture of neurodegenerative polyglutamine disorders.

Introduction

The autosomal dominantly inherited cerebellar atax-
ias (ADCAs) are clinically and genetically heteroge-
neous (36). Based on genetic linkage data at least seven
gene loci are responsible for SCAs. One subtype,
Machado-Joseph disease (MJD), has originally been
described in families of Portuguese-Azorean origin (22,
33, 47). Clinically, variable combinations of cerebellar
ataxia, pyramidal signs, dystonic-rigid extrapyramidal
symptoms, peripheral neuropathy with amyotrophy and
sensory loss, progressive external ophthalmoplegia, and
faciolingual fasciculation have been described (32).
Recently, Kawaguchi and colleagues (13) identified a
(CAG), repeat motif in a novel gene on chromosome
14932.1 which is expanded and unstable in MJD
patients. Subsequently, CAG repeat expansions in the
MJD1 gene have been identified in patients with SCA
type 3 (SCA3) who present with different clinical man-
ifestations. In particular, faciolingual fasciculation and
dystonia are rarely observed in SCA3 (37). Although
there is no single clinical feature which would distin-
guish patients with SCA3/MJD from patients with other



normal and from the expanded allele in approximately

ijb fff““mSHPCERP”“GA“SD““CSK“F“T“YL;HVIMHYOSFPL* equal amounts, (i) that ataxin-3 is expressed cytoplas-
o U matuzglly in neuronal cells througho.u.t the hgman brain,
rscas - RP=YL-Y-nn-~T--G-R-NQAGNAMSEEDVLRATVIVSLETAKDS LKAERKK but (iii) that it aggregates as ubiquitinated intranuclear

inclusion bodies in affected brain regions.

Figure 1. Amino acid sequence alignement of the C-terminus

of the human MJD1 and rat rsca3 genes, respectively, demon- Materials and Methods
strating the different isoforms. The epitope used for peptide syn-
thesis against which the antibody was generated is double DNA analysis Genomic DNA of patients with cere-

underlined. Stars represent the stop codon. . T
bellar ataxia and unaffected individuals was extracted

ADCAs (7, 36), the pathological features of from peripheral white blood cells (20). 100 ng genomic
SCA3/MJD are distinct and differ from other types of DNA was amplified by PCR using the primer sequences
ADCAs and other neurodegenerative disorders withtMJID52/MJID25 (13) as described (36). PCR product
polyglutamine expansions (6, 30, 31). sizes were determined by comparison to an M13
Brains of patients with SCA3/MJD exhibit macro- sequencing ladder.
scopically a moderate atrophy of pons and spinal cord
and show shrinkage of the pallidum, subthalamic nucle- Antibodies.Rabbits were immunized with a peptide
us, and substantia nigra to a variable degree (42). MicrdNH,-CLETVRNDLKTEGKK-COOH) directed against
scopically, neuronal loss and marked gliosis are found i C-terminal ataxin-3 isoform conjugated with keyhole
a distinct set of subcortical regions including the pontindimpet hemocyanin (KLH). The polyclonal antiserum
nuclei, the dentate nucleus of the cerebellum, the subwas affinity purified by adsorption to the peptide (Euro-
thalamic nucleus, the pallidum and brainstem oculomogentec, Seraing, Belgium). The antiserum was diluted
tor nuclei (11l and 1V), anterior spinocerebellar tract and1:1000 both for immunoblot analyses and for immuno-
Clarke’s column as well as a more moderate and varhistological studies. For preblockade controls, antibod-
able degeneration in the substantia nigra, brainsten@s were preincubated overnight at 4°C with the peptide
nuclei (nucl. ambiguus, V, VIII and XII), the anterior (1 wg/100wl). Polyclonal antibodies to ubiquitin were
horn of the spinal cord, and anterior nerve roots (42)purchased from DAKO (Carpinteria, CA, USA) and
RNA expression studies showed that ih&D1 gene is monoclonal ubiquitin antibodies from Biotrend
widely expressed in various tissues and throughout thgCologne, Germany). Monoclonal antibodies 1H9 and
brain in both humans and rodents (23, 35). This facRB6 specifically bind ataxin-3 at regions amino-terminal
does not explain the selective, region-specific neurondp the glutamine tract (26) and will be published in more
cell death observed in SCA3/MJD brains. detail in a separate publication (Trottier et al., unpub-
Several molecular biological studies provided evi-lished data).
dence for alternate transcripts (25, 35), three of them
differing in the C-terminus of the protein (8, 35, 39, 46). Lymphoblastoid cell linesPermanent human lym-
Two isoforms,MJD1a and MJD1b, are caused by an phoblastiod cell lines were established by transfecting
intragenic polymorphism, Stop361Tyr, which affects thepurified human lymphoblast cells using Epstein-Barr
stop codon and is in linkage disequilibrium with thevirus. Lymphoblastoid cells from controls and
(CAG), expansion in the Japanese or European alleleSCA3/MJD-patients were cultured in DMEM medium
(8,40). Here we analyzed the gene product of one isdSeromed, Biochrom, Berlin, Germany) supplemented
form, ataxin-3c, which is caused by alternative splicingwith antibiotics and 10% fetal calf serum.
of theMJD1 gene and results in an alternate C-terminus
comprising of 30 amino acids (8). This isoform does not Cell lysis.For isolation of protein, cells were washed
have a counterpart like the stop codon polymorphisnwith phosphate buffered saline, collected by centrifuga-
Stop361Tyr and, in contrast to the ataxin-3a carboxytion and incubated in ice-cold TNES (50 mM Tris pH
terminal domain, is predicted to be hydrophilic. We per-7-5; 1% Nonidet NP-40; 2 mM EDTA; 100 mM NacCl)
formed a detailed analysis of the ataxin-3c protein discontaining a cocktail of protease inhibitors (10 mg/ml
tribution in neuronal and nonneuronal human tissues @dprotinin; 0.1 M PMSF; 10 mg/ml leupeptin; 0.1 M
control and SCA3-affected individuals. Furthermore, wevanadate) for 15 minutes at 4°C. Debris were removed
provide evidence (i) that ataxin-3 is expressed from th®y centrifugation.
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Gel electrophoresis and immunoblot analysRro- A B A B
teins were quantified using a protein assay (Bio-Rad
Munich, Germany) according to Bradford (1) and sub-
jected to electrophoresis on SDS-polyacrylamide (10% Eﬁ
gels (30pn.g protein in each lane) (15). Prestained high
molecular weight protein marker (Amersham, Bucking-
hamshire, England) was run in adjacent lines. Protein
were transferred electrophoretically to nitrocellulose
membranes (Schleicher & Schuell, Dassel, Germany el
(44). After transfer, blots were preincubated in 10% low 46
fat dry milk in Tris-buffered saline (10 mM Tris pH 7.5;

150 mM NacCl) plus 0.1% Tween-20 (TBST) for 2 h at
room temperature or overnight at 4°C to block non-spe a) b)
cific sites.

After incubation with primary antibody, blots were Figure 2. Western blot analysis for ataxin-3c. Wild-type ataxin-
washed four times with TBST for 15 min each. The fourac migrates at about 50 kDa whereas the mutant form has a
washing steps were repeated after incubation (1 h) withigher molecular mass of approximately 60 kDa (a). Specifity of
the secondary antibody (anti-rabbit antibody coupled t(the_ staining is demonstra_ted by pre'lncubatlon of the _atax!n—3c

. . . _antiserum with the peptide (b). A: Human neuroepithelioma
horseradish perOX|dase, AmerSham)- Results were VISicells (TC32). B: Lymphoblastoid cell line of a SCA3 patient.
alised using the enhanced chemiluminescence ECL-sy
tem (Amersham) and blots were exposed to Hyper-filrr Conltrols SCA3-patients
(Amersham). 220 e

Immunofluorescence. For immunofluorescence, 74
SK-N-AS (neuroblastoma) cells were grown on covet
slips and fixed with methanol (-20°C) for 5 min. After &6
washing with PBS, unspecific binding capacities were Tl
blocked with 10% fetal calf serum in PBS containing —
0.2% Triton X-100 (30 min, 37°C). Following three b
washing steps in PBS, cells were incubated with the

i- in- i il 1:250 in PB ini
g(r;tl ataxmls anilbody (di uted_ ht50t|r:1 OCS conr:alm_rgjg 19 95 25 67 68 71 71 T 77 (CAG),
fied chamber. After three washes with PBS / 0.2% Tn-F_ 5w o Veis of mohoblasts |

_ H H . jgure o. estern blot analysIs of human lympno asts in con-

ton X-100 (eaCh fc,)r 15 mln),.cells Were,mCUbated WIthtrol individuals and SCA3 patients. The size of the polymorphic
a secgndary an“bo_dy ConJUQat.ed with Fluoresce”(CAG)n repeat is reflected by the size of the ataxin-3c protein.
(Boehringer Mannheim, Mannheim, Germany) for 1 The length of the (CAG), repeats is indicated underneath each
hour at 37°C. Coverslips were mounted with Vec-sample with the size of the normal alleles in the lower row.

taShield (Vector) and sealed around the perimeter wit _ _ _ ) )
nail polish. Immunohistochemistry. The histological sections

were stained by standard immunohistochemical tech-

Human tissuesHuman brain tissues from 5 neuro- Niques, with minor modifications. Briefly, following
logically and neuropathologically normal donors and 4deparaffination, treatment with methanoldd (40% /
patients from genetically verified SCA3/MJD families 1% in PBS) for 10 min, and blocking (5% normal goat
were included in this study. Human brain tissue fromserum in PBS + 0.3% Triton X-100; 30 min), sections of
numerous brain regions, liver, spleen, kidney and heafaraffin-embedded tissue were incubated overnight or
were fixed in 10% buffered formalin, paraffin embeddedfor 36 h at 4°C with anti-ataxin-3 antiserum. Antibody
and cut in §um thick sections. In addition, frozen brain 1abeling was visualized using the Vectastain elite avidin-

tissue from 2 SCA3 patients and 3 normal controls wer&iotin-peroxidase complex method (Vector Laborato-
studied. ries, Burlingame, CA, USA) and 3,3"-diaminobenzidine

(Vector) as peroxidase substrate. Sections were dehy-
drated through graded ethanols and xylene and viewed

— ——
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Region Density of Intensity of Subcellular
immunoreactive ataxin3c-IR distribution  ?
neurons * per labelled cell *
Layer | + + c
Layer Il ++ + c
Layer Ill +++ +++ c
Layer IV ++ + c
Layer V +++ +++ c
Layer VI +++ ++ c
Hippocampus
Dentate gyrus +++ + c
CAL +++ ++ c
CA2 +++ ++ c
CA3 +++ ++ c
CA4 +++ ++ c
Striatum
Accumbens nucleus ++ + c
Caudate nucleus ++ +ott c
Putamen + -+ c
Globus pallidus ext. ++ ++ c
Globus pallidus int. ++ + c+n (?)

Claustrum

Subthalamic nucleus

Thalamus

++

++

++

++

++

* Density of immunoreactive neurons: + few labelled cells, ++ scattered labelled cells, +++

numerous labelled cells. Intensity of ataxin-3c-IR per labelled cell: + light labelling, ++ moderate

labelling, +++ dense labelling. ? c: cytoplasmatic, n: nuclear

Table 1. Distribution of ataxin-3c-IR in normal human brain:
telencephalon and diencephalon.

Region

Density of
immunoreactive
neurons *

Intensity of
ataxin3c-IR
per labelled cell *

Subcellular
distribution  ?

Substantia nigra
Pars compacta
Pars reticulata

Superior collicular nucleus

Periaqueductal gray
Oculomotor nerv nucleus
Pontine nuclei
Locus coeruleus
Reticular formation
Inferior olivary nucleus
Cerebellum

Granular layer

Golgi cells

Purkinje cells

Molecular cell layer
Dentate nucleus
Spinal cord
Dorsal horn

Zona intermedia

Ventral horn

++
+H+

++

+H+

+Ht

++

++

+Ht

++
+H+
+H+

+++

+n(?)

1 Density of immunoreactive neurons: + few labelled cells, ++ scattered labelled cells, +++
numerous labelled cells. Intensity of ataxin-3c-IR per labelled cell: + light labelling, ++ moderate
labelling, +++ dense labelling. 2 c: cytoplasmatic, n: nuclear

Table 2. Distribution of ataxin-3c-IR in normal brain: mes-, met-

and myencephalon and cerebellum.

using a light microscope and Nomarski optics.

Cyostat sections (20m) of frozen postmortem brain
tissue were fixed in either 4% paraformaldehyde in PBS
or 15% saturated picric acid / 4% paraformaldehyde in
PBS before methanol/B, exposure.

Results

Detection of ataxin-3 by Western blot analys@@ne
KLH-linked peptide representing an alternate C-termi-
nal region of ataxin-3 (LETVRNDLKTEGKK, Fig. 1)
was used for immunization of rabbits to generate poly-
clonal antisera. Two rabbits with low immunoreactivity
against protein extract of human lymphoblasts have
been used for immunisation. Antiserum obtained after
three repeated immunisations still detected several
unspecific bands but also the expected protein of
approximately 50 kDa, respectively. Affinity purifica-
tion of the polyclonal antiserum reduced the cross-reac-
tivity to other proteins. In protein extract of lym-
phoblastoid cell lines from SCA3/MJD patients two
bands of approximately 50 and 60 kDa were detected,
representing both the normal and mutant ataxin-3 pro-
tein (Fig. 2a). Specificity of the antibodies was con-
firmed by preincubation of the antiserum with the pep-
tide used for immunisation of the rabbits (Fig. 2b). Indi-
viduals carrying the expanded CAG repeat inNti® 1
gene can clearly be distinguished by the presence of an
enlarged 60 kDa immunoreactive ataxin-3c band exclu-
sively found in affected individuals (Fig. 3). The size of
the polyglutamine expansion is reflected by the apparent
size of the detected protein. The generated antiserum
was specific for the human ataxin-3 protein and did not
detect rodent ataxin-3 in various neuronal and nonneu-
ronal cell lines (Fig. 4).

Intracellular localization of ataxin-3 in neuronal
cell lines.To assess the subcellular distribution of atax-
in-3c protein, we stained human neuronal SK-N-AS
cells with polyclonal antiserum against ataxin-3 (Fig. 5).
Ataxin-3c is diffusely distributed in the cytoplasm and
to a lesser extent in the nuclei of the cells.

Immunolocalization of ataxin-3 in normal human
brain. The regional and cellular distribution of ataxin-3c
immunoreactivity (ataxin-3c-IR) was studied in several
regions of normal human brain including cerebral cor-
tex, striatum, globus pallidus, thalamus, substantia
nigra, cerebellum, pons, inferior olive and spinal cord.
In all regions examined ataxin-3c-like IR was observed
(Tables 1 and 2; Figs. 6 and 7). The most prominent
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staining was associated with neuronal profiles (Figs. ¢ A B E D E F G
and 7). In addition, there was some staining of glial cell
(Figs. 6 and 7F). The intensity of ataxin-3c-IR varied
among the neurons within each region examined. |
subpopulations of neurons we observed strong IR, il
others only light staining. Examples include the inho-
mogenous staining pattern of neurons within the cere ._ i
bral cortex (Fig. 6) and in striatum where only subpop-
ulations of neurons displayed strong staining. Neurone
staining in brain areas known to be affected in )
SCA3/MJD was not strikingly more intense than in 54
regions thought to be spared from neurodegeneratiol rodents human
For example, intense signals were observed in PurkinjFigure 4. Western blot for ataxin-3c. Ataxin-3c antiserum
. . . “specifically recognizes human ataxin-3 as demonstrated for
cells, a pOpUI.atlon of n_eu_rons relatively s'pared Nyarious cell lines. E: HeLa cells. F: TC32 cells. G: lymphoblas-
SCA3/MJD (Fig. 7A). Within neurons, ataxin-3c-IR toid cell line of an affected patient. Ataxin-3 of rodents is not
was seen preferentially in the cytoplasm, typically detected by our ataxin-3c antibody as shown for A: NS20Y cells
excluding the nucleus (Fig. 7A-E). Staining was (mouse), B: 108CC15 cells (rat/mouse hybrid), C PClZ cells
observed in neuronal somata and extended into prima|(rat.)’ and D: CHO cells (hamster). A weak unspecific immunore-
. ) active band with a slightly higher molecular weight of approx. 55
dendrites of numerous neurons (Figs. 6 and 7A). likpa is seen in NS20Y cells (lane A).
addition, the linear fine ataxin-3c-IR in white matter
tracts of cerebellar and cerebral cortex suggest ths
axons contain ataxin-3 as well. Consistent with a
expression of ataxin-3c-IR in both dendritic and axona
neuronal processes we observed a punctate and line
staining of the neuropil in cerebral cortex, striatum,
globus pallidus and cerebellum with IR of different sizeg
(very fine and coarse; Fig. 7G). In addition, we studied
peripheral tissues including muscle, liver, heart and kid
ney from controls and a patient with SCA3/MJD (Fig.
7H). Staining in these organs was light and preferentia
ly cytoplasmatic in the respective cells.

Immunolocalization of ataxin-3 in SCA3 affected _ ) . .

brains. Immunohistochemical studies on selected area;9u"¢ 5 A@xin-3cIR in the neuronal cell line SK-N-AS
) ) (human neuroblastoma) demonstrating the cytoplasmatic local-

of brains of SCA3 patients demonstrated that there wéization of ataxin-3c by immunofluorescence. Bar = 20 pm.
no difference in the regional and cellular distribution
pattern of ataxin-3c-IR. Neuronal labelling persisted inubiquitin-positive (Fig. 8B). Immunohistochemistry
all regions examined and demonstrated a similar Vari\Nith the monoclonal antibOdy 1H9 resulted in an intense
ability in intensity within subpopulations of neurons aslabelling of neuronal Nis (Fig. 8C). Typically, Nls visu-
in control brain. Neuropil staining was similar to the @lized with the monoclonal antibody 1H9 appeared
labelling in normal brains suggesting that the somatointensely stained. In contrast, staining with the antibody
dendritic and axonal localisation of ataxin-3c-IR per-2B6 which recognizes a more aminoterminal epitope of
sisted in brains expressing mutant ataxin-3. In affecte@taxin-3 resulted in no (or an occasional very faint)
areas like the pons neuronal loss was readily apparer@taining of intranuclear inclusions (Fig. 8D) although
The remaining pontine neurons continued to exprestis antibody clearly detects normal cytoplasmic distrib-
ataxin-3c-IR. In contrast to normal brain, however, weution of the protein. A monoclonal antibody against the
observed at the subcellular level small dot-like accumuteaction product of transglutaminase, N-epsilon-
lations of ataxin-3c-IR in the nuclei of neurons in affect-(Jamma-glutamyl)-lysine, did not stain NlIs (not
ed brain regions (F|g 8A, E_G) Staining of neighbour-ShOWn). Intranuclear depOSitS of ataxin-3-IR were visi-
ing sections with an antibody against ubiquitin demonDble in numerous (but not all) neurons of the affected
strated that these intranuclear inclusions (NIs) werd€gions. In most instances there was one inclusion per
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phy (DRPLA) (14, 21) is caused by this dynamic muta-
i tion in unrelated genes. In the present study we analyzed
g SH I r an isoform of the MJD1 gene product, ataxin-3c, carry-
b L B f r ing an alternate C-terminus. The physiological function
| 4 : _ of ataxin-3 is still unknown; there are no structural
.4 E. bl ;!.- domains or significant homologies to proteins of known
i i g T I i function to assign a physiological role to ataxin-3. Con-
] ' 4 sequently, the functional relevance of the alternate C-
; i terminus is unclear.
il o ; - Immunoblotting and immunohistochemistry showed
f iy that ataxin-3c is expressed in nonneuronal and neuronal
i Bl tissues. In normal human brain, ataxin-3c-like IR exhib-
: g ; ] ited predominantly neuronal expression in all brain
regions studied. At the cellular level, we observed a
/] . preferentially cytoplasmatic localisation of ataxin-3c in
f ' neuronal cell lines and post-mortem human brain. These
e + i . findings agree well with observations reported by Paul-
: ; : son et al. who used a polyclonal fusion protein antibody
o ; ) directed against the entire protein (harboring an internal
&I b i s f 45-bp deletion) which did not distinguish between the
different C-terminal isoforms (25). The good match in
; the distribution of ataxin-3 observed with these two anti-
£ & ; bodies (and with the monoclonal antibodies 1H9 and
s 7 ¢ _ 2B6; data not shown) suggests that the ataxin-3c iso-
: : form is present in most (if not all) ataxin-3 expressing
cells in human brain.
o . | i For SCA3/MJD, the pattern of neuronal loss differs
i S ——— from other ADCA's and other neurodegenerative disor-
Faure 6. Immunohistochemistry usin ?i;e ;taxin é‘fgmibod ders with polyglutamine expansions (6, 30, 31). Clinical
ir:g:ofmél humuan psstmortem ?‘lr:ntalgcortex demonstrates Z fe_at_ures haYe been linked to a selective neuronal IQSS in
predominantly neuronal pattern of immunostaining. Neurons distinct brain areas and a consequent degeneration of
are stained with various intensity resulting in an inhomoge- fibre tracts (6, 33, 42). For example, ataxia in
neous Pa:jtem_t-h'”Sgilgzgznm?cuZ%Sr;a;?rizg(‘s’vef tﬁffﬁ:fe’:isag:y SCA3/MJD is thought to result from degeneration of
2fasigg§tgrimvgry dendrite of the large neuron to the right). ﬁ Cere_be”ar aﬁerems, and eﬁe_rents m?IUdmg neurons in
addition, some small cellular profiles were immunostained pre- vestibular and pontine nuclei, the spinocerebellar tract,
sumably representing glial cells. Bar = 100 pm. Nomarski- the cerebellar peduncle and the dentate nucleus, respec-
optics. tively. Unlike in SCA1, SCA2 and SCA6 there is no
nucleus; occasionally we observed two or three inclu-markecj deggneration.of Purkinje cells or of the ceret_)el-
. " lar cortex. Lid retraction and external opthalmoplegia,
sion bodies per nucleus. However, NIs were not

observed in regions unaffected by the disease like Cercpmmonly observed in patients with SCAS/MJD, is
g y ?hought to be related to cell loss in the periaqueductal
bral or cerebellar cortex.

grey and in the oculomotor and trochlear nerve nuclei.

Amyotrophy may be due to loss of cranial motor nerve
hceIIs and anterior horn cells in spinal cord and rigid and
gystonic features (particularly prominent in patients
with early onset of symptoms) to neuronal loss in sub-
stantia nigra pars compacta, subthalamic nucleus and

. “globus pallidus. We observed ataxin-3c-IR in all neu-
SCAL (24), SCA2 (12), SCAG (29, 49), SCAT (3), spin ronal populations affected in SCA3/MJD (Tables 1 and

obulbar muscular atrophy (SBMA) (17), Huntington's 2). In addition, however, ataxin-3c IR was present in

disease (HD) (43) and dentatorubral pallidoluysian atrohumerous brain regions like the cerebral and the cere-

Discussion
SCA3/MJD is a neurodegenerative disorder wit

(CAG), repeat in a novel gene of unknown function. A
growing list of neurodegenerative disorders including
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Figure 7. Ataxin-3c immunoreactivity in normal human tissues.
Immunoreacitivity of individual neurons in various brain regions
demonstrating a preferentially cytoplasmatic distribution of
ataxin-3c-immunoreactivity. A: Cerebellum: Purkinje cell layer.
B: Pons. C: Striatum. D: Globus pallidus. E: Inferior olive. F:
Ataxin-3c immunoreactivity was also seen in some cellular pro-
files with a glial morphology, e.g. in globus pallidus. G: An
intense immunoreactivity associated with neurites was particu-
larly striking in globus pallidus. The morphology of the
immunoreactive neurites is consistent with the presence of
ataxin-3c in both dendrites and axons. H: Ataxin-3c immunore-
activity in heart muscle cells. Bars = 20 .m. Nomarski-optics.

Figure 8. Ataxin-3c-IR in neurons from SCA3 brains. A: Pons:
NIs immunoreactive to the ataxin-3c-antibodies. B: Pons: Nls
immunoreactive to ubiquitin. C: Pons: NIs immunoreactive to the
monoclonal antibody 1H9 directed against a region of ataxin-3
proximal to the polyglutamine chain. D: Pons: Absence of
immunoreactivity of NIs using the monoclonal antibody 2B6
which is directed against a more N-terminal region of ataxin-3.
E: Pons: Several NIs immunoreactive to the polyclonal antibody
ataxin-3c. F: Spinal cord: NI body immunoreactive to the ataxin-
3c antibody. G: Pons: NI immunoreactive to the ataxin-3c anti-
body. H: For comparison, the preferentially cytoplasmatic atax-
in-3c IR in pontine neurons of normal controls. Bars = 20 pm.

Nomarski-optics

bellar cortex, the striatum and the olivary nuclei where The mechanism underlying neuronal cell death in
no obvious neuronal loss or gliosis has been reported jpolyglutamine diseases is unknown. There is substantial
symptomatic patients (2, 6, 32, 42). Interestingly, theevidence from histopathological studies that the (CAG)
intensity of ataxin-3c IR varied between neurons sugexpansion does not alter the expression patterns and lev-
gesting that ataxin-3c is more abundant in some netels in any of the affected genes (16, 23). In all disorders
ronal populations than in others. However, there was nwith (CAG), expansions including the recently discov-
obvious relationship between the apparent intensity oéred SCA6 (TS and OR, unpublished observation), the
the IR and the likelihood of neurons to undergo degentCAG), repeats are part of the predicted coding region
eration. A striking example is the intense IR observed imnd have been shown to be translated into enlongated
Purkinje cells known to be comparatively little affected polyglutamine tracts. Our ataxin-3c antisera confirms
by the disease process. Therefore, as in other polyglutghat in the ataxin-3c isoform the polymorphic (CAG)
mine diseases, the expression of D1 gene itselfis  repeat is indeed translated into an elongated polygluta-

not sufficient to explain the restricted and distinct neumine stretch in SCA3/MJD patients supporting earlier
ropathology characteristic for SCA3/MJD.
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evidence using a monoclonal antibody, 1C2, directectellular environment and to reach a high turn-over for
against elongated Glp motifs (45). We also demon- many short-lived eukaryotic proteins. Although ubiqui-
strate that ataxin-3c is expressed from the normal anthation is a common feature of many pathological
the expanded allele in approximately equal amounts. inclusions such as the Lewy body of Parkinson's dis-
The polyglutamine expansion in the mutant ataxin-3ease, it has not yet been linked to neuronal cell death.
alters the physical properties of ataxin-3, disproportioninterestingly, in neurons containing NIs we observed
ally delaying its migration on SDS-PAGE gels (this cytoplasmatic staining with anti-ubiquitin antibodies in
study; 25). The altered properties of the mutant ataxin-8xcess of what is usually observed in cytoplasm. The
are reflected in postmortem brain: exclusively in affect-significance of this cytoplasmatic staining (Fig. 8b) is
ed brain areas we observed a subcellular redistributiouncertain but raises the possibility that this ubiquitin-IR
of ataxin-3c in the form of intranuclear deposits. Theseaeflects ubiquitinated, diffusely distributed cytoplasmat-
nuclear inclusions were similar in morphology and dis-ic aggregates which might be impossible to detect by
tribution to the ones described by Paulsbal.(26) and  ataxin-3-antibodies since the physiological cytoplasmat-
have also been found in affected brain areas of HDi¢c ataxin-3-IR may obscure their presence. However, we
DRPLA, and SCAL1 (4, 5, 38) as well as in transgenicdid not observe distinct deposits in the cytoplasm as we
models for SCA1 and HD (4, 38). Here we provide evi-did in the nucleus. NiIs are detectable in the brains of
dence that the alternate C-terminus of ataxin-3 is part dfansgenic models for HD (4) and SCA1 (38) before
the nuclear deposits. In addition, we confirm that thebehavioral phenotypes develop but not in nonneuronal
monoclonal antibody 1H9 stains Nis by recognizing artissues of affected persons nor in brain areas spared of
epitope close to the expanded polyglutamine stretcthe neurodegenerative process. It appears therefore that
(26). In contrast, antibodies (2B6) directed against aNIs are a marker for neurodegeneration in CAG/gluta-
more N-terminal part of ataxin-3 did not or just barelymine expansion disorders. It is unclear at present
stain Nls, raising the possibility that the expanded prowhether these aggregates themselves are toxic to neu-
tein might be proteolytically processed prior to nuclearrons or whether the expanded polyglutamine ataxin-3
accumulation. Proteolytic processing prior to a nuclearauses an ataxin-3-specific disruption of neuronal func-
aggregation is suggested by immunohistochemical findtion of which the formation of aggregates is a by-prod-
ings in HD where Nlis can be detected with antibodiesict. The distinctive pattern of cell loss characteristic for
directed against the polyglutamine containing N-termi-each polyglutamine disorder suggests that this specifici-
nus of huntingtin but not with antibodies against morety is determined by the protein context in which the
carboxyterminal sequences (5). extended polyglutamine segment is presented to the cell.
There are several mechanisms by which proteingdhere is some evidence from studies in SCAL that
containing an expanded stretch of polyglutamines mayegion-specific expression of interacting proteins might
form aggregates. Perutz has suggested that long stretdhfluence the distinctive pattern of cell loss (18). How-
es of polyglutamines may form hydrogen bonds to otheever, so far proteins interacting with ataxin-3 selectively
extended stretches of polyglutamines in an antiparalletxpressed in vulnerable brain areas have not been iden-
fashion (‘polar zippers’, 28) forming an aggregation oftified.
the protein in a noncovalent fashion (34, 41). Alterna- The human ataxin-3c antibody does not detect the
tively, polyglutamine stretches may aggregate followingrodent homologue as the epitope differs from the corre-
covalent linkage by transglutaminases (9). Our attemptsponding rat region in 6 amino acid residues. Therefore
using a monoclonal antibody to detect a reaction prodthis antibody will be helpful to define characteristic
uct of transglutaminases, N-epsilon-(gamma-glutamyl)-pathological findings in transgenic animals expressing a
lysine, showed no staining of NIs under the conditiondiuman SCA3/MJD transgene. It will be interesting to
used and suggest that NIs do not result from covaledeéarn whether transgenic animals generated with con-
linkage due to the enzymatic activity of transglutami-structs harboring different C-terminal regions generate a
nases. phenotype and if so, whether the symptoms differ
Aside from ataxin-3, NIs in SCA3/MJD brains con- between the transgenic lines.
tain further immunoreactive proteins like ubiquitin as
has been described in HD, DRPLA, and SCA1 (4, 5Acknowledgements
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