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& Oliver Brüstle1

Machado–Joseph disease (MJD; also called spinocerebellar ataxia
type 3) is a dominantly inherited late-onset neurodegenerative
disorder caused by expansion of polyglutamine (polyQ)-encoding
CAG repeats in the MJD1 gene (also known as ATXN3).
Proteolytic liberation of highly aggregation-prone polyQ frag-
ments from the protective sequence of the MJD1 gene product
ataxin 3 (ATXN3) has been proposed to trigger the formation of
ATXN3-containing aggregates, the neuropathological hallmark of
MJD1–5. ATXN3 fragments are detected in brain tissue of MJD
patients and transgenic mice expressing mutant human
ATXN3(Q71)6, and their amount increases with disease severity,
supporting a relationship between ATXN3 processing and disease
progression. The formation of early aggregation intermediates is
thought to have a critical role in disease initiation7,8, but the precise
pathogenic mechanism operating in MJD has remained elusive9.
Here we show that L-glutamate-induced excitation of patient-
specific induced pluripotent stem cell (iPSC)-derived neurons
initiates Ca21-dependent proteolysis of ATXN3 followed by the
formation of SDS-insoluble aggregates. This phenotype could
be abolished by calpain inhibition, confirming a key role of this
protease in ATXN3 aggregation. Aggregate formation was further
dependent on functional Na1 and K1 channels as well as ionotropic
and voltage-gated Ca21 channels, and was not observed in iPSCs,
fibroblasts or glia, thereby providing an explanation for the neuron-
specific phenotype of this disease. Our data illustrate that iPSCs
enable the study of aberrant protein processing associated with
late-onset neurodegenerative disorders in patient-specific neurons.

Despite accumulating evidence for an involvement of proteolysis in
polyQ disorders, the molecular and cellular events that underlie the
initial processes are still poorly understood (reviewed, for example, in
ref. 10). As excitation-mediated depolarization of neurons results in
transiently increased intracellular Ca21 levels via influx from the extra-
cellular space and/or the endoplasmic reticulum11, we hypothesized
that a temporary activation of Ca21-dependent proteases might rep-
resent an early event in pathological ATXN3 processing. To explore
this hypothesis we generated neurons from iPSCs (two clones each)
derived from four MJD patients (MJD1–4; for clinical details see
Supplementary Fig. 1) and two related healthy donors (Ctrl1 and
Ctrl2; Supplementary Fig. 1). MJD and control iPSCs exhibited
expression of pluripotency genes, appropriate viral transgene silen-
cing, potential for teratoma formation and a normal karyotype
(Fig. 1a and Supplementary Figs 2–4). Expansion of the polyQ-coding
CAG sequence in exon 10 of the MJD1 gene was verified by polymerase
chain reaction (PCR) analysis and genomic sequencing (Fig. 1b and
Supplementary Fig. 5). From the iPSCs we generated long-term self-
renewing neuroepithelial-like stem cells (lt-NES cells)12. lt-NES cells
homogeneously expressed SOX2 and, upon growth factor withdrawal,

gave rise to a dominant fraction ofbIII-tubulin1 neurons and a smaller
fraction of glial fibrillary acid protein (GFAP)1 glia with no apparent
difference between MJD and control neurons (Fig. 1c, d and Sup-
plementary Fig. 6). lt-NES cells derived from the human embryonic
stem cell line I6 (Ctrl3) and from iPSCs of a 33-year-old unrelated
and healthy male donor (Ctrl4) were included as additional controls.
Western blot analysis confirmed the expression from both alleles of
normal ATXN3 (,42 kDa) in control lt-NES cells and normal and
expanded ATXN3 (,60 kDa) in MJD lt-NES cells (Fig. 1e). No changes
in polyQ repeat length were detected during the time course of our
experiments for at least 20 passages as iPSCs, up to 47 passages as
lt-NES cells and 8 weeks of neuronal differentiation (Supplementary
Fig. 7). Whole-cell patch-clamp measurements of neurons differentiated
for 5–6 weeks revealed the generation of multiple action potentials
during current injection (n 5 6; Fig. 1f) as well as voltage-dependent
membrane currents (n 5 8; Fig. 1g and Supplementary Fig. 6). Both
excitatory and inhibitory spontaneous postsynaptic currents were
observed in whole-cell voltage-clamp recordings and could be blocked
by application of D(-)-2-amino-5-phosphonovaleric acid (D-APV;
50mM) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20mM),
or bicuculline (30mM), respectively (n 5 12; Fig. 1h). No functional
differences were observed between MJD and control neurons. Thus,
iPSC-derived neurons are capable of generating functional neuronal
networks.

To monitor excitation-induced Ca21 influx into iPSC-derived
neurons we loaded MJD neurons with the Ca21-dependent dye
Fluo-4 and stimulated the cultures with the excitatory neurotransmitter
L-glutamate (100mM). Increased fluorescence intensity of the neurons
indicated elevated excitation-mediated intracellular Ca21 levels
(Fig. 2a). Immunoblotting of extracts from L-glutamate-treated cultures
revealed that stimulation for 30 min induced cleavage of ATXN3 in
both MJD and control neurons. A proteolytic fragment of approxi-
mately 34 kDa, corresponding to the predicted size of an amino-
terminal ATXN3 fragment was detected with an antibody to ATXN3
(ref. 17). Stimulation with 200mM NMDA (N-methyl-D-aspartate)
had a comparable effect (Fig. 2b). These results indicate that excitation-
mediated Ca21 influx induces cleavage of ATXN3 in iPSC-derived
neuronal cultures.

We next asked whether cleavage of ATXN3 would also induce
SDS-insoluble ATXN3-containing aggregates, a hallmark of MJD
pathology14. To that end, lysates of neuronal cultures were fractionated
to identify ATXN3 species with different detergent solubility by
immunoblotting (Fig. 2c and Supplementary Fig. 8). Lysates from
control neurons prepared 30 min after stimulation contained no
SDS-insoluble material, whereas lysates from MJD neurons yielded
weak bands of fragmented ATXN3 and a faint high molecular mass
smear (Supplementary Fig. 9). As polyQ aggregation is associated with
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Figure 1 | Generation of patient-specific neural
cultures. a, MJD iPSCs stain positive for alkaline
phosphatase (AP) and TRA-1-60. b, PCR analysis
to assess the length of CAG repeats. Fib, fibroblasts.
c, lt-NES cells express SOX2 and differentiate into
neural cultures consisting ofbIII-tubulin1 neurons
and GFAP1 glia. d, Percentage of cells positive for
the neuronal markers bIII-tubulin and
microtubulin-associated protein 2 (MAP2ab) or
GFAP in 6-week-differentiated cultures. Error
bars: s.d. e, Western blot analysis with ATXN3
antibody no. 986 (ref. 17). f, iPSC-derived neurons
fire action potentials in response to depolarization.
g, Depolarizing voltage steps elicited voltage-
dependent fast inactivating inward and sustained
outward currents. h, Representative traces of
inhibitory (upper trace) and excitatory
postsynaptic currents (bottom trace), blocked by
bicuculline or D-APV and CNQX, respectively.
Ctrl, control. Scale bars: a, 200mm; c, 50mm
(SOX2) and 200mm (bIII-tubulin/GFAP).
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Figure 2 | Excitation induces ATXN3 cleavage
and aggregation. a, Ca21 imaging with Fluo-4
reveals a clear increase of intracellular Ca21 upon
exposure to L-glutamate. b, Exposure to
L-glutamate or NMDA (n . 3) induces cleavage of
ATXN3 (antibody no. 986). c, Schematic depicting
the separation of cell lysates. d, e, SDS-insoluble
aggregates could be robustly evoked in different
MJD genotypes. Representative western blot
analysis (out of n $ 3) with ATXN3 antibody no.
986 (ref. 17). f, Re-probing of ATXN3 immunoblot
(antibody no. 986; left) with the polyQ-specific 1C2
antibody (right) reveals several polyQ-containing
fragments (empty and filled triangles indicate
polyQ-containing fragments of which bands
marked by empty triangles correspond to ATXN3
fragments). g, Western blot with an antibody
against human TBP reveals recruitment of TBP
into the SDS-insoluble fraction in MJD neurons
but not control neurons (n 5 2). FA, formic acid;
TX100, Triton X-100. Scale bar: 100mm.
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a lag phase presumably required for the generation of aggregation-
competent species7,13,15,16, we tested whether repetitive excitation of
MJD and control neurons and a subsequent waiting period would
result in more robust aggregation. Twenty-four hours after stimulation
(two stimuli of 30 min) no SDS-insoluble ATXN3-positive material

was observed in control neurons. In contrast, MJD neurons now
showed several prominent fragments of about 25–45 kDa and a high
molecular smear, indicating the presence of fragmented and aggre-
gated ATXN3 in these cultures (Fig. 2d). Generation of these SDS-
insoluble ATXN3-containing fragments was induced in all MJD
iPSC-derived neurons tested and not observed in neurons derived
from healthy donors (Fig. 2e and Supplementary Fig. 10). Induction
of SDS-insoluble aggregates was concentration dependent, as reduced
concentrations of L-glutamate led to a reduced tendency of ATXN3 to
form these aggregates (Supplementary Fig. 11). Re-probing of a typical
ATXN3 immunoblot with the polyQ-specific 1C2 antibody revealed
the presence of several polyQ-containing fragments within the SDS-
insoluble aggregates (Fig. 2f). Mechanistically, polyQ-driven aggrega-
tion typically involves recruitment of other polyQ proteins, including
the TATA binding protein (TBP), which has been detected in ATXN3-
containing aggregates in MJD patients18. In agreement with these pre-
vious observations, prominent bands in the 1C2 immunoblot were
identified as TBP (44 kDa) and fragments thereof (Fig. 2g and Sup-
plementary Fig. 12). These data indicate that aggregation of ATXN3
can be robustly evoked in MJD-derived neurons and that other polyQ
containing proteins are recruited into ATXN3-containing aggregates.

In MJD models, both caspase- and calpain-mediated cleavage of
ATXN3 has been reported1,2,4,17. However, it is still unclear which
protease accounts for ATXN3 cleavage in MJD patients1,2,10. As both
enzymes depend on intracellular Ca21, we next tested the effect of
inhibitors of both protease families on ATXN3 aggregation. No
inhibition of ATXN3 aggregation was observed in cells treated with
the caspase-1 inhibitor Ac-YVAD-CHO, the caspase-3 inhibitor
Z-DEVD-FMK or the pan-caspase inhibitor Z-VAD-FMK (all
10mM; Fig. 3a and Supplementary Figs 13 and 14). In contrast, treat-
ment with the calpain inhibitors ALLN (100mM) and calpeptin
(200mM) resulted in complete disappearance of SDS-insoluble material,
indicating a critical involvement of Ca21-dependent calpain proteases
in the aggregation of expanded ATXN3 (Fig. 3b and Supplementary
Figs 13 and 14). Inhibition of aggregate formation was also observed at
lower concentrations of ALLN (10mM) and calpeptin (20mM; Sup-
plementary Fig. 15). Inhibitors of other main protease families (200/
20mM leupeptin/pepstatin or 2mM aprotinin) had no influence on
aggregate formation (Fig. 3c and Supplementary Fig. 14). Thus, calpain-
mediated cleavage of ATXN3 seems to be critical for aggregate formation.

Pathology in MJD patients is predominant in neurons. We thus asked
whether L-glutamate-dependent aggregate formation is restricted to
neurons or whether it can also be evoked in other cell types such
as MJD iPSCs, MJD fibroblasts or MJD glia. Importantly, in these
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Figure 3 | Aggregation of ATXN3 is calpain dependent. a, ATXN3
aggregation in the presence of the caspase inhibitors Ac-YVAD-CHO,
Z-DEVD-FMK or Z-VAD-FMK (all 10mM). b, ATXN3 aggregation in the
presence of the calpain inhibitors ALLN (100mM) and calpeptin (200mM).
c, ATXN3 aggregation in the presence of leupeptin/pepstatin (Leu/Pep; cysteine/
aspartyl protease inhibitor) or aprotinin (Aprot; serine protease inhibitor).
Shown are representative western blot analyses (out of n . 3) of clone MJD1-9
with ATXN3 antibody no. 986 (ref. 17). FA, formic acid; TX100, Triton X-100.
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experiments only MJD neurons formed SDS-insoluble aggregates
(Fig. 4a and Supplementary Fig. 14). As glial cells also express ionotropic
and metabotropic glutamate receptors we became interested in whether
aggregate formation in neurons involves a Ca21 influx mediated by
depolarization-induced activation of voltage-gated Ca21 channels.
Stimulation under simultaneous depletion of extracellular Ca21 by
EDTA (500mM) revealed that aggregation of ATXN3 was suppressed
in the presence of EDTA (Fig. 4b). Application of D-APV (50mM) or
NBQX (10mM; blocking ionotropic NMDA and AMPA receptors,
respectively) markedly reduced the amount of aggregated ATXN3.
Notably, preventing membrane-depolarization-induced activation of
voltage-gated Ca21 channels by blockage of Na1 channels with tetrodo-
toxin (TTX; 0.3mM) completely inhibited the formation of aggregates
(Fig. 4b and Supplementary Fig. 14). These data indicate that a neuron-
specific cascade involving functional ion channels is required for protease
activation and ATXN3 cleavage, and that depolarization-induced Ca21

influx via voltage-gated Ca21 channels activated by membrane
depolarization is essential for the observed phenotype (Fig. 4c).

Interestingly, this early and clear aggregation phenotype was not
accompanied by formation of ATXN3-positive inclusion bodies or
macroaggregates, as analysed by epifluorescence staining 0, 1 and
24 h after stimulation, or by acute toxicity, as measured by ATP con-
sumption and alamar blue staining 24 h, 48 h and 7 d after stimulation
(Supplementary Fig. 16). This observation is not unexpected, as forma-
tion of inclusions and neuronal cell death are associated with late
disease stages and are thought to be promoted by an age-related
decline in protein homeostasis19. Our findings support the view that
early polyQ-driven aggregation does not necessarily imply acute
cytotoxicity, and that neurons can at least temporarily cope with the
burden of aggregated polyQ material. Although the molecular mechan-
isms connecting microaggregate formation to late-stage neuronal
demise remain to be elucidated, the perception that microaggregates
indeed represent an early step of MJD pathology is supported by obser-
vations that they precede large inclusion bodies in several other polyQ
models including SCA1, SCA7, spinobulbar muscular atrophy and
other models of MJD20–23. Taken together, our findings demonstrate
that iPSC-derived patient-specific neurons enable the study of early
aberrant protein processing in late-onset neurodegenerative disease.

METHODS SUMMARY
Cell culture. iPSCs were maintained on irradiated mouse embryonic fibroblasts
(MEFs) in iPSC media containing DMEM/F12 culture medium supplemented
with 20% KnockOut serum Replacement, 0.1 mM non-essential amino acids (all
from Invitrogen), 1 mM L-glutamine, 0.1 mM b-mercaptoethanol and 50 ng ml21

zebrafish basic fibroblast growth factor (zbFGF). lt-NES cells were established as
described12.
Excitatory stimulation and solubility analysis. MJD neurons or control neurons
cultured in 3.5-cm dishes were washed three times with 2 ml BSS (balanced salt
solution) containing 25 mM Tris, 120 mM NaCl, 15 mM glucose, 5.4 mM KCl,
1.8 mM CaCl2, 0.8 mM MgCl2, pH 7.4. After treatment with L-glutamate (Sigma,
no. G8415) or NMDA (Sigma) in BSS for 30 min cells were washed again three
times and either immediately frozen in liquid N2 followed by lysis in RIPA buffer
(50 mM Tris, 150 mM NaCl, 0.2% Triton X-100) containing 25 mM EDTA or left
to recover for 30 min in differentiation media followed by a second 30 min
L-glutamate treatment in BSS, and subsequently cultured in differentiation media
until analysed. For inhibition studies, cells were pre-treated with the inhibitors for
30 min, followed by stimulation in the presence of the inhibitors. After treatment
cells were kept in differentiation media without inhibitors until analysed.
The schematic shown in Fig. 4c was produced using Servier Medical Art (http://
www.servier.com).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Retrovirus production and human iPSC induction. Retroviral plasmids for
OCT4, SOX2, KLF4 and c-MYC24 (plasmids 17217, 17218, 17219 and 17220) were
obtained from Addgene. PhoenixGP cells (ATCC no. 3514) cultured in 10-cm
plates were co-transfected with retroviral and VSV-G vector (plasmid 12259,
Addgene) using FUGENE HD (Roche). Viral supernatants were harvested on
day two and three after transfection, filtered through a 0.45-mm cellulose acetate
filter and centrifuged at 5 3 104 average g force for 90 min. Dermal fibroblasts were
plated at a density of 5 3 104 cells per well of a 12-well plate and infected overnight
with retrovirus in the presence of 6mg ml21 polybrene and 4 ng ml21 FGF2. The
infection procedure was repeated the next day. For the reprogramming of MJD2,
MJD3, MJD4 and Ctrl2 alternative retroviruses coding for OCT4, SOX2, KLF4 and
c-MYC (Addgene plasmids 20072, 20073, 20074 and 20075) were produced in
PlatA cells (Cell Biolabs). Four days after transduction, cells were split into plates
pre-seeded with mouse embryonic fibroblasts (MEFs). Medium was switched to
human iPSC medium containing DMEM/F12 culture medium supplemented
with 20% KnockOut Serum Replacement, 0.1 mM non-essential amino acids
(all from Invitrogen), 1 mM L-glutamine, 0.1 mM b-mercaptoethanol and 50 ng
ml21 zebrafish basic fibroblast growth factor (zbFGF) 6 days after transduction
and changed every other day. Four weeks after transduction, colonies with human
ES cell morphology were manually picked, carefully triturated and expanded to
establish human iPSC lines. iPSCs were maintained on irradiated MEFs in iPSC
medium and split at a 1:3 to 1:4 ratio every 4-5 days.
Teratoma formation. For teratoma formation, 1 3 106 cells were resuspended as
clumps in human ES cell medium and injected into the testis of immune-
compromised SCID beige mice. After 5–8 weeks, tumours were isolated, fixed
overnight in 4% paraformaldehyde (PFA) and subjected to histological examina-
tion using haematoxylin and eosin staining.
SNP analysis. Genomic DNA was prepared using the DNeasy Blood & Tissue Kit
(Qiagen). Whole-genome single nucleotide polymorphism (SNP) genotyping was
performed at the Institute of Human Genetics at the University of Bonn. Genomic
DNA at a concentration of 50 ngml21 was used for whole-genome amplification.
Afterwards, the amplified DNA was fragmented and hybridized to sequence-
specific oligomers bound to beads on an Illumina Human610-Quad chip or a
HumanCytoSNP-12 chip. Data were analysed using Illumina BeadStudio.
Analysis of transgene silencing. Total RNA was extracted using TRIzol reagent
(Invitrogen). To generate cDNA, RNA was incubated with DNase I (Promega)
and reverse transcribed with BioRad iScript Kit (BioRad) according to the
manufacturer’s manual. Quantitative RT–PCR was performed using the iCycler
(BioRad) platform following the manufacturer’s instruction. All results were
normalized to GAPDH. Primers used for the analysis of transgene silencing and
expression of pluripotency-associated genes were: OCT4 endo, forward,
GACAGGGGGAGGGGAGGAGCTAG; reverse, GTTCCCTCCAACCAGTTG
CCCCAAAC; OCT4 total, forward, GTGGAGGAAGCTGACAACAA; reverse,
ATTCTCCAGGTTGCCTCTCA; SOX2 endo, forward, GTATCAGGAGTTGTC
AAGGCAGAG; reverse, TCCTAGTCTTAAAGAGGCAGCAAAC; SOX2 total,
forward, GCCGAGTGGAAACTTTTGTCG; reverse, GCAGCGTGTACTTA
TCCTTCTT; c-MYC endo, forward, TTCGGGTAGTGGAAAACCAG; reverse,
CCTCCTCGTCGCAGTAGAAA; c-MYC total, forward, AAGACTCCAGCG
CCTTCTCT; reverse, TCTTGTTCCTCCTCAGAGTCG; KLF4 endo, forward,
GACCAGGCACTACCGTAAACA; reverse, CTGGCAGTGTGGGTCATATC;
KLF4 total, forward, CCCAATTACCCATCCTTCCT; reverse, ACGATCGTCTT
CCCCTCTTT; GAPDH, forward, TGACAACTTTGGTATCGTGGA; reverse,
CCAGTAGAGGCAGGGATGAT. ‘Total’ refers to primers for amplification of
transgenes and endogenous genes, ‘endo’ to primers for amplification of endogenous
genes only.
Genomic repeat length analysis. Genomic DNA was extracted using the DNeasy
Blood & Tissue Kit (Qiagen). PCR amplification of exon 10 of the MJD1 gene was
performed using Phusion Polymerase (Finnzymes; primers: MJDfw, AGCACTT
CCATATTTTAAAGTAATCTG; MJDrv, TGCTCCTTAATCCAGGGAAA).
PCR included a pre-incubation at 98 uC for 30 s followed by 35 cycles of
denaturation at 98 uC for 10 s, annealing at 60 uC for 30 s and extension at 72 uC
for 60 s with a final extension step at 72 uC for 10 min. Fragments were extracted
from the gel and subsequently sequenced.
Neural differentiation of iPSCs. iPSC colonies were detached with collagenase
(Invitrogen) and plated on non-adhesive plastic dishes in iPSC media without
FGF2 andb-mercaptoethanol to form embryoid bodies (EBs). Medium was changed
every second day, and at day 5–7 EBs were plated on poly-L-ornithine/laminin (both
Sigma) coated tissue culture plates. Neural rosette structures started to emerge about
1 week after plating and were carefully picked at day 8–12. Picked neural rosettes
were cultured in suspension for 2 days in DMEM/F12, 2 mM L-glutamine, 1.6 g l21

glucose, 0.1 mg ml21 penicillin/streptomycin, N2 supplement (1:100; Invitrogen),
then dissociated with trypsin, plated onto poly-L-ornithine/laminin-coated plates

and propagated in N2 medium supplemented with B27 (1ml ml21, Invitrogen),
10 ng ml21 FGF2 and 10 ng ml21 EGF (both from R&D systems). Cells were pas-
saged at a ratio of 1:2–1:3 every 2–3 days using trypsin. Neuronal differentiation was
induced as described12 by removing the growth factors FGF2 and EGF from the
media and culturing the cells in Neurobasal medium supplemented with B27 (1:50,
Invitrogen) and DMEM/F12 supplemented with N2 (1:100) mixed at a 1:1 ratio.
300 ng ml21 cAMP was added to the differentiation media. Stimulation experiments
were conducted in neuronal cultures 6–8 weeks after growth factor withdrawal.
Differentiation into glial cells was performed by culturing MJD lt-NES cells in N2
medium supplemented with 5% fetal calf serum (FCS) and 10 ng ml21 CNTF. Three
weeks later cells were trypsinized, filtered through a cell mesh and cultured in N2
medium supplemented with 5% FCS and 10 ng ml21 EGF for 3–5 passages. Glial
cultures used for the experiments were stained for GFAP and bIII-tubulin in parallel
and showed only very occasional bIII-tubulin positive neurons (,1:1,000).
Immunocytochemical analysis. Cells were fixed with 4% PFA in PBS for 10 min at
room temperature (20 uC) and blocked in 10% FCS (Invitrogen) in PBS. For detection
of the pluripotency-associated markers TRA-1-60, TRA-1-81, SSEA-3 and SSEA-4
samples were incubated with primary antibodies at room temperature for 2 h, washed
three times, incubated with secondary antibody for 45 min, counterstained with
DAPI and mounted with Mowiol 4-88 mounting solution (Carl Roth). For all other
antibodies cells were blocked in 0.1% Triton X-100 (Sigma) and 10% FCS in PBS,
incubated with the primary antibodies for 16 h at 4 uC, washed three times, incubated
with secondary antibody, counterstained with DAPI and mounted with Mowiol 4-88.

Primary antibodies and concentrations were as follows: TRA-1-60 (1:500,
Invitrogen), TRA-1-81 (1:500, Invitrogen), SSEA3 and SSEA4 (both 1:80, gifts
from P. Andrews; ESTOOLS consortium), SOX2 (1:500, R&D Systems), nestin
(1:600, R&D Systems), DACH1 (1:100, Proteintech), PLZF (1:50, Calbiochem),
ZO-1 (1:100, Zymed), bIII-tubulin (1:2,500, Covance), MAP2ab (1:250,
Chemicon), GFAP (1:1,000, DAKOCytomation), GABA (1:800, Sigma) and
ATXN3 (1:1,000, gift from H. L. Paulson). Secondary antibodies were Alexa488
anti-ms, Alexa555 anti-ms, Alexa488 anti-rb, Alexa555 anti-rb (all 1:1,000,
Invitrogen), Cy3 anti-rat (1:300, Jackson/Dianova). Images were acquired with
an AxioCam MRn and processed using Axiovision Software (Zeiss).
Western blotting. MJD neurons or control neurons cultured in 3.5-cm dishes
were washed three times with 2 ml BSS (balanced salt solution) containing 25 mM
Tris, 120 mM NaCl, 15 mM glucose, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2,
pH 7.4. After treatment with L-glutamate (Sigma, no. G8415) or NMDA (Sigma) in
BSS for 30 min cells were washed again three times and either immediately frozen
in liquid N2 followed by lysis in RIPA buffer (50 mM Tris, 150 mM NaCl, 0.2%
Triton X-100) containing 25 mM EDTA or left to recover for 30 min in differenti-
ation media followed by a second 30 min L-glutamate treatment in BSS, and sub-
sequently cultured in differentiation media until analysed. For inhibition studies,
cells were pre-treated with the inhibitors for 30 min, followed by stimulation in the
presence of the inhibitors. After treatment cells were kept in differentiation media
without inhibitors until analysed. For analysis of fragmentation and aggregation of
ATXN3 by SDS–PAGE and western blotting, extracts were analysed either imme-
diately after lysis or after fractionation. For fractionation, lysates containing 1–2mg
ml21 total protein dissolved in 50 mM Tris, 150 mM NaCl, 0.2% Triton X-100,
25 mM EDTA (RIPA buffer) were centrifuged at 22,000g for 30 min at 4 uC. The
pellet fractions were separated from supernatants (Triton X-100-soluble fraction)
and homogenized in 150ml RIPA buffer containing 2% SDS followed by a second
centrifugation step at room temperature. The supernatants (SDS-soluble fraction)
were removed, and the remaining pellets were incubated for 16 h in 100% formic
acid at 37 uC25. After evaporation in a Speed Vac concentrator (Thermo Scientific),
the pellet was dissolved in 50ml Laemmli-buffer (SDS-insoluble fraction) followed
by pH adjustment with 2 M Tris-base for SDS–PAGE analysis. Gels were loaded
with 40mg of the Triton X-100 fraction, 37.5ml of the SDS-soluble fraction and the
complete SDS-insoluble fraction. Western blot analyses were performed following
standard procedures17. Before probing membranes with different antibodies,
bound antibodies were removed by incubation in stripping buffer (63 mM Tris/
HCl (pH 6.7), 2% SDS, 100 mM b-mercaptoethanol) for 1 h at 50 uC followed by
extensive washes in TBS. Extracts for assessing glutamate stimulation of iPSCs
were prepared from feeder-free cultures. The raise and purification of the
polyclonal antiserum against rat ATXN3 (no. 986) is described elsewhere17. The
monoclonal anti-polyQ antibody (clone 1C2) and the monoclonal anti-TBP
antibody to 18 N-terminal amino acid residues of TBP (MAB 3658) were purchased
from Chemicon, the anti-actin antibody (AC40) was obtained from Sigma, and
anti-AcH3 antibody from Upstate. Unless specified otherwise in the figure legends,
compiled blots in the individual figures represent samples from the same experi-
ment, which were processed, blotted and exposed in parallel.
Electrophysiological recordings. Whole-cell current-clamp and voltage-clamp
recording was carried out with Axopatch-200B amplifier (Molecular Devices) that
was interfaced by an A/D-converter (Digidata 1440, Molecular Devices) to a PC
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running PClamp software (Version 10, Molecular Devices). Pipette electrodes
(GB150F-8P, Science Products) were fabricated using a vertical puller
(Narishige PC-10) and fire polished (final tip resistances 2–4 MV). All recordings
were performed at room temperature in a bath solution containing (in mM): 140
NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 25 D-glucose (pH 7.2, osmolality
310–320 mOsm). For most recordings of membrane potential or current, the
patch pipette contained the following (in mM): 120 potassium gluconate
(C6H11O7K) or potassium fluoride, 20 KCl, 10 NaCl, 10 EGTA, 1 CaCl2, 4 Mg
ATP, and 0.4 Na GTP and 10 HEPES (pH 7.2, osmolality 280–290 mOsm). For
some voltage-clamp recording, another pipette solution was used (in mM): 110
cesium fluoride, 11 EGTA, 5 ATP-Na, 0.5 GTP-Tris, 2 MgCl2, 20 TEA-Cl and 10
HEPES-Na (pH 7.2, osmolality 280–290 mOsm). To isolate excitatory and
inhibitory postsynaptic currents (sEPSCs and sIPSCs), another pipette filling
solution was used (in mM): 110 cesium methanesulphonate (CH3O3SCs), 10
TEA-Cl, 5 QX-314, 10 EGTA, 1 CaCl2, 10 phosphocreatine Na2, 4 Mg-ATP, 0.4

Na-GTP and 0.25% biocytin (pH 7.2, 280–290 mOsm). For this solution holding
potential was corrected for 8 mV junction potential. sEPSCs and sIPSCs were
recorded at a Vhold of 270 mV and 0 mV, respectively.
Survival assays. MJD neurons or Ctrl neurons were plated into 96-well dishes and
differentiated for 6 weeks in differentiation media. Cells were stimulated twice
with glutamate as described earlier and analysed 24 h, 48 h and 7 days later.
Analysis of alamar blue staining and quantification of the ATP content was per-
formed using the commercial kits alamar blue (Invitrogen) and CellTiter-Glo
(Promega) according to the manufacturer’s instructions.

24. Takahashi, K. et al. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861–872 (2007).

25. Hazeki, N., Tukamoto, T., Goto, J. & Kanazawa, I. Formic acid dissolves aggregates
of an N-terminal huntingtin fragment containing an expanded polyglutamine
tract: applying to quantification of protein components of the aggregates.
Biochem. Biophys. Res. Commun. 277, 386–393 (2000).

RESEARCH LETTER

Macmillan Publishers Limited. All rights reserved©2011


	Title
	Authors
	Abstract
	Methods Summary
	Cell culture
	Excitatory stimulation and solubility analysis

	References
	Methods
	Retrovirus production and human iPSC induction
	Teratoma formation
	SNP analysis
	Analysis of transgene silencing
	Genomic repeat length analysis
	Neural differentiation of iPSCs
	Immunocytochemical analysis
	Western blotting
	Electrophysiological recordings
	Survival assays

	Methods References
	Figure 1 Generation of patient-specific neural cultures.
	Figure 2 Excitation induces ATXN3 cleavage and aggregation.
	Figure 3 Aggregation of ATXN3 is calpain dependent.
	Figure 4 ATXN3 aggregation is neuron specific.

