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L, 2bFEE% 1 B B OMBEIZEINL
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BIRRRPLMIMEREIC 4 AREESELIT
ofc. T, MIEZEBEBEELEL MTT
7v¥A, LDH Tv¥vA&iTol=. ZOkE
B% Fig. 3 &£ Fig. 4 I NEhuR L.
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ZnO %AW TRERDOEEBREIT o7,
TiO, DHFAE LT EL AT RIPED
- (Fig. 4) . #¥RE 1 pg/mL TiT 4
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R AT 7eh o7 (Fig. 4A) 723, 10
pug/mL TILRAREZR MR B DO E1EL
22X 7- (Fig. 4B) FIRFEMERMEORE R,
MTT 7w¥A, LDH 7v¥&ADEF D%
A THRIEE 10 pg/mL Ll ETHRIFE D

LDH 7y &AL D EFNEND LD50
fEIZ, 9.1 pg/mL KT, 9.9 pg/mL TH
HENGHoT.
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&g /<=7 IT NAOF T, £EX TiO,
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W, TiOp XA TRHW R EIRE T
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I E FNTWVDDS, ZIVETIERE LI
BREREEREL RIFL QRN ELME
BERHHEHERISND. 7272, 5 EIE TiO,
DAL B HIFTD 2 WRIFEH 100
nm JVHREREEZRLTNZDT, 7/
~TUT L TOMMEREEEL, EDR
B, BEE RS mEELDD (B
1) . bz, WEELEZ TO, 124
BHIZEMTHRMT22E21T, 100
nm AT 2 WHFEBESNAGEE
BT ANERDDLEE ZDND.

T RLF ZnO b TERFEOHEMRE
WHBIELED N TWADY, ARBFFEIZRBW
- TiE 10 pg/mL BLEDRETSHE PCI2
IR U Gl A R T 2034 D0
o7 (Fig. 4). It4E, 7 /RF ZnO 234
faEEE2RTRREO—2LLT, ZnO A3
WL TELS 2 BN ERREEE R
ELTWAERREINTNS[6]. £
Wz, WEBELIEIL, MinHEE RIEL
TR DS I B END Zn” DR
EEL, T hF Zn0 DRI TR E M
% 7n0 BEEOMRDOVITKEMED ZnCl,
BECTHATIIDENEREE LI,

BETTAIENEETHLEEZOND.
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AREFFEUITIBNT,
1) /b PC12 Mgz VW& BT/ ~7F
U7 VOFEMRELT, MTT & O LDH

e MY i S TP T A VAl
2) 4k PC12 #ifdD&E T /~7U 7 v
T AMEE RO E LB RET LA,
Zn0 DEREZRE CHEOENEE
ST, ZOBLITHREERBRORE R
LTV CHERTEE Tho7n. —
77, IO, ITE R ERE CHMEFEBICE
BIXAE Uo7z, MlREERBRICE
THEMEIIRD LR -7,

3) A ENTMAEEMEICE B L CHIERAT
o772, PC12 #AEIX NGF HEIZ L0k
ZHAEMEL, ZHITMRRIZRBITS
RIS EDET L ERSTND. K
FEIBIIZORERRE~DRET /<
FUT v, B2 Zn0O & TiO, D52 5%
BERTTHEETELCND. HiRE
AR IIENY DR ZENT IR ANTAT
bivaiw, 2B~ ERTIIE
BT /=T IUT BB SIRH DO E
BRI BT A EEELETH ETIEFEIC
BERRICRDEEZDND.
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Kv3.3 channels harbouring a mutation of spinocerebellar
ataxia type 13 alter excitability and induce cell death in
cultured cerebellar Purkinje cells

Tomohiko Irie!-2, Yasunori MatsuzakiZ, Yuko Sekino! and Hirokazu Hirai?

' Division of Pharmacology, National Institute of Health Sciences; Setagaya 158-8501, Japan
?Department of Neurophysiology, Gunma University Graduate School of Medicine, Maebashi, Gunma, 371-8511, Japan

Neuroscience

Key points

e The cerebellum plays crucial roles in controlling sensorimotor functions, and patients with
spinocerebellar ataxia type 13 exhibit cerebellar atrophy and cerebellar symptoms.

o The disease is an autosomal dominant disorder caused by missense mutations in the
voltage-gated K" channel Kv3.3, which is expressed intensely in the cerebellar Purkinje cells,
the sole output neurons from the cerebellar cortex.

e Here, we examined how these mutations cause the cerebellar disease by lentiviral expression of
the mutant Kv3.3 in mouse cultured Purkinje cells.

e Expression of the mutant Kv3.3 suppressed outward currents, broadened action potentials
and elevated basal intracellular calcium concentration in Purkinje cells. Moreover, the
mutant-expressing Purkinje cells showed impaired dendrites and extensive cell death, both
of which were significantly rescued by blockade of P/Q-type Ca*" channels.

e These results suggest that Purkinje cells in the patients also exhibit similar abnormalities, which
may account for the pathology of the disease.

" Abstract The cerebellum plays crucial roles in controlling sensorimotor functions. The neural
output from the cerebellar cortex is transmitted solely by Purkinje cells (PCs), whose impairment
causes cerebellar ataxia. Spinocerebellar ataxia type 13 (SCA13) is an autosomal dominant disease,
and SCA13 patients exhibit cerebellar atrophy and cerebellar symptoms. Recent studies have
shown that missense mutations in the voltage-gated K" channel Kv3.3 are responsible for SCA13.
In the rodent brain, Kv3.3 mRNAs are expressed most strongly in PCs, suggesting that the
mutations severely affect PCs in SCA13 patients. Nevertheless, how these mutations affect the
function of Kv3.3 in PCs and, consequently, the morphology and neuronal excitability of PCs

v remains unclear. To address these questions, we used lentiviral vectors to express mutant mouse
Kv3.3 (mKv3.3) channels harbouring an R424H missense mutation, which corresponds to the
R423H mutation in the Kv3.3 channels of SCA 13 patients, in mouse cerebellar cultures. The R424H
mutant-expressing PCs showed decreased outward current density, broadened action potentials
and elevated basal [Ca’"]; compared with PCs expressing wild-type mKv3.3 subunits or those
expressing green fluorescent protein alone. Moreover, expression of R424H mutant subunits
induced impaired dendrite development and cell death selectively in PCs, both of which were
rescued by blocking P/Q-type Ca’* channels in the culture conditions. We therefore concluded
that expression of R424H mutant subunits in PCs markedly affects the function of endogenous
Kv3 channels, neuronal excitability and, eventually, basal [Ca®'];, leading to cell death. These
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results suggest that PCs in SCA13 patients also exhibit similar defects in PC excitability and
induced cell death, which may explain the pathology of SCA13.
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Introduction

In most excitable cells, the high K* permeability arises
from delayed-rectifier K™ channels of the Kv class
(Hille, 2001). One of the Kv subfamilies, known as
Kv3, has generated particular interest because of its
unique electrophysiological properties (Rudy & McBain,
2001). The Kv3 channels are high-voltage-activated K*
channels, and they exhibit fast activation and deactivation
kinetics; therefore, Kv3 channels are activated during
action potential depolarization and are indispensable
for high-frequency firing in many neurons, such as
fast-spiking cortical interneurons and cerebellar Purkinje
cells (PCs; Erisir et al. 1999; McKay & Turner, 2004).
Rodents and humans possess four Kv3 genes: Kv3.1-3.4.
The Kv3 channels are composed of four pore-forming sub-
units and form heterotetrameric channels by combination
of Kv3 members. In the rodent brain, Kv3.3 mRNA and
protein are abundantly expressed in the cerebellum, in
which the mRNA is most intensely expressed in PCs
(Weiser et al. 1994; Chang et al. 2007). Interestingly,
Kv3.3-deficient mice show normal PC morphology and
no ataxic phenotype (Joho et al. 2006; Hurlock et al. 2008;
Zagha et al. 2010).

The numerous diseases arising from channel
dysfunction (channelopathies) illustrate the importance
of ion channels to the organism. To date, missense
mutations in more than 60 ion-channel genes have been
associated with human disease (Ashcroft, 2006). Recently,
missense mutations in the KV3.3 gene (also known as
KCNC3), which encodes human Kv3.3 (hKv3.3) channels,
were linked to autosomal dominant spinocerebellar
ataxia type 13 (SCA13). Spinocerebellar ataxia type 13 is
accompanied by cerebellar symptoms and by cerebellar
atrophy, and three different mutations (R420H, R423H
and F448L) have been identified, although the neuro-
degenerative changes in the post-mortem cerebellum
have not been investigated (Waters ef al. 2006; Figueroa
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et al. 2010). In Xenopus oocyte expression systems,
coexpression of the R420H or R423H mutant subunits
with wild-type (WT) hKv3.3 suppresses the current by a
dominant-negative mechanism. Given the intense Kv3.3
expression in rodent PCs and the cerebellar atrophy
in SCA13 patients, these mutations are expected to
affect the neuronal excitability and morphology of PCs
severely. Recently, Issa et al. reported that zebrafish
expressing mutant zebrafish Kv3.3 subunits (homo-
logous to the F448L mutant) in spinal motoneurons,
which endogenously express Kv3.3, show defective axonal
pathfinding (Issa et al, 2012). However, as they used
a motoneuron-specific enhancer to drive expression,
these zebrafish display no distinct cerebellar abnormality.
Therefore, the pathology of SCA13 has not been
elucidated, and other methodological approaches are
needed.

In the present study, to investigate the effects of Kv3.3
mutations in PCs, we expressed mouse Kv3.3 (mKv3.3)
channels harbouring the R424H missense mutation,
which corresponds to the R423H mutation in hKv3.3,
using a lentivirus system in mouse cerebellar cultures.
Immunohistochemical analysis revealed that expression
of R424H mutant subunits induced impaired dendrite
development and cell death in PCs by 11 days in vitro
(DIV) without significant alteration in granule cells.
To examine the effects of R424H mutant subunits on
the electrophysiological properties and free [Ca’*]; of
PCs, we performed whole-cell patch-clamp recordings
and calcium imaging from PCs at DIV 8-10. Action
potential duration and basal [Ca**]; were significantly
increased in R424H mutant-expressing PCs compared
with PCs expressing WT mKv3.3 or those expressing green
fluoresent protein (GFP) alone. Furthermore, blockade
of P/Q-type Ca*™ channels by w-agatoxinIVA in the
culture conditions rescued the dendritic maldevelopment
and cell death in PCs caused by R424H mutant
subunits.
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Methods
Ethical approval

Newborn (i.e. within 24 h after birth) mice (ICR strain)
of both sexes were used for cerebellar cultures. Xenopus
oocytes were collected from anaesthetized Xenopus laevis.
These animals were used according to the Guiding
Principles for the Care and Use of Laboratory Animals
approved by the guidelines of the National Institute of
Health Sciences, Japan. All experiments also complied with
The Journal of Physiology policy and UK regulations on
animal studies (Drummond, 2009).

Molecular biology

The mouse cerebellum expresses the Kv3.3b gene,
which is an alternatively spliced isoform of mKv3.3
(Goldman-Wohl et al. 1994). mKv3.3 cDNA that is nearly
identical to Kv3.3b (Desal et al. 2008) was obtained
as a kind gift from DrLeonard K. Kaczmarek (Yale
University, New Haven, CT, USA). The amino acid identity
between hKv3.3 (Gene Accession number: AF055989)
and mKv3.3 is 89%, and the sequence of the S4 trans-
membrane segment showed a complete match between
the two species (Supplemental Fig. S1). To date, several
reports have shown that there are three types of missense
mutations (R420H, R423H and F448L) in hKv3.3 channels
in distinct SCA13 pedigrees (Waters et al. 2006; Figueroa
et al. 2010, 2011). In the present study, we focused on
the R423H mutation. The $4 transmembrane segment of
mKv3.3 has an arginine residue at position 424, which
corresponds to the arginine at position 423 in hKv3.3. The
arginine of mKv3.3 was replaced with histidine by overlap
PCR using PrimeSTAR HS DNA Polymerase (Takara Bio,
Shiga, Japan). The nucleotide exchanges were ¢.1271G>A
and ¢.1272T>C. Wild-type and R424H mutant mKv3.3
¢DNA were subcloned in pcDNA3 (Invitrogen, Carlsbad,
CA, USA), and the mutation was confirmed by
sequencing. .

For lentiviral vector-based gene expression, the murine
embryonic stem cell virus (MSCV) promoter, which
drives PC-predominant expression of a transgene in
cerebellum, was used (Hawley et al. 1994; Hanawa
et al. 2004; Torashima er al. 2006; Takayama et al. 2008).
A Kozak translation initiation sequence and 2A peptide
sequence from porcine teschovirus-1 (P2A) for efficient
cleavage of polyproteins were placed at the N- and
C-termini of WT and R424H mutant mKv3.3 cDNA,
respectively (Szymczak er al. 2004; Torashima er al. 2009).
Then, stop codons were removed using the following
PCR primer pair: a 5’ primer with an Agel site and Kozak
sequence (bold; 5" primer, CGACCGGTGCCACCATGCT
CAGTTCAGTGTGCGT) and a 3’ primer with an Agel
site and P2A (bold; 3" primer, CGACCGGTGGCCCGG
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GGTTTTCTTCAACATCTCCTGCTTGCTTTAACAGAG
AGAAGTTCGTGGCGCCGGAGCCGAGGATGGAGGG
CAGGGTCG). A Gly-Ser-Gly linker (underlined in the 3’
primer) was also placed between the N-terminus of a WT
(or R424H mutant) mKv3.3 sequence and P2A using the
3" primer. This linker improves the cleavage efficacy of the
P2A (Szymczak et al. 2004). The PCR products were sub-
cloned in-frame into the Agel site of pCL20c MSCV-GFP,
which is present 8bp upstream from the translation
initiation site of GFP. Finally, lentiviral transfer vectors
for the experiments (pCL20c MSCV-WT-P2A-GFP and
pCL20c MSCV-R424H-P2A-GFP) were obtained, and the
inserted sequences were verified by sequencing.

Lentiviral vector preparation

Vesicular stomatitis virus G protein (VSV-G) pseudo-
typed lentiviral vector particles were produced
by transient transfection of HEK293T cells with
viral plasmids as described previously (Torashima
et al. 2006). In brief, HEK293T cells were trans-
fected with a mixture of the following four
plasmids: pCAGKGPIR, pCAGARTR2, pCAG-VSV-G
and the lentiviral transfer vector plasmid (pCL20c
MSCV-GFP, pCL20c MSCV-WT-P2A-GFP or pCL20c
MSCV-R424H-P2A-GFP). The medium containing viral
particles was concentrated by ultracentrifugation and
resuspended in 70 ul of Dulbecco’s phosphate-buffered
saline (Wako Pure Chemical Industries, Osaka, Japan).
The infectious titres of the virus were determined as
follows: virus stocks were added to HEK293T cells in
the presence of Polybrene (6 ugml™'; Sigma-Aldrich,
St Louis, MO, USA). After 4days, GFP-positive cells
were counted using a Tali Image-Based Cytometer
(Invitrogen), and the titres were adjusted to 1.0 x I®
or 0.5 x 10" transduction units/ml.

Cerebellar culture and lentivirus-mediated
gene expression

Cerebellar cultures were prepared according to our pre-
vious protocol with some modifications (Hirai & Launey,
2000). After the mice were killed by decapitation, the
cerebella of newborn mice were quickly removed and
treated with 2 ml of a papain digestion solution containing
40 units of papain (Worthington Biochemical, Lakewood,
NJ, USA), 2mMm L-cysteine hydrochloride and 1mwm
EDTA in Ca*'-Mg*"-free Hank’s balanced salt solution
(pH 7.0; Gibco, Grand Island, NY, USA; Tabata er al.
2000). Then, the cerebella were dissociated by trituration
in Hank’s balanced salt solution containing 0.05%
(w/v) DNase (Sigma-Aldrich) and 12 mm MgSO,. After
centrifugation (180 x g, 5 min), the cells were resuspended
in DMEM/F12 (Gibco)-based medium containing 4.2 mm



