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ARTICLE INFO ABSTRACT

Keywords: Spinocerebellar ataxia 42 (SCA42) is a neurodegenerative disorder recently shown to be caused by ¢.5144G > A
Cerebellum (p.Argl1715His) mutation in CACNA1G, which encodes the T-type voltage-gated calcium channel Cay3.1. Here,
Spinocerebellar ataxia 42 we describe a large Japanese family with SCA42. Postmortem pathological examination revealed severe cere-
CACNA-1G bellar degeneration with prominent Purkinje cell loss without ubiquitin accumulation in an SCA42 patient. To
Eﬁ:;;'jl:gﬁuse determine whether this mutation causes ataxic symptoms and neurodegeneration, we generated knock-in mice
Inferior olivary nucleus harboring ¢.5168G > A (p.Argl723His) mutation in Cacnalg, corresponding to the mutation identified in the
Neurodegeneration SCA42 family. Both heterozygous and homozygous mutants developed an ataxic phenotype from the age of
Electrophysiology 11-20 weeks and showed Purkinje cell loss at 50 weeks old. Degenerative change of Purkinje cells and atrophic
thinning of the molecular layer were conspicuous in homozygous knock-in mice. Electrophysiological analysis of
Purkinje cells using acute cerebellar slices from young mice showed that the point mutation altered the voltage
dependence of Cay3.1 channel activation and reduced the rebound action potentials after hyperpolarization,
although it did not significantly affect the basic properties of synaptic transmission onto Purkinje cells. Finally,
we revealed that the resonance of membrane potential of neurons in the inferior olivary nucleus was decreased
in knock-in mice, which indicates that p.Argl1723His Cay3.1 mutation affects climbing fiber signaling to Purkinje

Abbreviations: ACSF, Artificial cerebrospinal fluid; CF, Climbing fiber; DCN, Deep cerebellar nucleus; EPSC, Excitatory postsynaptic current; GFAP, Glial fibrillary
acidic protein; ION, Inferior olivary nucleus; LTD, Long-term depression; PC, Purkinje cell; PF, Parallel fiber; pNF-H, Phosphorylated neurofilament heavy chain; SCA,
Spinocerebellar ataxia; SR, Sag ratio; Ub, Ubiquitin
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cells. Altogether, our study shows not only that a point mutation in CACNAIG causes an ataxic phenotype and
Purkinje cell degeneration in a mouse model, but also that the electrophysiological abnormalities at an early
stage of SCA42 precede Purkinje cell loss.

1. Introduction

Spinocerebellar ataxia 42 (SCA42) is a newly discovered dominantly
inherited type of SCA, the onset of which mainly occurs in young
adulthood. It is reported as a predominantly pure form of slowly pro-
gressive ataxia, with atrophy of the cerebellum and severe degeneration
of cerebellar Purkinje cells (PCs) (Coutelier et al., 2015). To date, ten
families with SCA42, harboring a point mutation, ¢.5144G > A
(p.Argl715His), in calcium voltage-gated channel subunit alphal G
(CACNA1G), have been reported: three families from a French study,
four Japanese families, and one family each from the United States,
Italy, and Yemen (Coutelier et al., 2015; Kimura et al., 2017; Morino
et al., 2015; Ngo et al., 2018). However, pathological findings have
been reported for only one case.

Voltage-gated calcium channels are classified into low-voltage-ac-
tivated (T-type) and high-voltage-activated (L-, P/Q-, N-, and R-types)
channels, based on their threshold for voltage-dependent activation
(Cain and Snutch, 2011; Perez-Reyes and Lory, 2006; Simms and
Zamponi, 2014). CACNA1G encodes one of the T-type voltage-gated
calcium channels, Cay3.1, which is widely expressed in the brain,
especially in neurons in the thalamus, hippocampus, and inferior oli-
vary nucleus (ION), as well as cerebellar PCs (Ernst et al., 2009; Talley
et al., 1999). Cay3.1 plays an important role in regulating calcium entry
and membrane potential (Zamponi et al., 2015), including rebound
burst firing of neurons in the thalamus (Kim et al., 2001) and cerebellar
nuclei (Perez-Reyes and Lory, 2006; Tadayonnejad et al., 2010). Ac-
cordingly, Cay3.1 variants are associated with various disorders, in-
cluding idiopathic generalized epilepsy (Singh et al., 2007), autism
spectrum disorder (Strom et al., 2010), and more recently SCA42 and
childhood-onset cerebellar atrophy (Chemin et al., 2018). Because of
such diverse phenotypes caused by Cay3.1 variants, it is crucial to
clarify the causal relationship between the p.Argl1715His mutation and
the phenotype of SCA42.

Recent reports on SCA42 using overexpression systems in HEK293T
cells found that the p.Argl715His mutation caused a shift of Cay3.1
channel voltage dependence (Coutelier et al., 2015; Morino et al.,
2015). However, whether this change occurs in neurons in endogenous
tissues and whether the mutation is responsible for the SCA phenotype
remain to be elucidated. In this paper, we first describe the clinical
phenotype and pathological findings from a large Japanese family with
SCA42, and then report findings in a newly generated knock-in (KI)
mouse model of SCA42 harboring the p.Argl723His mutation
(Cacnalg-Arg1723His-KI mouse), which corresponds to the human
p-Argl715His mutation. In the model mice, we found an ataxic phe-
notype and PC degeneration, which recapitulated observations in
human patients. Furthermore, electrophysiological analyses showed a
shift of voltage dependence of Cay3.1 channels and altered action po-
tential firing properties of PCs and neurons in ION. Thus, our study
provides direct evidence that SCA42 is a channelopathy caused by a
point mutation in CACNAIG.

2. Materials and methods
2.1. Patients

Ten affected and six unaffected members of a Japanese family with
SCA were included in this study (Fig. 1A). Clinical information, radi-
ological images, and blood samples were obtained from family mem-
bers after written informed consent was provided. Experimental pro-
tocols were approved by the Institutional Review Boards of Yokohama

City University (A180900002). All experiments were performed in ac-
cordance with institutional guidelines.

2.2. Structural analysis of the p.Argl715His mutation in human Cay3.1

The structure of the region around Argl715 in human Cay3.1 was
modeled from the crystal structure of a homotetrameric sodium channel
from Arcobacter butzleri (NavAb) (PDB code 3rvz) using the Phyre2
server (Kelley and Sternberg, 2009).

2.3. Animals

All animal experiments conformed to the Guide for the Care and Use
of Laboratory Animals and were approved by the Institutional
Committees of Laboratory Animal Experimentation (Animal Research
Center of Yokohama City University, Yokohama, Japan; permission
number: F-A-16-043; or the Institutional Animal Care and Use
Committee of Jikei University; No. 2017-015).

Cacnalg Argl723His-KI mice were generated using CRISPR/Cas9
technology. The single guide RNA (sgRNA) sequence was determined
from the target sequence of mouse Cacnalg using the optimized CRISPR
design tool (Hsu et al., 2013). A pair of oligonucleotides for the tar-
geting site were ligated into the pX330 vector (Addgene, Cambridge,
MA, USA) (Ran et al., 2013). Donor DNA was a manually designed,
single-strand oligodeoxynucleotide (121 bp) with the following se-
quence:

5-TTGAGGTCAATGCTTCACTGCCCATCAACCCCACCATCATCCGT
ATCATGAGGGTGCTCCACATTGCTCGAGGTAGGTCCAGCGCTTGTACC
TGCCTTCCCCAGACGGAGATGGAAAGAGT-3". A mixture of sgRNA-
Cas9 expression vector (5 ng/ul) and donor oligonucleotide (100 ng/pl)
was microinjected into the cytoplasm of fertilized eggs obtained from
mating between C57BL/6NCrSlc males and superovulated females
(Japan SLC, Hamamatsu, Japan). Injected eggs were then transferred
into the uterus of pseudopregnant females. Genotyping of founder mice
was performed by direct sequencing of PCR-amplified fragments from
tail DNA using the BigDye Terminator V3.1 and 3500 Genetic Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) with the following pri-
mers: 5-TCAGAGAGCTGTGTTCCCGATTTTCCAGGT-3’ and 5-GCTGG
AGCTGGTGGGATGGTCCAC-3’. Selected founder mice were then
crossed with C57BL/6NCrSlc mice and heterozygous KI mice were
identified in the offspring. The entire genome editing procedure using
CRISPR/Cas9 technology was performed by TransGenic Inc. (Fukuoka,
Japan). Heterozygous mice were bred to obtain litter-matched homo-
zygous, heterozygous, and wild-type (WT) control mice that were used
in subsequent behavioral experiments. In electrophysiological experi-
ments, homozygous mice obtained by homozygous breeding, hetero-
zygous mice obtained by crossing homozygous and WT mice, and age-
matched WT mice were used. Heterozygous, homozygous, and WT al-
leles were detected by PCR with the above primer set under the fol-
lowing cycling conditions: 2 min at 94 °C; then 10s at 98°C, 30s at
63°C, and 30s at 68 °C for 35 cycles; followed by 5min at 68 °C. For
PCR reactions, KOD Plus Neo enzyme was used as a polymerase with
standard PCR reagents (KOD401; Toyobo, Osaka, Japan). To distin-
guish each genotype, PCR products were digested with Acil (R0551;
New England BioLabs, Ipswich, MA, USA) and visualized by electro-
phoresis on 2% agarose gels. Sanger sequencing was performed to
verify ¢.5168 G > A mutation in Cacnalg, with the mutation appro-
priately confirmed in homozygous, heterozygous, and WT strains.
Animals were housed two to five per cage in square plastic cages with
wire lids, under standard laboratory conditions (23 = 2°C) on a
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Fig. 1. SCA family with CACNA1G mutation.
(A) The left panel shows the family pedigree.
Individuals with ID numbers are members
whose genomic DNA was available, and an
arrow indicates the proband. * indicates those
whose genomic DNA was subjected to linkage
analysis and exome sequencing. ** indicates the
member used for pathological examination.
With regard to the offspring of individual II-2,
only those who participated in the study are
described. The right panel shows electro-
pherograms of the Sanger sequencing results.
The single base substitution, ¢.5144G > A, is
indicated by a red arrow. (B) Brain MRI of in-
dividuals IT-6 (proband) and II-3 at the indicated
age. Moderate cerebellar atrophy is observed in
both cases (arrows), whereas cerebral atrophy
(including hippocampal and brainstem atrophy)
is only observed in II-3 (arrowheads). For each
case, a T1-weighted image (T1WI) of a sagittal
section and a T2-weighted image (T2WI) of an
axial section are shown. Hematoxylin and eosin
staining of the cerebellar hemisphere (C) and
vermis (D). Bars indicate 100pum. (E)
Kliiver-Barrera staining of the cerebellar white
matter. Bar indicates 500 pm.
Immunohistochemistry of the cerebellar cortex
from the control (F), a cortical cerebellar
atrophy patient (G), and the SCA42 patient (H)
using anti-Cay3.1 antibody. Magnified images
are shown as insets. Bar indicates 200 um. (I)
Immunohistochemistry of the cerebellar white
matter using anti-Cay3.1 antibody (green) and
anti-ubiquitin (Ub) antibody (red). The right
panel shows an overlay of these two with DAPI
staining (blue). Bar indicates 10um. (J)
Immunohistochemistry of the cerebellar white
matter using anti-Cay3.1 antibody (green) and
anti-pNF-H antibody (red). The right panel
shows an overlay of these two with DAPI
staining (blue). Bar indicates 10 um. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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light-dark cycle (light period, 05.00-19.00 h) and with free access to
food and water. The body weight was measured once a week from the
age of 4 to 50 weeks.

2.4. Behavioral experiments

Behavioral testing of heterozygous and homozygous
CacnalgArg1723His-KI mice and their WT littermates (6-50 weeks old;
all male) was performed during the light phase. A rotarod apparatus
(model 47,650; Ugo Basile, Comerio, Italy) (Alfieri et al., 2014) was set
at a constant speed of 5 rotations per minute (rpm) and mice were
placed on it for 30s on the first training day. On the following day,
trials were repeated twice a day with at least 30-min intervals between
them. The initial rotating speed was 5rpm, which was gradually ac-
celerated to 40 rpm over 300 s. Latency to fall was recorded. We placed
the mice that fell off the rotarod during the first 30 s back onto the
rotarod and did not use the data in those cases. Data are expressed as
mean latency of the two trials (in seconds). In the hang wire test (Alfieri
et al., 2014), mice were placed on top of a wire cage lid. The lid was
then shaken gently to make each mouse hold tightly onto the wires, and
then turned upside down and held 30 cm above the cage. We measured
the latency until the mouse fell down into the cage. Mice that did not
fall within the 60-s trial period were removed and assigned a time of
60 s. Mice were placed back on the lid if they fell down immediately or
intentionally.

The gait of the mice was analyzed using a footprint test. Hindpaws
and forepaws were immersed in blue and red watercolor, respectively,
before they were allowed to walk on paper. Mice were prompted to
walk straight across a white sheet (30 X 9cm) surrounded by four
cages. Before this test, mice were trained in two trials per day for 3
consecutive days. We measured the maximum width of the mass mid-
points of bilateral hindpaw prints of at least five steps from the middle
of each run (Ferdinandusse et al., 2008; Fujisawa et al., 2016).

2.5. Pathological evaluation

Brain specimens were obtained from postmortem examination of
patient II-3 (Fig. 1A), a patient with cortical cerebellar atrophy
(89 years old, female), and a control subject (78 years old, male) with
cervical spondylotic myelopathy but without any neurodegenerative
disorders. Informed consent was obtained from the family based on a
protocol established by the Independent Review Boards of Yokohama
City University School of Medicine. Autopsy of patient II-3 was per-
formed 2 h after death, with the cause of death being rectal cancer. The
investigation was limited to the brain and spinal cord. The brain was
fixed in 10% formalin and cut into 1-cm-thick slices. Sliced tissue was
embedded in paraffin wax, and 5-um sections were subjected to con-
ventional pathological analysis and immunohistochemical study. For
immunohistochemical staining, sections were blocked in 0.1 M PBS
containing 7% goat serum and 0.1% Triton X-100, and then incubated
with primary antibody [mouse monoclonal anti-Cay3.1 antibody
(MAB11559; Abnova, Taipei, Taiwan) (1:500), rabbit polyclonal anti-
ubiquitin antibody (Z0458; DAKO Agilent Pathology Solutions, Santa
Clara, CA, USA) (1:2000), and rabbit polyclonal anti-phosphorylated
neurofilament heavy chain (pNF-H) antibody (R-1388-50; Biosensis,
Thebarton, Australia) (1:1000)]. The reaction was enhanced with
Vectastain ABC kit (RRID: AB_2336827; Vector Laboratories, Burlin-
game, CA, USA) and visualized with 3,3’-diaminobenzidine, as de-
scribed by the manufacturer. Hematoxylin was used for counterstaining
of sections in immunohistochemical study. For immunofluorescence
staining, Alexa Fluor 488-conjugated anti-mouse-IgG (A-11017; Mole-
cular Probes, Eugene, OR, USA) and Alexa Fluor 568-conjugated anti-
rabbit-IgG antibody (A-11036; Molecular Probes) or Alexa Fluor 594-
conjugated anti-rabbit-IgG antibody (A-11037; Molecular Probes) were
used as secondary antibodies. Images were taken by an upright mi-
croscope equipped with a digital camera (ECLIPSE NiU; Nikon, Tokyo,
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Japan) or a confocal laser scanning microscope (FV1000; Olympus,
Tokyo, Japan).

Mice were anesthetized with isoflurane and perfused transcardially
with ice-cold phosphate-buffered saline (PBS; pH 7.4), followed by 4%
paraformaldehyde. The brain was dissected out, post-fixed in 4% par-
aformaldehyde overnight at 4 °C, and then cut into 2-mm-thick slices.
The slices were embedded in paraffin and sectioned at a thickness of
6 um for conventional pathological analysis including hematoxylin/
eosin (HE) and Kliiver-Barrera (KB) staining. For immunohistochemical
staining, primary antibodies [mouse monoclonal anti-Cay3.1 antibody
(MAB11559; Abnova, Taipei, Taiwan) (1:500), rabbit polyclonal anti-
Calbindin D-28 K antibody (RRID: AB_2068336; Millipore, Darmstadt,
Germany) (1:500), and anti-glial fibrillary acidic protein (GFAP) anti-
body (RRID: AB_2571556; Frontier Science Co., Ltd., Ishikari, Japan)
(1:200)] were used at the indicated dilutions. Secondary antibodies,
and the methods of immunohistochemistry and image capture were the
same as described above. The total number of PCs, the length of the PC
layer, and the areas of the molecular layer and total cerebellum in the
HE-stained sagittal section of the vermis were measured using “free
hand selections” in ImageJ software (Schneider et al., 2012).

2.6. Electrophysiology and analysis

Mice were deeply anesthetized with isoflurane and decapitated. The
brain was rapidly removed and immersed in ice-cold oxygenated slicing
solution containing the following (in mM): 235 sucrose, 2.5 KCl, 1.25
Na,HPO,, 6 MgCl,, 2 Na pyruvate, 3 myo-inositol, 0.5 Na ascorbate, 26
NaHCO3, and 10 p-glucose, with bubbling with 95% O, and 5% CO».
Parasagittal slices (300 um thick) of the cerebellar vermis or transverse
slices (300 um thick) of the brainstem containing ION were cut using a
vibratome (Linear Slicer Pro7, Dosaka EM, Kyoto, Japan). Slices were
incubated at 34 °C for 30 min and thereafter maintained at room tem-
perature. The composition of artificial cerebrospinal fluid (ACSF) for
incubation and recording was (in mM): 125 NaCl, 2.5 KCl, 1.25
Na,HPO,, 1 MgCl,, 2 CaCl,, 2 Na pyruvate, 3 myo-inositol, 0.5 Na
ascorbate, 26 NaHCO3, and 10 p-glucose, with bubbling with 95% O,
and 5% CO,. Whole-cell voltage-clamp recordings were obtained from
PCs using either Axopatch 200B or Multiclamp 700B amplifiers
(Molecular Devices, San Jose, CA, USA). For calcium current recording,
ACSF was supplemented with 3 uM tetrodotoxin (TTX) citrate, 1 mM
tetraethylammonium (TEA)-Cl, 5mM 4-aminopyridine, 1 mM CsCl,
5uM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione
(NBQX), and 10 uM bicuculline methiodide to block voltage-gated Na™*
and K* currents and synaptic currents. Patch pipettes with 2-6 MQ
resistance were filled with internal solution containing the following (in
mM): 120 CsCl, 20 TEA-CI, 10 HEPES, 10 EGTA, 4 ATP-Mg, 0.5 Na,GTP
(pH7.3, 299 mOsm). To isolate Cay3.1 current, w-agatoxin IVA
(400nM; Peptide Institute, Ibaraki, Japan) and w-conotoxin GVIA
(2 uM; Peptide Institute) were applied together with cytochrome C
(0.1 mg/ml). Series resistance was typically 4-18 MQ, which was
compensated by 75%-85%. Liquid junction potential (2.5 mV) was not
corrected. Leak and capacitive currents were subtracted using a P/6
protocol. Current-voltage curves (IV curves) were obtained from nor-
malized T-type calcium currents resulting from 200-ms voltage steps.
Activation curves were calculated from normalized relative con-
ductance-voltage plots and fitted with a Boltzmann equation: G/
Gmax = 1/(1 + exp.(Vy,2 — V)/k), where G was calculated as G = I/
(Vin — Erev). Here, V., represents the half-activation potential; Vi,
membrane potential; E,.,, reversal potential; k, slope factor; G, con-
ductance; Gpay, maximum conductance; I, current at a given Vp,; and
@hax, maximum current. E,., was estimated by linear fitting of peak
amplitudes from —15 to +15mV. For steady-state inactivation curves,
normalized relative conductance-voltage plots were calculated from
the voltage step to —20mV after incremental depolarizing pulses
(duration = 500 ms). Inactivation curves were fitted to I/I.x = 1/
(1 + exp.(Vyy, — Vi1,0)/k). Here, V;,, represents the half-inactivation
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potential.

Current-clamp recordings were obtained from PCs and from ION
neurons. The pipette solution contained (in mM): 132 K-methane-
sulfonate, 7 KCI, 10 HEPES, 0.1 EGTA, 2 ATP-Mg, 2 Na,ATP, 0.5
Na,GTP (pH adjusted to 7.2 with KOH). Liquid junction potential
(8 mV) was not corrected. Cells with resting membrane potential higher
than —45mV and cells that required hyperpolarizing currents > 600
PA to maintain the holding potential below —70 mV were discarded. To
assess hyperpolarization-activated current (I), we used the sag ratio
(SR): SR = (Viest — Viebound) 7/ (Vrest — Vinin), Where Vi, is the minimal
potential achieved at the beginning of the current step, Vies is the
resting membrane potential, and Vi epoung is the steady-state potential
estimated by the mean over the last 100 ms of the pulse (van Welie
et al., 2006). Resonance of ION neurons was measured by injecting a
sinusoidal current with a constant amplitude (400 pA) with frequency
gradually changing from 1 to 18 Hz in 20 s in the presence of 1 uM TTX.
The magnitude of the complex impedance was calculated by dividing
the fast Fourier transform of the voltage response by that of the com-
mand current. Resonance strength was defined as the maximum im-
pedance magnitude normalized by the impedance magnitude at 1 Hz
(Matsumoto-Makidono et al., 2016).

Excitatory postsynaptic currents (EPSCs) were recorded from PCs.
Patch solution contained (in mM): 110 Cs methanesulfonate, 30 CsCl,
10 HEPES, 0.5 EGTA, 4 ATP-Mg, 0.5 Na,GTP (pH 7.3, 310 mOsm). To
block inhibitory synaptic currents, 100 uM picrotoxin was added to
ACSF. For climbing fiber (CF) stimulation, the tip of the stimulating
glass electrode was placed in the granular layer, typically ~100 um
away from the soma of a recorded PC. To reduce the amplitude of re-
corded currents and improve voltage-clamp conditions, PCs were
clamped at —20mV (Matsushita et al., 2002). For parallel fiber (PF)
stimulation, the tip of the stimulating glass electrode was placed in the
molecular layer. PCs were voltage-clamped at —70mV. EPSCs were
evoked every 10-15s. Series resistance was typically 5-10 MQ after
compensation and kept constant throughout each experiment by gentle
pressure or adjustment of compensation. Paired-pulse ratio was defined
as the ratio of the second EPSC amplitude relative to the first. For re-
cording spontaneous inhibitory postsynaptic current (sIPSC) from PCs,
we used the same internal solution as in calcium current recording and
ACSF containing 5 uM NBQX to block EPSCs. Since the chloride reversal
potential was near 0 mV in this condition, sIPSC was recorded as inward
current at the holding potential of —70 mV. sIPSC events were recorded
for at least 60s and detected off-line using an amplitude threshold al-
gorithm (TaroTools), a custom-written macro in Igor Pro (WaveMetrics,
Portland, OR, USA). Long-term depression (LTD) was induced by
pairing PF stimuli in conjunction with PC depolarization. This con-
ditioning stimulus consisted of 10 blocks applied every 10 s. Each block
involved five consecutive PF stimulations (50 Hz) followed by 10 ms of
depolarization of PCs to 0 mV with a latency of 40 ms. During con-
ditioning stimulus series resistance, compensation was omitted to en-
sure depolarization of dendritic arbors. The magnitude of LTD was
defined by the change in EPSC amplitude at 25-30 min after the con-
ditioning stimulus compared with a 5-min baseline immediately pre-
ceding the conditioning. All electrophysiological recordings were per-
formed at room temperature. We used immature (P6-9) mice for the
recording of voltage-gated calcium currents from PCs because the ex-
tended dendritic arbor in older mice hampers voltage-clamp control of
the cell (Llano et al., 1994). We used P12-18 mice for current-clamp
recording from PCs, and P19-24 mice for all other recordings, con-
sidering the most suitable balance between the degree of postnatal
maturation and cell viability in brain slices. TTA-P2 and TTX were from
Alomone Labs, Ltd. (Jerusalem, Israel). All other chemicals for elec-
trophysiology were from Nacalai Tesque (Kyoto, Japan) or Wako Che-
micals (Osaka, Japan).

Data were low-pass-filtered at 2-5kHz and digitized at 10-20 kHz
using Clampex 10 (Molecular Devices). Data were analyzed using
Clampfit 10.7 or NeuroMatic (Rothman and Silver, 2018) in Igor Pro.
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The coefficient of variation (CV) of interspike intervals (ISI) was cal-
culated as CV = (standard deviation of ISI) / (mean of ISI). Due to the
long tail of ISI distribution, the longest 5% of ISIs were removed from
calculation of CV. Another index, CV2, which reflects local variability
of IS, was calculated as CV2 = mean of 2 X |ISL, 41 - ISLy| / (ISI, 41 -
ISL,).

2.7. Statistical analysis

Statistical analyses were performed using Prism 7 (GraphPad
Software, La Jolla, CA, USA) or Igor Pro. To compare two groups, un-
paired t-test was used when the data were assumed to follow a normal
distribution. To compare three groups, one-way ANOVA with post hoc
Tukey's test was used when the sample distribution of the data was
assumed to be normal, while Kruskal-Wallis test with post hoc Dunn's
test was used in other cases. All data are presented as mean * SEM,
with P < 0.05 considered significant.

3. Results
3.1. Clinical features

Among the family members, 13 individuals were affected by ataxic
symptoms; detailed clinical information and DNA were available for 10
of them (Fig. 1A and Table S1). The age of onset of motor symptoms
was concentrated in young adulthood, ranging from 13 to 32 years old.
The principal feature of the affected members was a cerebellar syn-
drome with or without slight pyramidal signs. Among the affected
members, one had a learning disability and progressive dementia (1I-3),
another had severe psychiatric problems such as aggressive behavior
and delusions (III-6), and three had truncal myoclonus (II-2, III-5, and
I1I-7). Brain MRI revealed moderate cerebellar atrophy. Cerebral or
brainstem atrophy was not observed in individual II-6 (Fig. 1B). In in-
dividual II-3, who had learning disability and progressive dementia
(and underwent postmortem evaluation), progressive cerebral and
brainstem atrophy was observed, in addition to cerebellar atrophy
(Fig. 1B).

As a result of linkage analysis, two candidate regions covering ap-
proximately 27.8 Mb, and with a maximum LOD score of 2.4, were
identified (Table S2). In these regions, whole-exome sequencing of the
family members identified c.5144G > A (p.Argl715His) of CACNAIG
(NM_018896.4) as the disease cause.

3.2. Pathological examinations

We also performed a postmortem pathological examination of pa-
tient II-3. Neuropathological examination of this patient identified
significant changes in the cerebellar cortex and white matter, and mild
atrophy of cerebrum and brainstem. Specifically, the cerebellar cortex
showed severe loss of Purkinje and granule cells. In addition, the mo-
lecular layer was thinner than normal (Fig. 1C-E). These changes were
more pronounced in the vermis than in the hemisphere (Fig. 1C, D). The
cerebellar white matter showed myelin pallor, fibrillary gliosis, and
spongiform changes (Fig. 1E). However, a-synuclein- or tau-positive
aggregates were not detected in the cerebellum, pons, or medulla ob-
longata, while only a small number of neurofibrillary tangles were
observed in the hippocampus and parahippocampal gyrus (Table 1).
Immunohistochemistry for Cay3.1 was performed using the reactivity-
confirmed antibody (Supp. Fig. S1). Cay3.1 immunoreactivity was ob-
served in the cytoplasm of Purkinje cells, dentate nucleus neurons, ION
neurons, and dendritic and axonal processes in cerebellar and cerebral
cortex (Table 1). We did not detect Cay3.1-immunoreactive inclusions
in the cytoplasm or nucleus of neurons and glia in the cerebellar cortex
(Fig. 1H, I). Interestingly, Cay3.1 immunoreactivity was increased in
cerebellar white matter in the SCA42 patient compared with that in a
control without any neurodegenerative diseases and that in a patient
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with cortical cerebellar atrophy (Fig. 1F-H). However, such anti-Cay3.1
reactivity did not colocalize with either Ub-positive deposits or im-
munoreactivity for an axonal marker, phosphorylated neurofilament
heavy chain (pNF-H) (Fig. 11, J). The other pathological findings are
summarized in Table 1.

3.3. Analysis of mutation effect by 3D modeling of Argl1715 residue and
intracellular distributions of the channels

We examined the effect of the p.Arg1715His mutation on Cay3.1 by
mapping it onto a modeled 3D structure. Human Cay3.1 is composed of
four homologous domains (domains I-IV) [each of which consists of six
transmembrane helices (termed S1-S6)] and shares a similar topology
with sodium ion channels. In Cay3.1, the amino acid sequence of the S4
segment of domain IV is well conserved with the corresponding region
in the bacterial voltage-gated sodium channel (NavAb). Thus, we
mapped the mutation site of human Cay3.1 onto the crystal structure of
bacterial NavAb (PDB code 3rvz) (Fig. 2A, B). Argl715 in Cay3.1 cor-
responds to Argl02 in NavAb, and is a charged residue that plays a
significant role in voltage-sensing and gating (Payandeh et al., 2011). In
the crystal structure of NavAb, the side chain of Argl02 forms a hy-
drogen bond with the main chain of the loop region between the S3 and
S4 segments to maintain their local conformation. This indicates that
the p.Argl715His mutation would result in loss of the hydrogen bond
and the gating charge, leading to impairment of the gating function.

To further investigate the effect of the mutation, we examined the
intracellular distribution of WT and p.Argl715His mutant Cay3.1.
Upon subcellular fractionation of HEK293T cells expressing the chan-
nels followed by western blotting, WT and mutant Cay3.1 showed si-
milar subcellular distributions (Supp. Fig. S1B). Immunocytochemistry
revealed that overexpressed WT and mutant Cay3.1 were similarly lo-
cated in the plasma membrane (Supp. Fig. S1C).

3.4. Establishment of Cacnalg-Argl723His-KI mice presenting with ataxic
phenotype

Using the CRISPR/Cas9 system, we generated KI mice harboring the
p-Argl723His mutation in Cacnalg, which corresponds to human
p-Argl715His mutation (Coutelier et al., 2015) (Fig. 3A). Sanger se-
quencing confirmed single base substitution of ¢.5168G > A in

Table 1
Summary of pathological findings of the II-3 patient.

Neurobiology of Disease 130 (2019) 104516

Cacnalg (Fig. 3B). Heterozygous and homozygous Cacnalg-Ar-
g1723His-KI mice (hereafter, simply KI mice) and their WT littermates
showed no difference in body weight, which increased over time
(Fig. 3C). To assess motor coordination and balance, we used the ac-
celerated rotarod test. Although all mouse genotypes showed similar
performance until 10 weeks old, at older ages both heterozygous and
homozygous KI mice fell off the rotarod with significantly reduced la-
tencies compared with WT mice (Fig. 3D). No significant difference was
seen between heterozygous and homozygous KI mice (see Fig. 3 legend
for P-values). This poor performance was stably maintained up to
50 weeks old. However, in the wire hang test, both KI mice showed
latency to fall similar to that of WT mice (Fig. 3E), suggesting that grip
strength remained intact. Footprint patterns at 50 weeks old showed
that the maximum width of the mass midpoints of bilateral hindpaw
prints was greater in KI mice than in WT (Fig. 3F). These behavioral
tests demonstrate that heterozygous and homozygous KI mice develop
motor impairments due to ataxia rather than muscle weakness. These
findings are consistent with the human SCA42 phenotype.

3.5. Progressive cerebellar degeneration in Cacnalg-Argl723His-KI mice

To investigate pathological changes, we compared sagittal sections
of cerebellar vermis from each genotype, where the loss of PCs was
apparent in the human postmortem specimen (Fig. 1C). HE and KB
stains showed that the cerebellar cortex of KI mice was indistinguish-
able from that of the WT up to 15 weeks old. However, in heterozygous
and homozygous KI mice at 50 weeks old, degeneration of PCs became
discernible (Fig. 4A). PC density in 50-week-old heterozygous and
homozygous KI mice was reduced compared with that in each pheno-
type at 15 weeks old, and that in WT mice at 50 weeks old (Fig. 4B). In
addition, the area proportion of the molecular layer relative to the
whole cerebellum in 50-week-old homozygous KI mice was decreased
compared with that at 15 weeks, whereas that in WT and heterozygous
KI mice remained unchanged (Fig. 4C). GFAP staining also revealed
increased reactive astrocytes in homozygous KI mice at 50 weeks old,
supporting the occurrence of neurodegeneration (Fig. 4A). In contrast,
anti-Cav3.1 antibody immunoreactivity in the PC cytoplasm did not
differ among the genotypes. There were no visible ubiquitin-positive
deposits in WT, heterozygous, or homozygous KI mice (Supp. Fig. S2).
The morphology of the soma and dendrites of PCs stained with anti-
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calbindin antibody did not show a clear difference among the geno-
types, although the loss of PCs in homozygous mice was apparent at
50 weeks old (Fig. 4D). Apart from the cerebellar cortex, there was no
obvious difference in cell density or any morphological change of
neurons of both deep cerebellar nucleus (DCN) and ION among the
genotypes at 50 weeks old (Fig. 4E). Moreover, we did not find pa-
thological changes in other areas in the brainstem and the cerebrum
where the human case (II-3) showed mild atrophic changes. These re-
sults indicated that p.Argl723His mutation triggers neurodegeneration
of cerebellar cortex, especially in PCs.

3.6. Altered voltage dependence of T-type calcium currents in cerebellar PCs
of Cacnalg-Argl723His mice

Cacnalg is highly expressed in cerebellar neurons, especially PCs
(Engbers et al., 2013). To investigate the impact of Cay3.1 mutation on
channel function in situ, we performed whole-cell voltage-clamp re-
cording of T-type calcium currents from PCs in acute cerebellar slices.
In the presence of P/Q- and N-type calcium channel blockers, the re-
maining currents elicited by depolarizing voltage steps in PCs are
thought to be T-type calcium currents (Fig. 5A). Indeed, T-type calcium
channel blocker TTA-P2 (3 uM) blocked the remaining currents to a
large extent. The maximum amplitudes of T-type calcium current were
similar among the genotypes. However, when we plotted normalized
current amplitude against command voltage, we found a rightward shift
of the curves in mutant Cay3.1 (Fig. 5B). Half-activation potential in
homozygous KI mice was significantly more positive than in WT mice,
although that in heterozygous KI mice was not significantly different
from that in WT mice (Fig. 5C). Slope factors were similar among the
genotypes [WT: 3.83 + 0.38mV, Hetero: 3.20 + 0.53mV, Homo:
3.80 + 0.36 mV] (Fig. 5C). There was no significant effect of the mu-
tation on half-inactivation potential [WT (n = 7): —60.8 * 2.05mV,

Hetero (n=7): —59.8 = 1.31mV, Homo (n = 8):
—61.9 = 0.88mV] or slope factor [WT: 9.40 + 0.94mV, Hetero:
10.2 = 0.70mV, Homo: 9.90 + 0.41 mV] (Fig. 5C). In addition, no

significant differences were observed in activation, inactivation, and
deactivation speed (n = 6 cells for each genotype) (Fig. 5D-F). These
results demonstrate that p.Argl723His mutation changes the voltage
dependence of T-type calcium currents in native PCs.

3.7. Reduced rebound firing in PCs with Argl723His Cay3.1 channels

To determine whether the change in voltage dependence of Cay3.1
mutation could affect firing properties, we performed current-clamp
recording from PCs of presymptomatic juvenile mice (P12-23). In WT
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Fig. 2. 3D modeling of Arg1715 residue.

(A) Pairwise alignment of amino acid sequences from the S4
transmembrane segment in domain IV of the human low-
voltage calcium channel (Cay3.1) and in the bacterial voltage-
gated sodium channel (NavAb). The conserved basic residues
are shown in bold face. (B) The crystal structure of NavAb
(PDB code 3rvz) (Payandeh et al., 2011) viewed from the
intracellular side of the membrane (left) and parallel to the
membrane plane (right), with a magnified view of the boxed
region. In the magnified view, residues within the loop region
between the S3 and S4 segments are shown in the stick re-
presentation with oxygen and nitrogen atoms in red and blue,
respectively. One subunit of a homotetramer is colored cyan,
and the others in gray. Arg102 in NavAb (corresponding to
Argl715 in Cay3.1) is shown as red van der Waals spheres in
the overview and red sticks in the magnified view. A black
dashed line depicts a hydrogen bond. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)

PCs, we observed spontaneous firing (27.2 * 2.63Hz; n = 11 cells
from 6 mice) at the resting membrane potential (—53.5 = 0.66 mV)
(Fig. 6A). Heterozygous and homozygous mutant PCs showed similar
resting potentials (Fig. 6B), spontaneous firing frequencies [Hetero
(n = 11 cells from 5 mice): —51.8 = 1.02mV, 29.9 + 3.58 Hz, Homo
(n=9 cells from 6 mice): —54.1 + 1.38mV, 31.4 + 5.40 Hz]
(Fig. 6C), and threshold of spontaneous firing (WT: —45.2 = 1.4mV,
Hetero: —42.8 + 2.1 mV, Homo: —46.1 = 1.5mV, P = 0.408; one-
way ANOVA). The regularity of spontaneous firing evaluated using CV
of ISI and CV2 index (see Materials and Methods) was also similar
among the genotypes (CV: WT, 0.19 + 0.027, Hetero, 0.13 = 0.014,
Homo, 0.13 + 0.026, P = 0.291, CV2: WT, 0.16 = 0.028, Hetero,
0.09 = 0.014, Homo, 0.13 = 0.034, P = 0.213; one-way ANOVA).
Mean firing rates during current injection (from —1 nA to 3 nA) did not
differ among WT, heterozygous, and homozygous KI mice (Fig. 6D).
However, rebound excitation following hyperpolarizing current injec-
tion triggered significantly fewer spikes in both heterozygous and
homozygous KI PCs than in WT PCs (Fig. 6E). TTA-P2 diminished the
number of rebound firings in all genotypes, indicating that T-type cal-
cium channel activity was crucial for the rebound firing. In addition,
sag ratios, which reflect I, current (see Materials and Methods), did not
differ significantly among the genotypes (Fig. 6F). These results suggest
that Cay3.1 p.Argl723His mutation can dampen PC excitability im-
mediately after hyperpolarization.

3.8. Synaptic properties of PCs in Cacnalg-Argl723His-KI mice

We next determined whether synaptic function is impaired in PCs of
KI mice before the onset of PC degeneration. In all cells examined,
climbing fiber-mediated EPSCs (CF-EPSCs) (Fig. 7A) occurred in an all-
or-none manner when the stimulus intensity was gradually changed.
The amplitude of CF-EPSCs was similar between genotypes (Fig. 7B).
When a pair of stimuli were administered with inter-stimulus intervals
of 10-500 ms, paired-pulse depression was observed in both WT and KI
mice in a similar manner (Fig. 7C). The amplitude of parallel fiber-
mediated EPSCs (PF-EPSCs) gradually increased with increasing sti-
mulus intensity. When the stimulus intensity was set to evoke EPSCs of
~500 pA in amplitude (Fig. 7D), we did not detect significant differ-
ences in the rise time (10%-90%: WT, 1.55 + 0.08 ms, Hetero,
1.51 + 0.22ms, Homo, 1.43 = 0.15ms) or decay time constant (WT,
7.0 = 0.6 ms, Hetero, 7.0 = 0.7ms, Homo, 6.5 * 0.8ms) of PF-
EPSCs. When a pair of stimuli were administered, paired-pulse facil-
itation was observed in both WT and homozygous KI mice in a similar
manner (Fig. 7E). To study whether the mutation in Cay3.1 affects the
inhibitory synaptic inputs onto PCs, we recorded spontaneous
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Fig. 3. Generation and phenotypic analysis of Cacnalg-Argl723His-KI mice.

(A) Scheme of the target site at the Cacnalg (mouse chromosome 11, NC_000077.6) locus. Protospacer adjacent motif (PAM) sequence is shown in upper-case letters,
with the single guide RNA target underlined. In the donor DNA, the single-strand oligodeoxynucleotide and replaced nucleotide are indicated by upper-case, red
letters. (B) Electropherograms of Sanger sequencing for the target site of wild-type (WT) mice (top), heterozygous (middle), and homozygous knock-in (KI) offspring
(bottom). Single base substitution of ¢.5168G > A in Cacnalg is indicated by an arrow. (C) Body weight curves of WT littermates (black), and heterozygous (blue)
and homozygous KI mice (red) at ages from 4 to 50 weeks. No significant differences were detected between WT and either genotype of KI mice. (D) Accelerated
rotarod performance (5-40 rpm/5min) from 6 to 50 weeks (left panel). The average latency to fall during every section showed that both heterozygous and
homozygous KI mice demonstrated worsening of motor performance compared with WT mice (right panel) [6-10 weeks: WT (n = 14) vs. Hetero (n = 15), P = 0.39,
WT vs. Homo (n = 15), P = 0.09, Hetero vs. Homo, P = 0.67; 11-20 weeks: WT vs. Hetero, P = 0.003, WT vs. Homo, P = 0.004, Hetero vs. Homo, P = 0.99;
21-30 weeks: WT vs. Hetero, P < 0.0001, WT vs. Homo, P = 0.0039, Hetero vs. Homo, P = 0.23; 31-40 weeks: WT vs. Hetero, P = 0.0043, WT vs. Homo,
P = 0.0092, Hetero vs. Homo, P = 0.96; 41-50 weeks: WT vs. Hetero, P = 0.0009, WT vs. Homo, P = 0.0056, Hetero vs. Homo, P = 0.78, Tukey's multiple com-
parison test]. (E) Wire hang test. No significant differences in grip strength were detected between WT mice and either genotype of KI mice from 36 to 40 weeks old. A
cut-off time of 60 s was adopted. WT (n = 8), Hetero (n = 9), Homo (n = 9), P = 0.85; Kruskal-Wallis test. (F) Footprint test. Representative footprints from mice
with each genotype (red, forepaws; blue, hindpaws). The maximum width of the mass midpoints of bilateral hindpaw prints of KI mice was significantly greater than
that of WT mice. WT (n = 5), vs. Hetero (n = 7), P = 0.035, WT vs. Homo (n = 7), P = 0.019; Tukey's multiple comparison test. ***P < 0.001; **P < 0.01;
*P < 0.05. Error bars indicate SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Pathological evaluation of the cerebellum of Cacnalg-Argl723His-KI mice.

(A) KB (top row) and HE (second row) staining of the cerebellar vermis from wild-type (WT) mice (50 weeks old), heterozygous mice (50 weeks old), and homo-
zygous mice (50 weeks old), and immunohistochemical staining of the cerebellar vermis from each genotype using anti-Cav3.1 [third row (right panel), including
negative control with no primary antibody (left panel)] and anti-GFAP (bottom row) antibodies. Bars indicate 500, 50, 25, and 100 pm (from top to bottom). (B)
Quantitative analysis of Purkinje cell (PC) density in the vermis of cerebellum at 15, 30, and 50 weeks old. Hetero: 25.1 + 0.83 cells/mm (15 weeks old, n = 4) vs.
21.1 + 0.21 cells/mm (50 weeks old, n = 4), P = 0.039, Homo: 24.3 = 1.48 cellsymm (15 weeks old, n = 6) vs. 20.1 *= 0.54 cells/mm (50 weeks old, n = 5),
P = 0.049, WT: 25.2 + 1.24 cells/mm (50 weeks old, n = 4), WT vs. Hetero at 50 weeks old, P = 0.012, WT vs. Homo at 50 weeks old, P = 0.002; Tukey's multiple
comparison test. (C) Changes in the ratio of the molecular layer to the total cerebellum at 15, 30, and 50 weeks old. Hetero: 15 vs. 50 weeks old, n = 4, P = 0.054,
Homo: 15 vs. 50 weeks old, n = 5, P = 0.0026. WT (n = 4) vs. Hetero (n = 4) at 50 weeks old, P = 0.13, WT vs. Homo (n = 5) at 50 weeks old, P = 0.013; Tukey's
multiple comparison test. (D) Immunofluorescent staining of the cerebellar vermis from WT, heterozygous, and homozygous mice using anti-calbindin antibody over
time. Bar indicates 20 pm. (E) Representative images with KB staining at low magnification of both DCN and ION obtained from homozygous genotypes (indicated by
arrows) (top row, bars indicate 500 pm). The following images at high magnification were obtained from each genotype (50 weeks old). Bars indicate 50 pm.
Statistical significance was assessed by one-way ANOVA with Tukey's multiple comparison test. **P < 0.01; *P < 0.05. Error bars indicate SEM.

inhibitory postsynaptic currents (sIPSCs, Fig. 7F) from basket or stellate
cells (Orduz and Llano, 2007; Wulff et al., 2009). We found that both
frequency and amplitude of sIPSCs were similar among genotypes
(Fig. 7G), suggesting that inhibitory synaptic function was not impaired
in KI mice.

Rising calcium in PC dendrites is essential for the induction of LTD
in PF-EPSCs (Sakurai, 1990). Although the primary channel for calcium
entry into dendrites is Cay2.1, activation of dendritic Cay3.1 may ad-
ditionally contribute to rising calcium during the formation of LTD
(Isope and Murphy, 2005). To examine whether the mutation in Cay3.1
might affect the LTD, we compared the extent of LTD formation

between wild-type and homozygous KI mice. We adopted a relatively
mild conditioning stimulus (see Materials and Methods) to avoid LTD
saturation. Using this protocol, we were able to induce LTD in WT mice
(Fig. 7H) (EPSC reduction, 48 *= 10% measured after 25-30 min,n = 5
cells from 2 mice). In homozygous KI mice, LTD was induced to a si-
milar extent [40 *= 7%, n = 7 cells from 5 mice] (Fig. 7H). All of these
experiments suggest that the basic property of synaptic transmission
onto PCs is not significantly impaired in young KI mice.
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Fig. 5. Voltage-clamp analysis of T-type calcium currents of WT and Arg1723His mutant Cay3.1 channels.

(A) T-type calcium currents were recorded from Purkinje cells (PCs). Top panel represents command voltage steps (5 mV increments) for 200 ms, preceded by a
hyperpolarizing step to —100 mV. Black, blue, and red traces are representative calcium current recordings from WT mouse, heterozygous, and homozygous knock-in
(KI) mice, respectively, before (left) and after (right) 3 uM TTA-P2 treatment. Representative traces between —50 and 0 mV are shown (5mV increments). The
maximum amplitudes of T-type calcium current were similar among the genotypes [WT: 1972 = 510 pA, Hetero: 1134 = 275 pA, Homo: 1499 *= 202 pA,
P = 0.282; one-way ANOVA]. (B) Current-voltage (IV) curves. Normalized IV plots of T-type calcium currents from PCs of WT (black), and heterozygous (blue) and
homozygous KI mice (red) with (outlined symbols) or without (solid symbols) TTA-P2 treatment show a positive shift of the activation voltage in mutant Cay3.1. (C)
Steady-state activation and inactivation voltage curves. Half-activation potentials were — 40.2 + 1.10mV in WT mice (n =9 cells from 7 mice, black),
—38.3 = 1.46 mV in heterozygous KI mice (n = 8 cells from 8 mice, blue), and — 34.1 + 1.08 mV in homozygous KI mice (n = 9 cells from 8 mice, red) (WT vs.
Hetero, P = 0.53, WT vs. Homo, P = 0.0035, Homo vs. Hetero, P = 0.054; Tukey's multiple comparison test), while slope factors were similar (WT: 3.83 = 0.38 mV,
Hetero: 3.20 + 0.53mV, Homo: 3.80 + 0.36 mV, P = 0.517; one-way ANOVA). There was no significant effect of the mutation on half-inactivation potential [WT
(n=7) —60.8 £ 2.05mV, Hetero (n =7): —59.8 = 1.31mV, Homo (n=8): —61.9 + 0.88mV, P = 0.60; one-way ANOVA] and slope factor [WT:
9.40 = 0.94mV, Hetero: 10.2 = 0.70mV, Homo: 9.90 = 0.41mV, P = 0.73; one-way ANOVA]. (D, E) Time constant of activation (D) and inactivation (E)
kinetics. Curves were obtained by fitting calcium current traces after depolarizing stimulations (shown in A) with single exponential functions. (F) Time constant of
deactivation kinetics [WT (n = 6), Hetero (n = 6), Homo (n = 6)]. Deactivating calcium currents during various voltage steps after a fixed voltage step from —100 to
—30mV (duration = 20 ms) were fitted with single exponential functions. Error bars indicate SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.9. Resonance in ION neurons of Cacnalg-Argl723His- KI mice

We next set out to assess whether there is underlying change in the
properties of neurons in ION. It has been suggested that Cav3.1 in ION
plays an important role in amplifying a property called “resonance” of
membrane potential (Matsumoto-Makidono et al., 2016). Resonance is
a property that enhances the oscillation of membrane potential (thus
increasing the impedance) at a preferred frequency (Hutcheon and
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Yarom, 2000; Puil et al., 1986). To assess this property, we applied
sinusoidal current injection using a “ZAP” command current in the
presence of TTX (see Materials and Methods). In WT mice, the im-
pedance became highest at 5.9 + 0.7 Hz (n = 9 cells from 4 mice) in a
manner depending on the setting of the resting membrane potential
(Fig. 8A). In heterozygous (Fig. 8B) and homozygous KI mice (Fig. 8C),
the frequency at which the impedance magnitude peaked (max. fre-
quency) was 6.2 = 0.6 Hz (n = 9 cells from 3 mice) and 7.8 = 0.8Hz
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Fig. 6. Action potential firings in PCs of WT and Arg1723His Cay3.1 channels.

Neurobiology of Disease 130 (2019) 104516

(A) Spontaneous firing activity in PCs from wild-type (WT) (upper), and heterozygous (Hetero) (middle) and homozygous (Homo) (lower) KI mice. Left panels show
fluorescence images of representative PCs (scale bar, 25 pm). (B, C) Resting membrane potential (B) and spontaneous firing frequency (C) of PCs [WT (n = 11 cells
from 6 mice): —53.5 + 0.66mV, 27.2 = 2.63 Hz, Hetero (n = 11 cells from 5 mice): —51.8 = 1.02mV, 29.9 + 3.58 Hz, Homo (n = 9 cells from 6 mice):
—54.1 = 1.38mV, 31.4 + 540Hz, P = 0.28, P = 0.74, respectively; one-way ANOVA]. (D) Left, Representative PC firing activity in WT (black), heterozygous
(blue), and homozygous (red) mice in response to depolarizing current injection at 0.5nA from —70mV. Right, The mean firing frequency calculated from the
number of spikes during 500-ms step 0.5nA currents [WT: 70.5 *+ 7.54 Hz, Hetero: 58.4 + 7.24 Hz, Homo: 53.3 + 5.08 Hz, P = 0.21; one-way ANOVA]. (E)
Rebound spikes in each genotype. Right, Number of rebound spikes of PCs before (left) and after (right) TTA-P2 treatment [WT vs. Hetero, P = 0.031, WT vs. Homo,
P = 0.0046, Hetero vs. Homo, P > 0.999; Kruskal-Wallis test with Dunn's multiple comparison test]. (F) Sag ratio distribution in each genotype when current of
—1.0 nA was injected. There was no significant difference among the genotypes [WT: 0.70 + 0.025, Hetero: 0.66 = 0.016, Homo: 0.65 + 0.031, P = 0.28; one-
way ANOVA. **P < 0.01; *P < 0.05]. Error bars indicate SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

(n = 8 cells from 3 mice), respectively, similar to that in the WT
(Fig. 8D). To evaluate the impedance magnitude, we defined the im-
pedance strength, which was significantly lower in homozygous KI mice
(2.7 = 0.4) than in WT mice (6.0 * 0.9). The impedance strength of
heterozygous mice (3.8 = 0.7) fell between those of WT and homo-
zygous mice, but the difference between heterozygous mice and WT
was not statistically significant (Fig. 8E). These results suggest that
Argl723His Cay3.1 mutation might disturb the firing of ION neurons,
thereby affecting CF signaling to PCs.

4. Discussion

Here, we have described a Japanese family with SCA, specifically,
the largest family with SCA42 reported to date (Fig. 1 and Table S1).
Consistent with the clinical presentation described in previous reports
(Coutelier et al., 2015; Kimura et al., 2017; Morino et al., 2015; Ngo
et al., 2018; Sato et al., 2010), the main phenotype in our patients was
slowly progressive ataxia with onset mainly in young adulthood.
Among the family members, one patient had a learning disability, while
another had severe psychiatric issues. Truncal myoclonus, which was
not a previously described symptom, was occasionally observed in three
of the ten patients. In previous reports, 3 of 42 informative patients
with CACNA1G mutations were described as having depression
(Coutelier et al., 2015; Kimura et al., 2017; Morino et al., 2015; Ngo
et al., 2018; Sato et al., 2010). In addition to a very slowly progressive
cerebellar syndrome, the presence of truncal myoclonus and cognitive
and/or psychiatric symptoms in some family members might be in-
dicative of SCA42. Currently, the mechanisms for this intra- and inter-
familial phenotypic variability are unclear. It is also unknown whether
p-Argl715His mutation might directly cause truncal myoclonus. Al-
though it has been reported that other mutations in CACNAIG
(p.Ala570Val and p.Alal089Ser) may cause idiopathic generalized
epilepsy, including juvenile myoclonic epilepsy (JME), those mutations
did not lead to clear dysfunction of the channels (Singh et al., 2007).
Thus, truncal myoclonus in SCA42 may be caused by a mechanism
distinct from that in JME.

The present study is the first to report immunohistochemical ana-
lysis of a patient's specimen. The patient (II-3) who underwent post-
mortem examination not only showed motor symptoms but also had
learning disability and progressive dementia. In this individual, no
pathological evidence of Alzheimer's disease, dementia with Lewy
bodies, or other tauopathies was observed, indicating that the cerebral
atrophy might be a direct or indirect consequence of CACNA1G muta-
tion. Immunostaining with anti-ubiquitin antibody revealed ubiquitin-
positive nuclear inclusions in the oculomotor nucleus, but they were
compatible with nonspecific Marinesco bodies (Beach et al., 2004).
Thus, no specific ubiquitin-positive aggregates had formed in the pa-
tient. On a related issue, although we noted that Cay3.1 im-
munoreactivity was high in the cerebellar white matter, it is unlikely
that this reactivity reflected any specific protein aggregation, because
(1) mutant Cay3.1 did not show abnormal localization in cultured cells
(Supp. Fig. S1C), (2) Cay3.1-positive inclusions were absent from
neurons in the surveyed regions, (3) the Cay3.1 reactivity did not
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colocalize with ubiquitin (Fig. 1H), and (4) the Cay3.1 reactivity also
did not colocalize with the axonal marker pNF-H (Fig. 11). Therefore, it
is likely that the accumulation of Cay3.1 was a secondary change due to
white matter degeneration rather than specific protein accumulation,
which might be observed in other dominantly inherited conformational
diseases such as CAG repeat diseases.

We assessed the motor coordination of SCA42 model mice using the
rotarod and footprint tests (Fig. 3D, F). Remarkably, both heterozygous
and homozygous KI mice demonstrated an adult-onset mild ataxic
phenotype, recapturing the essential clinical feature of SCA42. Al-
though homozygous KI mice were slightly more prone to severe PC loss
and degeneration of the molecular layer (Fig. 4), heterozygous and
homozygous mice showed comparable levels of motor impairment
(Fig. 3D), corresponding to dominant inheritance of SCA42. These re-
sults indicate that the mutation causes an ataxic phenotype by a process
distinct from a simple loss-of-function mechanism because previous
reports show that Cacnalg knockout mice have normal growth, normal
brain morphology (Kim et al., 2001), and no motor impairment (Park
et al., 2010), albeit with some abnormalities including non-REM sleep
disturbance (Lee et al., 2004). Furthermore, transgenic mice over-
expressing wild-type Cay3.1 do not show an ataxic phenotype either
(Ernst et al., 2009). Against this background, the present study is the
first to report that Cacnalg-modified mice have a phenotype related to
SCA. While our mice recapitulated slowly progressive ataxia, the
principal phenotype of SCA42, it is yet to be examined whether other
phenotypes found in some family members, like truncal myoclonus and
the cognitive and/or psychiatric symptoms, may also exist in the model
mice. Studies using further behavioral tasks are needed to address this
issue.

The relationship between PC dysfunction and the motor phenotype
in other degenerative ataxia models has been investigated (Hansen
et al., 2013; Jayabal et al., 2015; Shakkottai et al., 2011). Our patho-
logical evaluation of SCA42 model mice revealed degeneration of PCs,
as seen in human SCA42 (Table 1 and Fig. 1), in 50-week-old hetero-
zygous and homozygous KI mice and atrophic thinning of the molecular
layer in 50-week-old homozygous KI mice (Fig. 4B, C). Using anti-
Cay3.1 antibody, we confirmed that mutant Cay3.1 channels do not
form neuronal inclusions or abnormal distributions (Fig. 4A). Con-
sidering that the ataxic phenotype was already apparent at 11-20 weeks
of age (when PC degeneration had not occurred), triggering of the
ataxic phenotype in KI mice might be attributable to functional
changes, rather than simple loss of PCs (Fig. 3D and Fig. 4B).

A shift of voltage-dependent activation of Cay3.1 induced by
p-Argl715His mutation has been reported in HEK293T-cell over-
expression systems (Coutelier et al., 2015; Morino et al., 2015). In the
present study, we showed that the mutation indeed altered the voltage
dependence of activation of T-type calcium currents toward positive in
native PCs in the same manner (Fig. 5). Argl715 is located in the S4
segment, which undergoes outward displacement, and initiates central
pore opening in response to depolarization (Payandeh et al., 2011). Our
structural consideration revealed that Argl715 consists of a gating
charged residue, which forms a hydrogen bond with the main chain of
the loop region between the S3 and S4 segments (Fig. 2B). Such a
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Fig. 7. Excitatory and inhibitory synaptic transmission onto PCs.

(A) Representative traces of CF-mediated EPSCs from WT (left), and heterozygous (center) and homozygous mutant (right) PCs. To evaluate paired-pulse ratio (the
ratio of the second EPSC amplitude relative to the first), the stimulus was applied twice with an interval of 50 ms. (B) The amplitude of CF-mediated EPSCs recorded
at a holding potential of —20 mV. WT: 4.3 * 0.7 nA, n = 11 cells from 5 mice, Hetero: 4.5 + 0.7 nA, n = 9 cells from 3 mice, Homo: 3.4 = 0.5nA, n = 12 cells
from 4 mice, P = 0.43; one-way ANOVA. (C) Paired-pulse ratio of CF-mediated EPSCs at various inter-stimulus intervals. (D) Representative traces of PF-mediated
EPSCs from WT (left), and heterozygous (center) and homozygous mutant (right) PCs. (E) Paired-pulse ratio of PF-mediated EPSCs. (F) Representative traces of
spontaneous IPSC from WT mice (upper), heterozygous mice (middle), and homozygous mice (bottom). (G) Both mean frequency and amplitude of spontaneous IPSC
are similar in PCs (frequency: WT: 22.1 + 1.18 Hz, n = 12 cells from 3 mice, Hetero: 20.4 = 1.98 Hz, n = 12 cells from 3 mice, Homo: 21.2 = 1.02Hz, n = 12
cells from 3 mice, P = 0.68; amplitude: WT: 50.2 = 5.74 nA, Hetero: 56.2 + 6.10nA, Homo: 53.0 + 4.05nA, P = 0.73; one-way ANOVA). (H) Time course of
long-term depression (LTD). EPSC amplitudes were normalized by a mean of 5min before the conditioning stimulus (CS). Arrows represent the time point for
correcting representative traces shown in the right panel. Right, representative traces of PF-EPSCs from WT (left) and homozygous mutant (right) PCs immediately
before (black) and 30 min after (gray) induction of the conditioning stimulus. Traces show a mean of six consecutive events (WT: 48 + 10%, n = 5 cells from 2 mice,
Homo: 40 = 7%, n = 7 cells from 5 mice, P = 0.48; unpaired t-test). Error bars indicate SEM.

structural role of Argl715 may underlie the changes in voltage-sensi- missense mutation of Cay3.1 with the physiological expression level
tivity of calcium channels described above. These findings on calcium could directly cause alterations of channel property, progressive ataxia,
channel properties were in clear contrast to those in recent reports and PC degeneration.

showing no detectable change in calcium current in a cellular model of We found a significant decrease of rebound firing of PCs after hy-
SCA6, which is caused by trinucleotide CAG repeat expansion in perpolarization in KI mice (Fig. 6E). These results suggest that even a
CACNAI1A, the gene coding P/Q-type calcium channel (Bavassano et al., modest change in voltage dependence of T-type calcium channels has a
2017; Watase et al., 2008). Our study demonstrates a distinct patho- significant impact on the rebound firing of PCs. T-type calcium channels

physiological basis of SCA42 compared with that in SCA6 and that the are thought to transform neuronal output to a burst mode by generating

A WT B Hetero C Homo Fig. 8. Resonance in ION neurons.
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low-voltage-activated calcium currents and rebound burst discharge in
the thalamus and DCN (Molineux et al., 2006; Perez-Reyes and Lory,
2006). They might also play similar roles in cerebellar PCs (De Schutter
and Bower, 1994). As a general rule, the inactivation of T-type calcium
channels is abolished during the hyperpolarization state, and when the
membrane potential recovers to resting levels, the activation of T-type
calcium channels depolarizes the membrane potential further to trigger
rebound firing. In our SCA42 model mice, this mechanism might be
impaired, at least in part, because mutant Cay3.1 requires greater de-
polarization to be activated in vitro.

It is generally recognized that T-type calcium channels in ION
neurons play crucial roles in amplifying oscillation of the subthreshold
membrane potential at their resonant frequency and thereby facilitating
the generation of action potential (De Zeeuw et al., 2011; Yarom and
Cohen, 2002). In normally matured animals, each PC receives in-
nervation from a single climbing fiber whose soma is located in ION.
Owing to the simple one-to-one relationship in the ION-CF-PC pathway,
any change in the firing pattern of projection neurons in ION would
directly affect PC activity (De Zeeuw et al., 2011). Although we un-
covered that the basic property of synaptic transmission onto PCs was
not significantly impaired in young KI mice (Fig. 7), the altered ION
property revealed in the present study (Fig. 8) may underlie the pa-
thogenesis of SCA, given the proposed importance of oscillatory activity
of the olivo-cerebellar circuit in timing control and the generation of
complex temporal patterns.

In conclusion, our study demonstrated that the Cacnalg
p-Argl723His mutation, corresponding to human CACNAIG
p-Argl715His, causes motor dysfunction due to electrophysiological
abnormality not only in PCs but also in ION neurons prior to the de-
generation of PCs. Among these abnormalities, reduced rebound firing
of PCs, which was found in both hereto- and homozygous mutants, is
likely to be a cellular basis of the dominantly inherited ataxic pheno-
type. However, because these abnormalities are unlikely to be direct
causes of cellular death, direct pathophysiological mechanisms leading
to PC degeneration have yet to be identified. Nevertheless, because our
mouse model recapitulates the phenotype (adult onset, gait instability)
and pathology (PC degeneration without ubiquitin accumulation) of
SCAA42 patients, it is appropriate for future evaluation of the efficacy of
treatments such as the use of medicinal substances including T-type
calcium channel modulators (Jayabal et al., 2016; Shuvaev et al.,
2017).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.104516.
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