J Physiol 595.3 (2017) pp 949-966 949

Transient cerebellar alterations during development prior
to obvious motor phenotype in a mouse model of
spinocerebellar ataxia type 6
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Neuroscience

Key points

e Spinocerebellar ataxia type 6 (SCA6) is a midlife-onset neurodegenerative disease caused by a
CACNA 1A mutation; CACNAIA is also implicated in cerebellar development.

e We have previously shown that when disease symptoms are present in midlife in SCA6%4@/84Q
mice, cerebellar Purkinje cells spike with reduced rate and precision. In contrast, we find that
during postnatal development (P10-13), SCA6%*¥84Q Purkinje cells spike with elevated rate
and precision.

e Although surplus climbing fibres are linked to ataxia in other mouse models, we found surplus
climbing fibre inputs on developing (P10-13) SCA6%*¥34Q Purkinje cells when motor deficits
were not detected.

o Developmental alterations were transient and were no longer observed in weanling (P21-24)
SCA6#4Q/84Q pyrkinje cells.

e Qur results suggest that changes in the developing cerebellar circuit can occur without
detectable motor abnormalities, and that changes in cerebellar development may not necessarily
persist into adulthood.

Abstract Although some neurodegenerative diseases are caused by mutations in genes that
are known to regulate neuronal development, surprisingly, patients may not present disease
symptoms until adulthood. Spinocerebellar ataxia type 6 (SCA6) is one such midlife-onset
disorder in which the mutated gene, CACNAIA, is implicated in cerebellar development. We
wondered whether changes were observed in the developing cerebellum in SCA6 prior to
the detection of motor deficits. To address this question, we used a transgenic mouse with
a hyper-expanded triplet repeat (SCA6%*¥34Q) that displays late-onset motor deficits at 7
months, and measured cerebellar Purkinje cell synaptic and intrinsic properties during post-
natal development. We found that firing rate and precision were enhanced during postnatal
development in P10-13 SCA6%/#4Q Purkinje cells, and observed surplus multiple climbing fibre
innervation without changes in inhibitory input or dendritic structure during development.
Although excess multiple climbing fibre innervation has been associated with ataxic symptoms
in several adult transgenic mice, we observed no detectable changes in cerebellar-related motor
behaviour in developing SCA6%*¥34Q mice. Interestingly, we found that developmental alterations
were transient, as both Purkinje cell firing properties and climbing fibre innervation from
weanling-aged (P21-24) SCA6**?34Q mice were indistinguishable from litter-matched control
mice. Our results demonstrate that significant alterations in neuronal circuit development may
be observed without any detectable behavioural read-out, and that early changes in brain
development may not necessarily persist into adulthood in midlife-onset diseases.
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Abbreviations
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ACSEF, artificial cerebrospinal fluid; CF, climbing fibre; CF-EPSC, climbing fibre-mediated excitatory

postsynaptic current; CV, coefficient of variation; EPSC, excitatory postsynaptic current; mIPSC, miniature inhibitory
postsynaptic current; SCA6, spinocerebellar ataxia type 6; VGIuT2, vesicular glutamate transporter type 2.

Introduction

Spinocerebellar ataxia type 6 (SCA6) is an auto-
somal dominant disease caused by a CAG-repeat
expansion mutation in the CACNAIA gene encoding
the pore-forming «lA-subunit of voltage-dependent
P/Q-type calcium channels (Zhuchenko et al. 1997)
that are highly expressed in cerebellar Purkinje cells
(Hillman et al. 1991; Westenbroek et al. 1995). The
CACNAIA gene also produces a cleaved C-terminal
(CT) gene product, «1ACT, that is observed in human
SCA6 patients and transgenic mouse models, and is
located in both the cytosol and nucleus (Ishikawa et al.
2001; Mark et al. 2015) where it may act as a trans-
criptional regulator and influence cerebellar development
(Du et al. 2013). SCA6 is characterized by progressive
motor symptoms including ataxia and occulomotor
abnormalities; symptoms typically appear in midlife,
although the age of onset can vary widely, from late teens
to old age (Yabe et al. 1998). Purkinje cell degeneration is
a prominent postmortem feature in SCA6 patients (Yang
et al. 2000) and is observed in several mouse models of
SCA6 (Unno et al. 2012; Jayabal et al. 2015; Mark et al.
2015), although disease onset precedes Purkinje cell loss
in some mouse models (Unno et al. 2012; Jayabal et al.
2015).

P/Q channel expression can be detected just a few
days after birth in cerebellar Purkinje cells (Indriati et al.
2013), and both the P/Q channel (Miyazaki et al. 2004;
Hashimoto et al. 2011) and the alACT gene product
(Du et al. 2013) have been shown to be involved in
Purkinje cell development. Thus, it is surprising that
motor symptoms in SCA6 patients manifest only at
mid-life (Matsumura et al. 1997; van de Warrenburg et al.
2002; Ashizawa et al. 2013), not earlier when the protein is
first expressed, as might be predicted. Specifically, both
P/Q channels (Miyazaki et al. 2004; Hashimoto et al.
2011) and the «1ACT gene product (Du ef al. 2013) have
been shown to be involved in the maturation of climbing
fibre innervation onto Purkinje cells. Additionally, P/Q
channels regulate Purkinje cell firing precision in adult
mice (Womack et al. 2004), although to our knowledge,
the role of P/Q channels has not been studied in the
developing SCA6 cerebellum. We wondered whether brain
development might be altered in the SCA6 brain, despite
the absence of motor symptoms, since it is possible
that developmental changes may produce an altered
mature cerebellar microcircuit that is predisposed to later
pathophysiology.

To address whether developmental alterations are
observed in the SCA6 cerebellum, we used electro-
physiology and two-photon imaging in a transgenic
SCA6 knock-in mouse model (SCA6%Q) that has a
hyper-expanded 84-Q tract in the humanized P/Q channel
locus (Watase et al. 2008). Both homozygous and
heterozygous SCA6%*? mice develops motor coordination
problems as adults (Watase et al. 2008; Jayabal et al. 2015),
and we have recently shown that a common cerebellar
Purkinje cell firing deficit is observed in both mice at
ages when ataxia is observed, and that rescuing this firing
deficit in homozygous SCA6%4¥#Q mice improves motor
coordination (Jayabal et al. 2016). These results suggest
that homozygous SCA6**?%4Q mice are both a good and
a practical model for SCA6, which we used to address
whether changes were present during postnatal neuronal
development. We observed changes in the action potential
firing rate and precision firing, as well as in climbing
fibre innervation, but not in inhibitory drive or dendritic
structure of Purkinje cells from developing (P10-13)
SCA634Y/#Q mice. No differences in the behavioural
read-out of these circuit alterations were detected in
developing (P10-13) SCA634?/#4Q mice, as predicted by
the absence of symptoms in children with the SCA6
mutation. Interestingly, the synaptic and cellular changes
observed in developing SCA63¥/#Q mice were transient,
and these properties were indistinguishable from WT
Purkinje cells from weanling (P21-24) mice, an age when
climbing fibre and Purkinje cell firing properties have
largely matured (McKay & Turner, 2005; van Welie et al.
2011; Hashimoto & Kano, 2013). Our results demonstrate
that developmental perturbations do not necessarily cause
detectable behavioural abnormalities, and that changes in
circuit development may be transient.

Methods
Ethical approval

Breeding and animal procedures were approved by the
McGill Animal Care Committee and were in accordance
with the rules and regulations set in place by the Canadian
Council on Animal Care.

Animals

Transgenic mice harbouring a humanized 84-CAG repeat
tract knocked into the mouse Cacnalalocus were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA;

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



J Physiol 595.3

strain: B6.129S7-Cacnala'™3H[J; stock number: 008683).
Heterozygous mice were bred to obtain litter-matched
homozygous (SCA6%/#Q) and wild-type (WT) control
mice that were used in the experiments.

Acute cerebellar slice preparation

Mice were first deeply anaesthetized with isoflurane and
checked for foot-paw reflex. Mice were then decapitated
and their brains were extracted from the skull and rapidly
placed in ice-cold artificial cerebrospinal fluid (ACSF;
in mM: 125 NaCl, 2.5 KCI, 2 CaCl,, 1 MgCl,, 1.25
NaH,PO,, 26 NaHCO; and 20 glucose, bubbled with
95% 0,-5% CO, to maintain pH at 7.3; osmolarity
323 mOsm') (Watt et al. 2009). Parasagittal slices 250 um
thick of cerebellar vermis were cut using a Leica VT 1000S
vibrating blade microtome and were incubated in ACSF
at 37°C for ~30-45 min and were then incubated at room
temperature before being used in experiments (Watt et al.
2009). All chemicals were procured from Sigma-Aldrich
(Oakville, ON, Canada).

Electrophysiology

Since a posterior—anterior gradient has been observed
for climbing fibre innervation (Sugihara, 2005), and
membrane properties differ across lobules in mature
Purkinje cells (Kim et al. 2012), we have performed
all our recordings in anterior lobule III, in order to
minimize cross-lobule variability that might otherwise
confound our results obtained during development.
Extracellular recordings were acquired with a Multiclamp
700B amplifier (Molecular Devices, Sunnyvale, CA,
USA) in voltage-clamp mode at 33-34°C, by visually
identifying Purkinje cell somata using an upright
microscope (Scientifica, Uckfield, UK). On-line data
acquisition and off-line data analysis were performed
using custom-designed IGOR Pro acquisition and data
analysis software (Wavemetrics, Portland, OR, USA).

For climbing fibre measurements, whole-cell recordings
were made from Purkinje cells at 31-33°C. The internal
solution was composed of (in mm): 60 CsCl, 10 potassium
D-gluconate, 20 tetraethylammonium (TEA)-CI, 20
BAPTA, 4 MgCl2, 4 ATP, 30 Hepes and 0.2% w/v
biocytin (pH 7.3, adjusted with CsOH; osmolality
290 mosmol kg™'). Stimulation pipettes were filled with
ACSF and were visually positioned in the granule cell
layer ~50 pwm away from the Purkinje cell soma. Purkinje
cells were voltage clamped at —60 mV and were briefly
depolarized to —20 mV when stimuli (duration, 1 ms;
amplitude, 0-50 mV) were applied at 20 s inter-sweep
intervals. Climbing fibres were evoked by parametrically
increasing the stimulation intensity from 0 to 50 mV;
the number of climbing fibres evoked was estimated by
counting the number of all-or-nothing steps that were
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evoked in the resulting postsynaptic current (Fig. 3A) Ina
subset of experiments, we stimulated climbing fibres with
two pulses, with a 100 ms inter-stimulus interval in order
to examine the paired-pulse ratio at the climbing fibre
synapse (Fig. 3B), which is known to display paired-pulse
depression (Hashimoto & Kano, 1998).

For recording miniature inhibitory postsynaptic
currents (mIPSCs) from Purkinje cells, whole-cell
recordings were made using internal solution containing
(in mM): 60 CsCl, 10 potassium D-gluconate, 20 TEA-CI,
20 BAPTA, 4 MgCl,, 4 ATP, 30 Hepes, 0.2% w/v
biocytin (pH 7.3, adjusted with CsOH; osmolality
290 mosmol kg™!). Spontaneous mIPSCs were recorded in
ACSF containing 10 uM 6,7-dinitroquinoxaline-2,3-dione
(DNQX), 0.2 uMm tetrodotoxin (TTX), and 50 um
2R-amino-5-phosphonovaleric acid (APV) from visually
identified Purkinje cells that were voltage clamped
at —60 mV.

Purkinje cell morphology

After recording of climbing fibre-mediated excitatory
postsynaptic currents (CF-EPSCs) or mlIPSCs, filled
Purkinje cells were imaged using a custom-built
two-photon microscope (in 1 um optical sections) with
a Ti:Sapphire laser (MaiTai; SpectraPhysics, Santa Clara,
CA, USA) tuned to 775 nm. Image acquisition was done
using ScanImage (Pologruto efal. 2003) running in Matlab
(Mathworks, Natick, MA, USA). Purkinje cells and their
dendrites were reconstructed manually using Neurolucida
software (MBF Biosciences, Williston, VT, USA). Sholl
analysis on Purkinje cells was performed using 1 pum
concentric circles surrounding the soma as previously
described using ImageJ (Ferreira et al. 2014).

Immunohistochemistry

Mice were transcardially perfused with 4%
paraformaldehyde (EMS, Hatfield, PA, USA) and brains
were extracted and incubated at 4°C in paraformaldehyde
for 24 h, then transferred to phosphate-buffered saline
(PBS) with 0.05% sodium azide. Brains were sliced on
a Leica Vibratome 3000 plus vibrating blade microtome
into 100 pum thick coronal or sagittal slices. Rabbit
anti-calbindin (D-28k; Swant, Marly, Switzerland;
cat. no.: CB38), and mouse anti-vesicular glutamate
transporter type 2 (VGluT2) (Millipore, Temecula, CA,
USA; cat. no.: MAB5504) primary antibodies were added
to blocking solution PBS with 0.4% triton-X, 0.05%
sodium azide, and 5% BSA) at a dilution of 1:1000
and 1:300, respectively, and the slices were incubated
at room temperature on a rotary shaker at 70 r.p.m.
for 72 h. After removal of the remaining antibody with
three to five washes with blocking solution, the slices
were then incubated for 90 min at room temperature
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with Alexa-594 tagged donkey anti-rabbit antibody
(1:1000; Jackson ImmunoResearch, West Grove, PA, USA;
cat. no.: 711-585-152) and Alexa-488 tagged donkey
anti-mouse antibody (1:300; Jackson ImmunoResearch,
cat. no.: 715-545-150). To avoid cross reactivity, Fab
fragment donkey anti-mouse IgG was used (Jackson
ImmunoResearch, cat. no.: 715-007-003). Sections were
then rinsed and immediately mounted onto slides with
Prolong Gold Antifade (Invitrogen) and stored in the
dark at 4°C. Slices were imaged with a custom-built
two-photon microscope with a Ti:Sapphire laser (MaiTai;
SpectraPhysics) tuned to 775 nm. Image acquisition was
done using Scanlmage (Pologruto et al. 2003) running in
Matlab, and all image acquisition and analysis was done
blinded to genotype.

Behaviour

To assess cerebellar-related behaviour in developing mice
(P10), we conducted righting reflex, negative geotaxis
and a wire-hanging assay as described previously (Heyser,
2004; Yu et al. 2008; Takahashi et al. 2009; Markvartova
et al. 2010; Mocholi et al. 2011; Zhang et al. 2014). For the
righting reflex assay, each mouse was placed on itsback and
the time it took the mouse to right itself was measured (Yu
et al. 2008; Mocholi et al. 2011; Zhang et al. 2014). For the
negative geotaxis assay, each mouse was placed on a 45 deg
wooden inclined plane with its body pointed towards the
base of the platform (Mocholi et al. 2011; Zhang et al.
2014) and the time it took to turn around and face the top
of the platform was measured. For the wire hanging test,
we measured how long it took for a mouse to fall that was
holding on to a thin wire (diameter 1 mm) suspended over
a cushioned surface (Takahashi et al. 2009; Markvartova
et al. 2010).

To assess motor coordination in weanlings (P21), we
used a Rotarod (Stoelting Europe, Dublin, Ireland) as
previously described (Watase et al. 2008; Jayabal et al.
2015), since we found that this was the most robust assay
for detecting motor changes in older SCA6%¥/#Q mice
(Jayabal et al. 2015). Mice were acclimatized for an hour
in the experimental room before conducting the assay.
Mice were then placed on an accelerating rotating rod
(from 4 to 40 r.p.m. over 5 min, followed by up to 5 min at
40 r.p.m.), and the latency for mice to fall was noted. The
experiments were conducted for one to four trials per day
daily from day (D) 1 to D4.

Data analysis

We used custom-designed IGOR Pro software for data
analysis of spike timing and regularity, and for synaptic
excitatory postsynaptic current (EPSC) and mIPSC
properties. The spike timing precision was quantified
using the coefficient of variation (CV) or CV2. CV was
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calculated using the formula CV = o151/ pt151, where o1
and g are the standard deviation and mean, respectively,
of the inter-spike interval (ISI). Additionally, we used CV2,
which measures short-scale regularity in spike trains, using
the formula (Holt et al. 1996):

cvy - 2SLi —ISL|
(ISL,41 + ISI,)

The number of climbing fibres making synapses onto
Purkinje cells was estimated by counting the number
of discrete climbing fibre all-or-nothing evoked EPSC
steps as previously described (Hashimoto & Kano,
2003). The paired-pulse ratio was measured as the
EPSC, amplitude/EPSC; amplitude. The disparity index,
a measure of the coefficient of the variation of the
evoked EPSC amplitudes, was computed to see if climbing
fibres are differentially strengthened in transgenic mice,
according to the formula (Hashimoto & Kano, 2003):

Di ity Index = Sb
isparity Index =
P M

where SD is the standard deviation and M is the mean
individual climbing fibre response:

N

1
~ 7 D (A= M)?

i=1

SD =

The disparity ratio, an additional measure of the
difference between the amplitude of climbing fibre EPSCs,
was also computed, according to the formula (Hashimoto
& Kano, 2003):

Ay A AN-1
<A—N+A—N+"'+ A)

Disparity Ratio =
parity N_1

A is the amplitude of an individual EPSC, Ay is the largest
EPSC amplitude and 7 is the number of individual EPSCs
observed.

Statistics

Data are reported as mean £ SEM. To compare the
distributions of the number of climbing fibres per
Purkinje cell, we used the Mann—Whitney U test. For all
other analyses, comparisons were made using Student’s
unpaired two-tailed ¢ test. Statistical comparisons were
made in IGOR Pro software with the level of significance
(a) set at P < 0.05.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Results

Developmental perturbation of Purkinje cell output
in SCA6%4?/84Q mouse cerebellum

Purkinje cell firing abnormalities have been shown to
occur at the time of disease onset in SCA6%Y34Q mice
(Jayabal et al. 2016), and during later stages of disease
in a separate SCA6 mouse model (Mark et al. 2015).
To address whether Purkinje cell firing properties were
affected during development, we recorded extracellular
spontaneous Purkinje cell activity in acute sagittal
cerebellar slices from P10-13 WT and SCA6%4Q/84Q mjce,
since the cerebellar circuit at this age is still undergoing
profound developmental changes (McKay & Turner, 2005;
van Welie et al. 2011; Hashimoto & Kano, 2013; White
& Sillitoe, 2013). We found that developing SCA684Q/84Q
Purkinje cells fired with elevated firing rates and enhanced
precision of spike timing (Fig. 1A and B). Firing rates
were on average higher than age-matched WT (mean WT
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frequency: 78.5 4 4.0 Hz; n = 33; mean SCA63/3Q
frequency: 97.6 & 5.9 Hz, n = 34; significantly different,
P = 0.009; Fig. 10), in contrast to the reduced firing
rates and precision that was observed at 7 months old
when motor phenotype is observed (Jayabal et al. 2016),
or in a separate SCA6 model when ataxia was present
(Mark et al. 2015). Interestingly, the CV was not found
to be significantly different between SCA6%4/#Q and
WT Purkinje cells (WT: CV = 0.25 + 0.02, n = 33;
SCA64Q84Q: CV = 0.21 4 0.01, n = 34, not significantly
different from WT, P = 0.09). However, at this age both
WT and SCA634/#4Q Puyrkinje cells displayed relatively
regular firing interspersed with occasional pauses, which
hasbeen shown to elevate CV even when cells are otherwise
firing regularly (Holt et al. 1996; Shin et al. 2007).
Thus, using an alternative measure of regularity, CV2,
which captures spiking regularity better than CV in these
conditions (Holt et al. 1996; Shin et al. 2007), we found
that SCA6%4?/84Q Purkinje cells displayed more regular
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Figure 1. Enhanced Purkinje cell firing precision and rate in developing SCA6%4Q/84Q mice

A, top, experiments were performed in P10-13 developing WT and SCA684/84Q mjce. Bottom, sample traces
from representative WT (middle, black) and SCA684Q/84Q (hottom, orange) Purkinje cells. WT cells fire with lower
precision and frequency at this age than in adult (compare with Fig. 6A and C), while developing SCA684@/84Q
Purkinje cells show enhanced firing rate and precision. B, corresponding auto-correlograms highlight the lack of
precision firing in the WT cell (top; with less distinct peaks) in contrast to the highly precise spike timings observed
in SCAG84Q/84Q pyrkinje cell (bottom; with more distinct peaks). C, SCA684Q/84Q pyrkinje cells fire action potentials
at higher rates compared to WT cells at this developmental stage (P = 0.009). D, Purkinje cell firing precision is
enhanced in SCA684Q/84Q pyrkinje cells compared to WT as reflected by a lower CV2 of inter-spike intervals (WT:
CV2 =0.24 £ 0.01, n = 33 cells; SCA6%4Q84Q: CV2 = 0.19 + 0.009, n = 34; significantly different, P = 0.00061).
Comparisons made by Student’s t test; **P < 0.01; **P< 0.001.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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firing with enhanced firing precision in comparison to WT
litter-matched controls (WT: CV2 = 0.24 4 0.01, n = 33;
SCA6*Q84Q: CV2 = 0.19 % 0.009, n = 34; P = 0.0006;
Fig. 1D).

We wondered whether the higher firing rates seen in
SCA6%84Q pyrkinje cells caused enhanced spike-timing
precision, because shorter inter-spike intervals allow
for less variance in spike timing. To address this,
we compared CV2 in both WT and SCA6%@34Q
Purkinje cells firing below 120 Hz, since the majority
of WT cells had firing rates in this range. Using
this subset of lower firing rate cells (WT . y0m,: mean
frequency = 76.8 & 3.8 Hz, n = 32; SCA6*Y3Q_ 0y,
mean frequency = 82.2 &+ 3.8 Hz, n = 26; not significantly
different from WT, P = 0.32), we found that the
precision of the spiking in SCA63/#Q Purkinje cells
remained significantly enhanced even when firing rates
had been matched (WT_jyn,: CV2 = 0.24 £ 0.012,
n = 32; SCA6™YHQ_0p,: CV2 = 0.19 £ 0.009, 1 = 265
significantly different, P = 0.004). Thus, the enhanced
precision of Purkinje cell firing from SCA6%¥34Q mice
was not an epiphenomenon arising from enhanced firing
rate, but reflected a real change in the pattern of
spiking.

Since Purkinje cell firing rates increase during
development (Gruol ef al 1992; McKay & Turner,
2005; Watt et al. 2009; Arancillo et al. 2015), we
wondered whether changes observed in firing pre-
cision in SCA6%®Q Ppyrkinje cells might arise due
to subtle differences in ages sampled across genotype.
We observed no significant differences in Purkinje cell
age from our action potential recordings (WT: animal
age = PI1.5 £ 0.17, n = 33; SCA6*¥%4Q: animal
age = P11.2 & 0.18, n = 34; not significantly different,
P=0.21). However, to address this in more detail, we sub-
grouped our data into P10-11 and P12-13 time windows.
Interestingly, SCA6%*Q84Q Purkinje cells had no significant
differences in firing frequency at both P10-11 and P12-13
(P10-11 WT: mean frequency = 73.5 & 4.9 Hz, n = 17;
P10-11 SCA6%¥34Q: mean frequency = 94.1 £ 8.9 Hz,
n = 18; not significantly different, P = 0.053; and
P12-13 WT: mean frequency = 83.9 + 6.5 Hz, n = 16;
P12-13 SCA634/#Q: mean frequency = 101.7 4 7.6 Hz,
n = 16; not significantly different, P = 0.072), likely
to be due to the smaller sample sizes. However, in
spite of small sample size, SCA6%/#4Q Purkinje cells
displayed significant reductions in CV2 at both P10-11
and P12-13 (P10-11: WT: CV2 = 0.24 £ 0.01, n = 17;
SCA6%Y#Q: CV2 = 0.18 + 0.01, n = 18; P = 0.0036;
P12-13: WT: CV2 = 0.25 £ 0.02, n = 16; SCA6**¥Q:
CV2 =0.20 & 0.01, n = 16; P = 0.041), suggesting that
the enhanced firing precision in SCA6%¥34Q Puyrkinje
cells persists over the entire P10-13 developmental time
window.
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Purkinje cell dendritic morphology is unaltered
in developing SCA634Q/84Q mjce

Elevated firing rates in Purkinje cells are associated with
cellular maturation (Gruol et al. 1992; McKay & Turner,
2005; Watt et al. 2009; Arancillo et al. 2015), suggesting that
SCA634/#Q mice might develop more rapidly than WT. To
examine this possibility, we looked at a common read-out
of cellular maturity in Purkinje cells: the complexity of the
dendritic arbour, since Purkinje cell dendrites undergo a
dramatic period of growth over the second and third post-
natal weeks of development in rodents (McKay & Turner,
2005). Using Alexa 594 to fill neurons through a patch
pipette, we captured two-photon image stacks of Purkinje
cell somata and dendrites from lobule III of developing
(P10-13) WT and SCA6*¥%4Q mice (Fig. 2A), and used
Sholl analysis to assess the size and complexity of Purkinje
cell dendrites (Fig. 2B) (Ferreira et al. 2014). We found
no differences in the examined measures of dendritic
complexity, including the number of primary dendrites
(Fig. 2G; branching index), the enclosing radius (Fig. 2C),
the convex hull area (Fig. 2C), and the number of branch
points (Fig. 2C). These results suggest that dendritic
maturation — a proxy for the stage of maturation of
Purkinje cells — is not affected in SCA6**¥34Q mice in spite
of enhanced firing properties, and suggests that Purkinje
cells are not maturing more rapidly in SCA6#Q84Q mice.

Selective alterations in Purkinje cell synaptic inputs in
developing SCA6%4¥/84Q mice

Purkinje cells are initially innervated by multiple climbing
fibres (>5) in the first postnatal week of development in
mice, and then undergo a developmental refinement in
which one climbing fibre synapse is strengthened while
others are weakened and eventually eliminated, leaving
the majority of Purkinje cells mono-innervated by a single
climbing fibre by the third postnatal week of development
(Hashimoto & Kano, 2003). Since surplus climbing fibres
have been associated with ataxia (Offermanns et al. 1997;
Ebner et al. 2013) and P/Q channel knock-out mice show
changes in climbing fibre elimination (Miyazaki et al
2004), we wondered whether climbing fibre development
is altered in SCA6%*Q34Q mice in development.

We made whole-cell recordings in Purkinje cells in
acute cerebellar slices from P10-13 WT and SCA6%4@/31Q
mice and elicited all-or-nothing climbing fibre responses
(Fig. 3A; see Methods for details). Climbing fibre synapses
normally show paired-pulse depression when stimulated
with short interstimulus intervals (Hashimoto & Kano,
1998). We found that both WT and SCA634/#4Q Pyrkinje
cells displayed similar levels of paired-pulse depression
(P = 0.59; Fig. 3B), which supports that we were
recording from climbing fibre synapses, and suggests that

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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presynaptic release properties were likely to be normal
at SCA6%Y34Q  climbing fibre synapses (Hashimoto
& Kano, 1998). At this developmental age (P10-13),
synapse elimination was well underway in WT cerebellum
(Hashimoto & Kano, 2003), and the majority of WT
Purkinje cells were innervated by one or two climbing
fibres as previously described (Fig. 4A) (Hashimoto &
Kano, 2003). We found that 7/22 or 31.8% of P10-13
Purkinje cells were innervated by one climbing fibre, 12/22
or 54.5% by two climbing fibres, and 3/22 or 13.6%
by three climbing fibres (Fig. 4B). However, using the
same stimulation range in SCA6#Q#Q mouse slices to
evoke climbing fibre EPSC responses in Purkinje cells
(e.g. Fig. 4A shows 4 discrete climbing fibres), we found
that only 1/21 or 4.8% of SCA6%*Q34Q Pyrkinje cells were
innervated by one climbing fibre, 11/21 or 52.4% were
innervated by two climbing fibres, 8/21 or 38.1%
were innervated by three, and 1/21 or 4.8% were
innervated by four or more climbing fibres (Fig. 4B).
This distribution of climbing fibre innervation is
significantly different in SCA6%/2/#*Q mice compared to
WT (Mann—-Whitney U test, P = 0.0063; Fig. 4B). Inter-
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estingly, there were no significant differences in synaptic
properties of evoked synaptic currents, including rise
time, peak and decay time constants, suggesting that
the composition of the receptors at these synapses is
not significantly altered in SCA6%¥/3Q mice (Table 1).
Additionally, we saw no differences in the disparity index
and ratio of weak and strong climbing fibres in multiply
innervated Purkinje cells, suggesting that the process
of synapse elimination, although apparently delayed,
followed the normal stages of refinement in other respects
(Table 1).

Since climbing fibre development is age dependent
(Hashimoto & Kano, 2003), we wondered whether we were
biasing our data by grouping Purkinje cells from P10-13
mice together. We observed no significant differences in
the average ages of the recorded Purkinje cells, arguing
that there is no bias in age across genotype (WT: mean
age = P11.50 + 0.19, n = 22; SCA6%?%Q: mean
age = P11.52 £ 0.24, n = 21; not significantly different,
P=10.46). Tolook in more detail at age-dependent changes
in climbing fibre innervation, we compared our data for
P10-11 and P12-13. For P10-11, we found that 2/11 or
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Figure 2. Normal dendritic morphology observed in developing SCA684?/84Q pyrkinje cells

A, representative maximal intensity projection of 2-photon stacks of Alexa-594 filled Purkinje cells from P11 WT
(top) and P10 SCA6%4Q/84Q mice (bottom). Scale bar, 20 um. B, linear Sholl plots from representative Purkinje cells
from WT (top, black) and SCA684Q84Q pyrkinje cells (bottom, orange) are similar. C, no significant differences
were observed in several measurements of dendritic structure including branching index (WT. 7.32 + 0.19,
n = 9; SCA6%4Q/84Q- 7 38 + (.33, n = 9; not significantly different, P = 0.87), number of branch points (WT:
130.78 £ 11.92, n = 9; SCA684Q/84Q: 124 56 + 12.25, n = 9; not significantly different, P = 0.72), enclosing
radius (WT: 85.24 + 2.01, n = 9; SCA684Q/84Q: 83,85 4+ 1.55, n = 9; not significantly different, P = 0.59), and
the convex hull area (WT: 208.78 + 31.69, n = 9; SCA684Q/84Q: 83 85 4 1.55, n = 9; not significantly different,
P =0.81). n =9 for WT and n = 9 for SCA684Q/84Q pyrkinje cells; comparisons made with Student’s t test.
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18% of WT Purkinje cells were mono-innervated, 7/11 or
64% were innervated by two climbing fibres, and 2/11
or 18% were innervated by three climbing fibres.
This distribution was not significantly different for
SCA634/81Q pyrkinje cells, where 1/9 or 13% of cells were
mono-innervated, 3/9 or 38% were innervated by two
climbing fibres, and 5/9 or 63% were innervated by three
climbing fibres (Mann—Whitney U test, P = 0.15). Inter-
estingly, the distribution of climbing fibre innervation
patterns was significantly different in P12-13 Purkinje
cells. For WT mice, 5/11 or 45% of Purkinje cells
were mono-innervated, 5/11 or 45% of cells were
innervated by two climbing fibres, and 1/11 or 9% of
cells were innervated by three climbing fibres. For P12-13
SCA6%4U34Q mijce, 0/12 or 0% were mono-innervated,
8/12 or 67% were innervated by two climbing fibres,
2/12 or 25% were innervated by three climbing fibres,
and 1/12 or 8% were innervated by four or more. These
distributions are significantly different (Mann—Whitney U
test, P=0.01), suggesting that differences we observe may
arise in particular from differences in later stage (P12-13)
climbing fibre elimination.

To complement our electrophysiological estimate of
climbing fibre innervation in developing (P10-13)
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SCA6%Y84Q mice, we used immunocytochemistry to look
for morphological changes in climbing fibre innervation
(Fig. 4C). We measured the number of vesicular glutamate
transporter type 2 (VGluT2) puncta on the soma of
Purkinje cells in developing SCA6**?/#*Q mice and found
that Purkinje cells with more than two somatic boutons
were more common in SCA6Y%Q mice than WT
(Fig. 4D; P = 0.01). We measured the molecular layer
height (ii in Fig. 4C and E) and climbing fibre extension
(extent of Purkinje cell dendrite that had VGIuT?2 staining;
i/ii in Fig. 4C and F where i denotes VGIuT2 height in
the molecular layer) in developing SCA6%Q34Q mice, and
found that they were not different from WT (P = 0.61).
Taken together, our electrophysiology and immuno-
cytochemistry results suggest that P10-13 SCA6Q/34Q
Purkinje cells retain surplus somatically located multiple
climbing fibres, in comparison to WT.

Climbing fibre elimination on Purkinje cells is regulated
by the development of inhibitory synapses on Purkinje
cell somata from basket cells (Nakayama et al. 2012).
We wondered whether the observed delay in Purkinje
cell climbing fibre synapse elimination in developing
(P10-13) SCA634Y34Q mice reflects a change in inhibitory
innervation of Purkinje cells. To address this, we
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Figure 3. All-or-nothing climbing fibres
display paired-pulse depression

A, left, schematic diagram showing recording
configuration. A stimulation electrode was placed
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in the granule cell layer (~50 um from Purkinje
cell layer) and climbing fibres were recruited by
increasing the stimulation intensity (0-50 mV)
parametrically while recording intracellularly from
a nearby Purkinje cell. Right, example plots
showing evoked EPSC amplitude over the range of
stimulus intensity used. WT example (black) shows
1 all-or-nothing step in the EPSC response over a
range of stimuli, while SCA684/84Q example cell
(orange) has 4 discrete all-or-nothing steps in the
EPSC response over the same range of stimulus
intensity. B, left, sample recordings from WT (top)
and overlaid sample recordings of two climbing
fibres in SCA684Q/84Q (hottom) Purkinje cells
showing similar degrees of paired-pulse
depression at the climbing fibre synapse in both
genotypes. Right, the paired-pulse ratio, or EPSC;
amplitude/EPSCq amplitude, is similar in WT
(black) and SCA684Q/84Q (orange) Purkinje cells
(WT: PPR = 0.78 + 0.03, n = 4; SCA634Q/84Q;
PPR = 0.77 £ 0.02, n = 9; not significantly
different, P = 0.59).
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Figure 4. Persistent multiple climbing fibre innervation onto Purkinje cells of SCA684?/84Q mice observed
during the second postnatal week of development

A, top, experiments conducted in P10-13 developing WT and SCA684Q/84Q mice. Bottom, example traces showing
climbing fibre innervation from P11 WT mice (left, a maximum of 1 climbing fibre was elicited with extracellular
stimulation) and from P12 SCA684Q/84Q mice (right, 4 all-or-nothing climbing fibres were elicited with extracellular
stimulation). B, histogram showing distribution of Purkinje cells that are innervated by 1, 2, 3, or more climbing
fibres (CF) from WT (black) and SCA684/84Q (orange) mice. Distribution is significantly shifted to Purkinje cells
with higher numbers of climbing fibres at this age in SCA684Q84Q mice (significantly different, Mann-Whitney
Utest, P=0.0063). No other significant differences in EPSC properties were observed (see Table 1). C, representative
images show immunocytochemistry labelling of calbindin (purple) and the transporter VGIuT2 that is enriched
at climbing fibre synapses (green) in P10 WT (top) and SCA684Q/84Q cerebellar slices. D, bar graph showing
the number of Purkinje cells with somatic VGIUT2 puncta for WT (black) and SCA684?84Q (orange) mice. More
SCAB84Q/84Q pyrkinje cells display higher numbers of somatic VGIuT2 puncta than WT (significantly different,
Student’s t test, P = 0.01). £ and F, changes in the height of the molecular layer (E; indicated as i in image in
C; WT: 80.81 & 0.98, n = 3 mice; SCA684Q/84Q: 78.89 4+ 1.18, n = 4 mice, not significantly different, Student’s
ttest, P= 0.21) and climbing fibre (CF) extension, the extent of the molecular layer innervated by climbing fibres
(F; ifii in image in G WT: 0.56 & 0.01, n = 3 mice; SCA6%4?84Q: 0 57 4+ 0.01, n = 4 mice, not significantly
different, Student’s ¢ test, P = 0.61) are unchanged in SCA684/84Q mice, arguing that multiple innervation arises
due to the retention of somatic synapses. xP < 0.05; xP < 0.001.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



958

S. Jayabal and others

J Physiol 595.3

Table 1. Synaptic properties for climbing fibre (CF) EPSCs and mIPSCs recorded from Purkinje cells in developing (P10-13) mice

Condition
Developing (P10-13) Purkinje cell synaptic properties WT SCAB84Q/84Q P
CF-EPSC rise time (ms) 0.43 £+ 0.01 0.42 £+ 0.03 0.56
CF-EPSC t decay (ms) 10.20 + 0.03 10.13 + 0.10 0.39
CF max. amplitude (nA) 1.71 £ 0.04 1.80 £+ 0.21 0.75
CF disparity index 0.88 + 0.04 0.91 + 0.13 0.82
CF disparity ratio 0.46 + 0.05 0.65 + 0.21 0.43
n for CF data (subset of cells analysed for disparity)? 22 (15) 21 (20)
mIPSC rise time (ms) 1.05 + 0.02 1.03 £ 0.03 0.65
mIPSC 7 decay (ms) 5.13 &+ 0.04 5.13 £+ 0.04 0.96
mIPSC Frequency (Hz) 6.10 £+ 0.60 6.57 £+ 0.54 0.57
mIPSC Amplitude (pA) 31.10 £+ 2.65 32.49 + 3.42 0.75
n for mIPSC data 8 8

Mean + SEM is shown for each condition, and the P value for a Student’s t test comparison is shown. 2Only the subset of multiply
innervated climbing fibres can be analysed for the disparity index and ratio; n for this analysis is indicated in the parentheses.

isolated inhibitory mIPSCs, reflecting inhibition from
basket, stellate and Purkinje cells (Fig. 5A) (Orduz
& Llano, 2007; Watt et al. 2009). We found that
both mIPSC frequency and mIPSC amplitude were
similar in SCA6%Q84Q and WT Purkinje cells (Fig. 5B).
Furthermore, we observed no differences between WT and
SCA634/84Q mTPSCs synaptic properties such as rise time
and decay time constant (Fig. 5B and Table 1), suggesting
that inhibitory synapse number, location and receptor
composition at synapses were not different in developing
SCA68¥34Q mice. This suggests that the surplus climbing
fibre innervation we observed in developing SCA624Q/84Q
mice was not due to changes in the development of
inhibitory input onto Purkinje cells.

No apparent motor deficit in developing SCA684Q/84Q
mice

Since changes in firing rate (Hourez et al. 2011), firing
precision (e.g. Walter et al. 2006; Alvina & Khodakhah,
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2010; Mark et al. 2015; Jayabal et al. 2016), and climbing
fibre innervation (e.g. Offermanns et al. 1997; Shuvaev
et al. 2011) have previously been associated with motor
deficits, we wondered whether the changes we observed
in developing SCA6*¥%4Q mice were associated with
impaired motor function. We were unable to use a Rotarod
to assay motor coordination in P10 mice because their eyes
were not yet open. Instead, we utilized three behavioural
assays that have been associated with impaired cerebellar
function in developing mice: righting reflex, negative
geotaxis and a wire-hanging test (Fig. 6) (Takahashi et al.
2009; Mocholi et al. 2011; Van Leuven et al. 2013; Zhang
et al. 2014). Both WT and SCA6%4%4Q mjce were able
to right themselves rapidly when placed on their backs
(n = 28 for WT; n = 30 for SCA6%*¥#Q mice; P = 0.67;
Fig. 6A), and showed similar negative geotaxis behaviour
(n = 28 for WT; n = 30 for SCA6%434Q mice; P = 0.62;
Fig. 6B). Furthermore, both WT and SCA63/#4Q mice
showed similar latency to fall on the wire-hanging test

Figure 5. Inhibitory input onto Purkinje

6 cells appears normal in developing
N (P10-13) SCA684Q/84Q mijce
"E’ 4 A, representative mIPSC traces from P10 WT
= 24 (top, black) and SCA684Q/84Q (bottom,
orange) Purkinje cells are shown on the left.
0/ Average mIPSCs are shown on the right. B, no
significant differences are observed between
% 40 mIPSC properties including rise time,
Py 30 frequency, decay time constant z, and
3 204 amplitude from SCA6%4Q84Q (orange) and WT
£ 04 (black) Purkinje cells (see Table 1). Not
IS significantly different (P > 0.05), Student’s
< 0+ t test; n = 8 for both WT and SCA684Q/84Q

Purkinje cells.
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(n =19 for WT; n = 21 for SCA6%Y34Q mice; P = 0.77;
Fig. 5C). Although there may be subtle motor deficits
in SCA6%¥31Q mice that could be detected with more
sensitive behavioural assays, our results suggest that the
developmental changes observed in SCA6#*34Q mice do
not produce significant changes in motor coordination,
which is consistent with human SCA6.

Recovery of circuit properties in weanling SCA634@/84Q
mouse cerebellum

Our finding that cerebellar development was altered in
SCA6%Y3Q mice without concomitant motor deficits
during development leads to the question of how long
these alterations persist. Do the cerebellar microcircuit
alterations persist throughout the lifetime prior to disease
onset, for instance, without producing a behavioural
output? We addressed this question using weanling
(P21-24) mice, an age at which much of the developmental
transitions for climbing fibre and firing properties have
matured (McKay & Turner, 2005; Watt et al. 2009;
Hashimoto & Kano, 2013). We measured spontaneous
firing properties from WT and SCA6%Q84Q p21-24

Transient early changes in late-onset ataxia 959

Purkinje cells (Fig. 7A) in cerebellar slices and found
that firing rate was not significantly different (mean
P21-24 WT frequency: 86.6 £+ 8.3 Hz, n = 35; mean
P21-24 SCA6*#Q frequency = 76.8 £ 6.1, n = 37;
not significantly different, P = 0.34; Fig. 7A and O).
Both WT and SCA6*/#Q Purkinje cells from weanling
mice fire action potentials with high precision, reflected in
both the distinct peaks of the autocorrelograms (Fig. 7B),
and the low CV and CV2 of interspike intervals, which
was also found to not be significantly different across
genotypes (WT: CV = 0.20 4 0.04, n = 35; SCA6*Q/84Q;
CV = 0.19 £ 0.04, n = 37; not significantly different,
P = 0.89, data not shown; WT: CV2 = 0.14 + 0.01,
n = 35; SCA6™Y#Q: CV2 = 0.16 £ 0.01, n = 37; not
significantly different, P = 0.32; Fig. 7D). These results
suggest that Purkinje cell firing properties were only trans-
iently perturbed during development and later recovered
so that SCA6%*Q84Q Purkinje cell firing was restored to WT
levels when the cerebellar microcircuit matures.
Interestingly, although firing frequency has been
reported to increase during development (Gruol et al.
1992; McKay & Turner, 2005; Watt et al. 2009;
Arancillo et al. 2015), we did not observe a statistically
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Figure 6. Normal cerebellar-related behaviour is observed in developing (P10-13) SCA6%4Q/84Q mijce
We used three simple motor behaviour assays to evaluate cerebellar-related behaviour during postnatal
development since more standard assays like Rotarod cannot be used before eye opening. A, no changes were
observed in the righting reflex, and both SCA684?84Q and WT mice took the same time to right when placed
on their backs (time to right, WT: 2.6 + 0.1 s, n = 28, black; SCA684/84Q: 2 5 4+ 0.1 s, n = 30, orange; not
significantly different, P = 0.67). B, a negative geotaxis assay was also used to assay cerebellar-related behaviour.
We observed no significant differences in the latency to turn so that their snout faces up when placed facing
down on a shallow incline for WT and SCA684Q84Q mice (time to turn, WT: 13.5 £ 0.7 s, n = 28; SCAG84Q/84Q;
14.0 &+ 0.7 s, n = 30; not significantly different, P = 0.62). C, we also used a wire-hanging test to assay motor
strength and cerebellar-related behaviour. Both WT and SCA684/84Q mice showed similar latencies to fall from
a wire (latency to fall, WT: 11.4 & 1.4 s, n = 19; SCA684Q/84Q: 10.9 + 1.2 s, n = 21; not significantly different,
P = 0.77). Comparisons made by Student’s t test; ns: P > 0.05.
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significant increase in WT firing frequency comparing
our developmental (P10-13) and weanling (P21-24) data
(P = 0.38, compare Figs 1C and 7C). However, Purkinje
cells from WT weanlings showed significantly enhanced
firing precision compared to earlier in development
(at P10-13), as measured by CV2 (P < 0.0001,
compare Figs 1D and 7D), which is consistent
with a recent developmental study of Purkinje cell
simple spiking regularity in vivo (Arancillo et al
2015).

Since persistent multiple climbing fibres were observed
in developing (P10-13) SCA6%¥34Q mice (Fig. 4) and
have been associated with ataxia (e.g. Offermanns et al.
1997; Shuvaev et al. 2011), we wondered whether multiple
climbing fibre innervation persisted in weanling (P21-24)
SCA6%434Q mice. To address this, we made whole-cell
recordings from Purkinje cells from weanling WT and
SCA634/#1Q mice and elicited all-or-nothing climbing
fibre responses with extracellular stimulation (Fig. 8A;

J Physiol 595.3

see Fig. 3A and Methods for further information). We
found that the majority of WT Purkinje cells were now
mono-innervated (18/25 or 72% of neurons), although
with a significant fraction, 7/25 or 28% of cells, innervated
by two climbing fibres (Fig. 8B). Similarly, we found
that weanling SCA6*Q#4Q Purkinje cells showed the
same pattern of climbing fibre innervation as WT (19/27
SCA6YYU4Q (cells or 70% were mono-innervated, and
8/27 or 30% were innervated by two climbing fibres,
not significantly different from control, Mann—Whitney
U test, P = 0.79; Fig. 8B). There were furthermore
no significant changes observed in SCA6*/#Q synaptic
properties including the maximal and minimal amplitudes
of EPSCs, rise time and decay time constant (Table 2).
These results are in contrast to multiple climbing fibre
innervation observed in SCA1 that is present both during
development and also persists into weanling ages, although
ataxic symptoms are evident in these SCA1 mice as early
as 3 weeks old (Ebner et al. 2013).
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Figure 7. Purkinje cell firing properties recovered in weanling SCA684?/84Q mice

A, top, recordings were made from Purkinje cells from mouse cerebellar slices from weanlings (P21-24). Sample
recordings from WT (middle, black) and SCA634Q/84Q pyrkinje cells (bottom, orange). B, auto-correlograms from
spike trains from representative neurons show that both WT (top, black) and SCA684/84Q (orange, bottom)
Purkinje cells display highly regular firing patterns in weanlings. C, no significant changes are observed in the
firing frequencies in WT and SCA684?84Q pyrkinje cells (P = 0.34). D, spike regularity, as measured by CV2, is
unchanged in WT and SCA684Q/84Q pyrkinje cells (P = 0.32). Comparisons made by Student’s t test; ns: P > 0.05.
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These results demonstrate that the developmental
alterations in firing rate and climbing fibre innervation in
developing SCA634/#4Q mice were recovered by weanling
age (P21-24), suggesting that cerebellar-related behaviour
was likely to be unaffected as well. To test this, we
assayed cerebellar-related performance using a standard
accelerating Rotarod assay over successive trial days,
since we have found this is the most sensitive assay for
motor coordination deficits in older SCA6%/#Q mice
(Fig. 9A) (Jayabal et al. 2015). We found that, as expected,
SCA633Q mice showed a day-on-day improvement of
performance that was indistinguishable from WT mice
(no significant differences between WT and SCA6%4/84Q
mice with time to fall on the rod on any days, n = 10 for
both WT and SCA6%¥34Q weanlings on day 4: P = 0.77;
Fig. 9B).

Discussion

In this study, we report transient developmental
abnormalities in the cerebellum in a mouse model of
SCA6. We observe that firing rate and precision are
increased in SCA6%?/#Q Puyrkinje cells during post-
natal development, contrary to changes occurring later
when disease symptoms are observed (Mark et al. 2015;
Jayabal et al. 2016). Changes in the excitatory climbing
fibre input were also observed in developing (P10-13)
SCA6%4Q84Q mice, while no changes were observed for
inhibitory synaptic inputs. Interestingly, these alterations
in intrinsic spiking properties and excitatory inputs during
development were not accompanied by detectable changes
in cerebellar-related motor behaviour, in keeping with
observations that children have normal motor behaviour
prior to SCA6 onset. Finally, we found that these changes
were transient, and had recovered in weanlings (P21-24)
when the bulk of cerebellar development has already
occurred (McKay & Turner, 2005; van Welie et al.
2011; Hashimoto & Kano, 2013; White & Sillitoe, 2013).
These findings demonstrate that alterations in brain

Figure 8. Climbing fibre innervation onto

Purkinje cells has recovered in weanling

SCAG%4Q/84Q mjce

A, top, recordings were made from Purkinje cells from

cerebellar slices from weanling (P21-24) mice. Bottom, ——
sample recordings showing only 1 climbing fibre
innervating both P22 WT (left) and SCA634Q/84Q (right)
Purkinje cells. Properties of EPSCs were not
significantly different (see Table 2). B, bar graph
showing distribution of Purkinje cells from WT (black)
and SCA684Q/84Q (orange) mice that are innervated by
1, 2, 3, or more climbing fibres (CF). Most WT and
SCAB84Q/84Q pyrkinje cells are innervated by 1
climbing fibre; distributions not significantly different;
Mann-Whitney U test, P = 0.79.
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development in disease models do not necessarily give
rise to behavioural abnormalities, and also may exist only
transiently during development.

Purkinje cell firing is affected in several mouse models of
ataxias, including EA2 (Walter et al. 2006), SCA1 (Hourez
et al. 2011; Dell’Orco et al. 2015), SCA2 (Kasumu et al.
2012; Hansen et al. 2013), SCA3 (Shakkottai et al. 2011),
and SCA6 (Mark et al. 2015; Jayabal et al. 2016). However,
the changes associated with ataxia tend to manifest as
reduced firing rates (Hourez et al. 2011; Hansen et al.
2013), reduced firing precision (Walter et al. 2006; Mark
et al. 2015), or both (Jayabal et al. 2016). It is surprising
then to observe enhancement of both firing rate and
precision in developing Purkinje cells from pre-motor
symptom SCA6%¥#Q mice since these changes are in
the opposite direction of firing changes at disease onset
(Jayabal et al. 2016), and suggest that the mechanistic
underpinnings of these changes is likely to be distinct from
that seen at disease onset.

The changes we observe during development in
SCA6%Y#Q mice were in fact somewhat counter-
intuitive: increases in firing rate and precision suggest an
enhancement of Purkinje cell maturation, and perhaps
heightened function, since such changes have not been
shown to be associated with disease in the past, while
persistent multi-climbing fibre innervation suggests a
late maturation of Purkinje cells, and suggests impaired
function, although we detected no impairment of motor
behaviour. Although the heterogeneous nature of these
developmental alterations may simply reflect that the
changes are unrelated to each other, it is possible that
they are linked. For instance, perhaps Purkinje cells
respond to persistent climbing fibre innervation, which
is deleterious in adult mice as it is often associated with
ataxic-like symptoms (e.g. Offermanns et al. 1997), by
enhancing the firing rate and regularity of Purkinje cells
to restore normal climbing fibre properties and thus
promote normal circuit function. Alternatively, altered
climbing fibre elimination might arise due to changes

B
Weanling mice
//—a{“" 1004 WEWT (n=25)]ns
H - SCA684Q/84Q (n = 28)

*-ﬁ*’fﬁ;& = e 90
» 60 -

SCA684Q/84Q g
3?2 40

m
; ﬂ =)
o
U 0 T T T L 1

20 ms

20ms” CF  3CF =24CF
No. of CF detected




962 S. Jayabal and others

J Physiol 595.3

Table 2. Synaptic properties for climbing fibres recorded from Purkinje cells in weanling (P21-24) mice

Weanling (P21-24) Purkinje cell synaptic properties

CF-EPSC rise time (ms)

CF-EPSC t decay (ms)

CF max. amplitude (nA)

CF disparity index

CF disparity ratio

n for CF data (subset of cells analysed for disparity)?®

Condition
WT SCA684Q/84Q P
0.42 + 0.004 0.42 + 0.003 0.80
10.32 £ 0.05 10.33 £ 0.04 0.92
1.85 4+ 0.08 1.92 + 0.07 0.54
1.35 + 0.02 1.36 &+ 0.01 0.68
0.058 + 0.020 0.044 + 0.010 0.56
25 (7) 27 (8)

Mean + SEM is shown for each condition, and the P value for a Student’s t test comparison is shown. ?Only the subset of
multiply-innervated climbing fibres can be analysed for the Disparity index and ratio, and the n for this analysis is indicated in

the parentheses.

in Purkinje cell firing properties; for example, changes
in activity-dependent synaptic plasticity at climbing fibre
synapses (Bosman & Konnerth, 2009), which critically
depend on the precise timing of postsynaptic action
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Figure 9. Cerebellar-related motor coordination is normal in
weanling (P21-24) SCA6%4?/84Q mice

A, schematic diagram illustrating Rotarod assay. B, motor
performance of weanlings in an accelerating Rotarod assay
conducted in 4 trials (T1-T4) over 4 days of testing (D1-D4) is
indistinguishable between WT (black circles) and SCA684Q/84Q mice
(orange squares, day 4, WT: 73.75 + 9.83 s, n = 10; SCAG84Q/84Q:
77.90 £ 10.77 s, n = 10, Student’s t test, P = 0.77).

potentials, might result in surplus climbing fibres. A
deeper understanding of the regulatory sequence of events
during development in the SCA6 brain may help uncover
key regulatory processes that will inform us about normal
development as well.

What can we understand from our observation that
the changes in the cerebellar circuit during the second
postnatal week in SCA6**?%Q mice do not produce
detectable changes in motor coordination? One possible
implication from this data is that the cerebellum may
not shape motor behaviour at this age, perhaps due to
immature wiring downstream of the cerebellar cortex,
such as the deep cerebellar nuclei (DCN). Although
immunocytochemistry suggests that Purkinje cell-DCN
neuron synapses are present by the second postnatal
week of development (Garin & Escher, 2001), to our
knowledge it is unknown whether developing Purkinje
cell-DCN neuron synapses are functional. A recent study
by Alvina et al. (2016) found that DCN neurons have
remarkably different intrinsic properties from developing
mice compared to adult mice, showing that this brain
region is likely to undergo dramatic functional changes
over the course of development. Further studies of,
for example, the development of DCN connectivity,
may help to clarify the extent of cerebellar involvement
in behaviour during postnatal development. However,
alterations in development without an associated
detectable behavioural change are frequently observed
(e.g. Erickson et al. 2007; Posner et al. 2013; Peixoto
et al. 2016) suggesting that the nervous system may have
multiple compensatory mechanisms for developmental
alterations.

Could developmental changes like the ones we observe
contribute to the pathophysiology of SCA6? A recent study
from Mark et al. (2015) shows that overexpressing the
pathological «1ACT fragment in adult mice can lead to
ataxic symptoms, arguing that developmental changes are
not necessary for later ataxic symptoms. However, even if
not strictly required for ataxia, SCA6 is a genetic disease

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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where the mutated gene is present since conception,
meaning that developmental changes may be relevant to
understanding its pathophysiology. Indeed, characterizing
developmental changes that occur prior to disease onset
may help unravel the changes giving rise to disease
symptoms from changes in the cerebellum that do not
contribute to pathophysiology.

Often, when changes in brain circuits occur prior
to the onset of disease-related behavioural symptoms,
they represent a mild initial stage of disease that will
progressively worsen over time (e.g. Bibb et al 2000;
Tang et al. 2010; Dougherty et al. 2012; Hansen et al.
2013). The results reported here are distinct from such
mechanisms, since we observe changes in firing precision
and rate that are the opposite to those observed when
ataxic symptoms are present (Mark et al. 2015; Jayabal
et al. 2016). Interestingly, a recent study has identified
developmental alterations in basal ganglia circuits in a
mouse model of autism that are both transient and the
opposite of changes observed in the adult: developing
basal ganglia neurons exhibit enhanced excitatory synaptic
drive, while adult neurons show reduced drive (Peixoto
et al. 2016). This study, combined with results presented
here, hints that transient developmental abnormalities in
disease models that differ from changes seen in adult mice
during a disease state might occur more commonly than
hitherto appreciated.

Our data from weanling mice suggest that circuit
function is rapidly restored during development, and
the cerebellum functions normally. Whether this persists
into adulthood remains to be seen, since there are
likely to be developmental changes still taking place at
the weanling age. Thus, the normal synaptic and firing
properties we observe in weanlings may not persist
into adulthood. Furthermore, even if normal circuit
function persists, it is possible, nonetheless, that there are
changes in weanling mice that we did not detect, such
as changes in ion channel density or calcium dynamics
in the cell. Recent computational modelling of a simple
brain circuit suggests that homeostatic regulation of ion
channels may contribute to pathological loss of function
in temporally complex manners: a circuit may adapt to
an initial insult, but later this homeostatic compensation
can itself become pathological (O’Leary et al. 2014). It
will be of interest to determine whether or not such
homeostatic adaptation occurs in the SCA6 brain. Inter-
estingly, homeostatic adaptations just prior to disease
onset have been observed in a mouse model of SCAl
(Dell’Orco et al. 2015), suggesting that such mechanisms
may function in ataxias. A deeper understanding of
cerebellar circuits in the SCA6 brain both before and
after motor coordination deficits are observed will help
us unravel the complex pathophysiology underlying
SCAe.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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