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ABSTRACT

Mutations in the CACNAIA gene are associated with neurological disorders, such
as ataxia, hemiplegic migraine, and epilepsy. These mutations can be categorized by
their effects on Ca**-channel function as either loss- or gain-of-function mutations.
While recent evidence demonstrates that loss-of-function mutations decrease the
regularity of cerebellar Purkinje cell activity and thereby induce cerebellar ataxia, it
is unknown how gain-of-function mutations induce ataxia. Using gain-of-function
Cacnala®"®" knockin mice, we show that both synaptic connectivity and transmission
between granule cells and Purkinje cells are increased. Additionally, Cacnala®*'s"
Purkinje cells show hyperexcitable action potentials and dendritic Ca**-spike firing,
which deregulates their spontaneous firing pattern and can be counteracted by Ca**-
dependent K*-channel activators. Our findings illustrate the underlying mechanisms of
ataxia with gain-of-function mutations, which are surprisingly similar to those seen in
loss-of-function Cacnala mutants. This commonality reveals the existence of a narrow
window for optimal Ca?*-homeostasis: sufficiently increased or decreased Ca**-influx
induces ataxia.



INTRODUCTION

Since the entry of Ca**-ions via voltage-gated Ca?*-channels (VGCCs) controls crucial
processes in mammalian neurons, such as neurotransmitter release, synaptic plasticity,
and membrane excitability, mutations that affect VGCC functioning are likely to have
severe effects (as reviewed by Catterall et al., 2008). For instance, mutations in the
CACNAIA gene, which encodes the a,, subunit of Ca 2.1 (P/Q-type) VGCCs, are
associated with various neurological disorders, including ataxia, hemiplegic migraine,
and epilepsy (Vahedi et al., 1995; von Brederlow et al., 1995; Ophoff et al., 1996; Imbrici
et al., 2005).

Mutations in Ca, 2.1 channels can be divided into gain- and loss-of-function mutations,
depending on whether the mutation increases or decreases channel function,
respectively. Recent studies suggested a clear division in phenotypes induced by
loss-of-function and gain-of-function mutations. Gain-of-function mutations in the
CACNAIA gene are linked to familial hemiplegic migraine type 1 (FHM1) (van den
Maagdenberg et al., 2004; Tottene et al., 2005; Catterall et al., 2008), whereas hereditary
forms of ataxia induced by mutations in the CACNA 1A gene, like episodic ataxia type
2 (Ophoff et al., 1996; Zhuchenko et al., 1997), are currently known as the result of
loss-of-function mutations. Studies of natural mouse mutants bearing mutations in
the orthologous mouse Cacnala gene, such as tottering, leaner, and rolling Nagoya
mice (Fletcher et al., 1996; Mori et al., 2000), revealed that loss-of-function mutations
consistently induce altered connectivity and transmission at the parallel fiber-Purkinje
cell (PE-PC) synapse, as well as irregular Purkinje cell activity (Wakamori et al., 1998;
Rhyu et al., 1999a; Matsushita et al., 2002; Hoebeek et al., 2005; Walter et al., 2006).
These aberrations have been shown to disturb the information processing in the
cerebellar cortex (Hoebeek et al., 2005) and therefore are considered true hallmarks of
cerebellar ataxia.

Although it is clear that inadequate Ca**-influx, as found in loss-of-function Cacnala
mutants, can induce both developmental and electrophysiological aberrations that
eventually lead to ataxia, it remains to be elucidated why FHM1 patients with the gain-
of-function S218L mutation in the Cacnala gene are ataxic (Kors et al., 2001). In order
to reveal the underlying mechanism of ataxia, we performed a detailed morphological
and electrophysiological analysis of Cacnala®'®" knockin mice (van den Maagdenberg
etal., 2010). Our results show that both synaptic connectivity and transmission between
granule cells and Purkinje cells are enhanced and that Purkinje cells show distinct signs
of hyperexcitability, which together induce irregular Purkinje cell firing and can be
counteracted by the activation of Ca?*-dependent K*-channels. Thus, our data reveal
not only key cerebellar hallmarks of ataxia in the Cacnala®'®" gain-of-function mouse
model that resemble those in loss-of-function Cacnala mutants, but also a striking
similarity in the counteractive pathway.



EXPERIMENTAL PROCEDURES

Animals

Forty-two homozygous Cacnala®'"*" mice and 45 wild-type littermates (both genders)
ranging from postnatal day (P) 5 to 3 months old were used in the experiments.
Animals were maintained at 22 + 2°C with 12hrs dark and light cycle and were provided
with food and water ad libitum. All studies were performed in accordance with the
guidelines of the respective universities and national legislation.

Immunohistochemistry

Four 2-month-old Cacnala®'®" mice and four wild-type littermates were anaesthetized
with Nembutal (50 mg/kg i.p.) and perfused transcardially with 50 ml phosphate-
buffered saline (PBS) (pH 7.4) containing 4% paraformaldehyde. The cerebellum
was carefully removed and post-fixed in fresh fixative for 2hrs at room temperature.
Sixty-um thick parasagittal sections were sliced with a cryotome (Leica, Wetzlar,
Germany), collected in 0.1 M PBS and rinsed in 50 mM PBS. Free-floating slices
were blocked with 10% normal horse serum (NHS) and 0.5% Triton-X100 for 1h
and incubated with rabbit anti-calbindin D-28K antibody (1:10,000, Sigma-Aldrich,
Zwijndrecht, Netherlands), diluted in PBS with 2% NHS and 0.5% Triton-X100 for
72hrs. Subsequently, slices were incubated with biotinylated goat-anti-rabbit secondary
antibody (1:200; Vector Laboratories, Burlingame, CA) for 1.5hrs and followed by a
1.5h incubation with avidin-biotinylated horseradish peroxidase complex (ABC-HRP,
Vector Laboratories). Sections were rinsed in 0.1 M phosphate buffer and visualized
with 0.05% 3,3-diaminobenzidine tetrahydrochloride. After rinsing in 0.1 M PBS, the
slices were mounted and counterstained using Nissl staining.

Electron microscopy

Four 2-month-old Cacnala®'*" mice and four wild-type littermates were anaesthetized
with Nembutal (50 mg/kg i.p.) and perfused transcardially with 50 ml 0.12 M
phosphate buffer (pH 7.4) containing 4% paraformaldehyde and 0.2% glutaraldehyde.
Next, cerebella were cut into 80-100 um sections using a vibratome (Technical Products
International, St. Louis, MO) and collected in 0.12 M phosphate buffer. Sections were
post-fixed in 1% osmium tetroxide, stained with 1% uranyl acetate, dehydrated, and
embedded in Araldite (Durcupan ACM, Fluka, Germany). Ultrathin (50-70 nm)
sections were then cut using an ultramicrotome (Leica), mounted on Formvar-coated
copper grids, contrasted with 2% uranyl acetate and 1% lead citrate (Fluka), and
analyzed using a CM100 electron microscope (Philips, Eindhoven, The Netherlands).
Electron micrographs were collected with a CCD-camera (Megaview II, Olympus Soft
Imaging System, Munster, Germany) and analyzed with AnalySIS (Olympus Soft Imaging
System) and MetaVue (Universal Imaging Corp., San Francisco, CA) image processing
software. To estimate the average numbers of Purkinje cell spines and parallel fiber



varicosities, 25 images of the most distal 1/3 of the molecular layer were collected per
animal at 13,500x. PF-PC synapses were recognized as asymmetrical contacts with
loosely clustered spherical synaptic vesicles in PF varicosities and clear postsynaptic
density structures in Purkinje cell spines. CF-PC synapses were identified by their more
proximal location and high number of tightly compacted vesicles. The morphology of
parallel fiber varicosities and Purkinje cell spines was analyzed at 19,000x. To verify
the percentage of parallel fiber varicosities that contact multiple Purkinje cell spines,
1000 synaptic contacts per genotype were quantified. To quantify the dimensions of the
PF varicosity and dendritic spines > 50 structures per animal were used. The Purkinje
cell spine length was calculated by measuring the distance between the tip of the spine
head and the base of the spine neck. Electron micrograph analysis was performed by
averaging per animal and then by genotype. Data are represented as mean + S.E.M.

Slice preparation for electrophysiology

Thirty-four Cacnala®"* mutants and 37 wild-type littermates of various ages (see
below) were decapitated under isoflurane anesthesia. Subsequently, the cerebellum
was removed and transferred into ice-cold slicing medium that contains (in mM):
240 sucrose, 5 KCl, 1.25 Na,HPO, 2 MgSO,, 1 CaCl,, 26 NaHCO, and 10 D-glucose,
bubbled with 95% O, and 5% CO,. Parasagittal slices (200 or 250 um thick) of the
cerebellar vermis were cut using a vibratome (VT1000S, Leica) and kept in ACSF
containing (in mM): 124 NaCl, 5 KCl, 1.25 Na, HPO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,
and 20 D-glucose, bubbled with 95% O, and 5% CO, for > 1h at 34 °C before the
experiments started. All chemicals were obtained from Sigma-Aldrich.

Whole-cell electrophysiology

Experiments were performed with a constant flow of oxygenated ACSF (2.5-3.0
ml/min). Purkinje cells were visualized using an upright microscope (Axioskop 2
ES plus, Carl Zeiss, Jena, Germany) equipped with a 40x water immersion objective.
Patch-clamp recordings were performed using an EPC-10 amplifier (HEKA Electronics,
Lambrecht, Germany). Voltage clamp recordings were performed at room temperature
whereas current clamp and loose cell-attached recordings were performed at 35 + 1°C.

Parallel fiber response

Four 2- to 3-month-old Cacnala®'® mutants and five wild-type littermates were used
to record Purkinje cell responses to PF stimulation. The resistances of borosilicate
patch pipettes ranged from 2.8 to 3.5 MQ when filled with intracellular solution
containing (in mM): 70 Cs-Methalsulfonate, 80 CsCl, 2 MgCl,, 1 EGTA, 10 HEPES, 4
Na, ATP and 0.4 Na,GTP (pH 7.3). Membrane potentials were clamped at -70 mV with
holding currents ranging from -100 to -200 pA. A voltage step of -10 mV was applied
following each stimulus to monitor series and input resistances. Cells were discarded
if the input resistance was < 150 MQ or when series and/or input resistance shifted



more than 15% during the recording. To evoke PF-mediated excitatory postsynaptic
currents (PF-EPSCs), patch pipettes filled with ACSF were placed in the most distal
1/3 of the molecular layer adjacent to the patched Purkinje cells at the same distance
and orientation. To assess the stimulus intensity-EPSC output (input-output) ratio
consistently, only Purkinje cells with similar dendritic arborization (based on the width
of molecular layer) were selected. To elicit paired-pulse facilitation, two consecutive
stimuli were given with 25-500 ms inter-stimulus intervals. PF-EPSC kinetics were
characterized by calculating the 10-90% rise time and 1, using a single exponential
fit (IGOR pro, Wavemetrics, Portland, OR) of averaged (4-6 subsequent) PF-EPSCs
recorded in response to stimuli of 10 pA.

Estimation of VGCC subtypes that contribute to neurotransmitter release at PF-PC synapse

Four 2- to 3-month-old Cacnala®"® mutants and four wild-type littermates were
used to estimate the EPSC fractions controlled by different VGCC subtypes. N-type
blocker w-Conotoxin GVIA (w-CgTx) and P/Q-type blocker w-Agatoxin-IVA
(w-Aga-IVA) were bath-applied after stable baseline EPSCs were obtained. Reductions
of relative EPSCs were taken as functional indications after each blocker was applied.
Both w-CgTx and w-Aga-IVA were obtained from Peptide Institute (Osaka, Japan).
Stock solutions were prepared in ACSF in the presence of 1 mg/ml cytochrome C to
minimize nonspecific binding. Stock solutions (0.1 mM concentrations) were stored
at -20°C and used within two weeks. w-CgTx and w-Aga-IVA stocks were diluted in
ACSF supplemented with 0.1 mg/ml cytochrome C, yielding final concentrations of
3 uM w-CgTx and 0.2 uM w-Aga-IVA.

(limbing fiber response

To minimize space-clamp error, young animals (6 Cacnala®*'*" mutants and 6 wild-type
littermates) ranging from P16 to P21 were used (Llano et al., 1991). Additionally, to
avoid Na*-spikes, we included 5 mM QX-314 in the Cs*-based intracellular solution.
To standardize the driving force, we continuously clamped the membrane potential
at -20 mV from the reversal potential. Only cells with a low initial series resistance of
8-12 MQ) and a series resistance that was compensated for > 70% were included in the
study. Reversal potentials were measured before and after experiments and cells were
excluded if the reversal potential shifted > 3 mV. Stimulation electrodes were placed in
the granule cell layer surrounding the Purkinje cell somata. We checked for Purkinje
cells innervated by multiple climbing fibers by gradually increasing the stimulus
intensity while recording CF-EPSCs. Purkinje cells that responded with a stepwise
increase of CF-EPSC amplitude were considered to be innervated by multiple climbing
fibers (Hansel et al, 2006) and were excluded from further analysis. Paired-pulse
depression was measured using two stimulation pulses with inter-stimulus intervals
ranging from 50 to 800 ms. CF-EPSC kinetics where characterized by calculating
the 10-90% rise time and the single-exponential T, of averaged (4-6 consecutive)
CF-EPSCs (IGOR pro, Wavemetrics, Inc., Portland, OR).



(a**-current in Purkinje cells

Whole-cell Ca?*-currents were recorded in Purkinje cells from four Cacnala®'*" mutant
and four wild-type P5 animals using an intracellular solution containing (in mM)
100 Cs-Methalsulfonate, 2 MgClz, 20 TEA, 10 EGTA, 5 QX-314, 10 HEPES, 10 Na-
Phosphocreatine, 4 Na ATP, and 0.4 Na,GTP (pH 7.3). Additionally, 1 pM TTX and 2.5
mM 4-AP were added extracellularly. The series resistance was compensated for > 70%
and leak and capacitive currents were subtracted by the -P/4 method. Cells were discarded
when the holding current at -80 mV exceeded -200 pA. Ca?** currents were obtained
by 50 ms depolarizing pulses to various membrane potentials ranging between -80 and
+40 mV at 5 mV increments. Current-voltage (I-V) curves were obtained only from cells
with a voltage error of < 5 mV and without any signs of inadequate voltage-clamp as
measured by notch-like current discontinuities and slow components in the decay of
capacitative currents (in response to hyperpolarizing pulses). The current density was
calculated by dividing the current amplitude by the cells capacitance. We considered
currents > 3 SD from the average holding current to be detectable currents.

Purkinje cell spontaneous activity and current clamp recording

The Purkinje cell spiking activity was recorded in loose cell-attached configuration
with patch pipettes (diameter 2-3 pum) filled with ACSE Eight 2- to 3-month-old

Cacnala®""

mutants and 10 wild-type littermates were used in this experiment.
Spontaneous activity was observed as fast current deflections of -100 to -200 pA.
Analysis of the regularity of spiking and the frequency was performed with MATLAB
(Mathworks) and Excel (Microsoft) using the first 5,000 spikes recorded from each cell.
The regularity of firing was calculated using the second coefficient of variance (CV2),
to quantify the instantaneous regularity of firing (CV2 = 2|ISI_  ~ISI |/(ISI_ +ISI ))
(Holt et al., 1996). Autocorrelograms of ISIs were generated using a 1 ms bin width as

previously described (Hoebeek et al., 2005) using custom-made MATLAB scripts.

For current clamp experiments, an intracellular solution containing (in mM) 120
K-gluconate, 9 KCl, 10 KOH, 3.48 MgCl,, 4 NaCl, 10 HEPES, 4 Na, ATP, 0.4 Na,GTP
and 17.5 sucrose (pH 7.25) was used. Purkinje cells from eight 2- to 3-month-old

Cacnala'%"

mutant and eight wild-type animals were held at -65 to -70 mV using -400
to -500 pA current injection to avoid spontaneous spiking activity. To study the effects
of PF input on Purkinje cell spiking patterns, holding current injections were cancelled
to allow spontaneous firing. For current injection experiments, after obtaining stable
holding potentials, spiking patterns were elicited by injection of depolarizing currents

ranging from 100 to 1000 pA (relative to the holding current).

Computational modeling

Mechanisms of dendritic calcium spikes were simulated in a single-compartment
model of an isolated piece of Purkinje cell dendrite, using the NEURON environment
(For details see supplemental experimental procedures).



Statistics

Statistical comparison between Cacnala®*'*"

mutants and wild-type littermates was
performed using paired or unpaired two-tailed Student’s t-test, with p < 0.05 defining a
significant difference. Summarized data are represented as mean + S.E.M.

RESULTS

Normal cerebellar structure but increased connectivity at CacnaTa**'® PF-PC synapse

Given the widespread and dense expression of the Cacnala gene in the rodent
cerebellum (Fletcher et al., 1996; Kulik et al., 2004), we first quantified to what extent
the gross morphology of the cerebellum is affected by the S218L mutation. Parasagittal

$28L mice showed a normal cerebellar structure

slices taken from 2-month-old Cacnala
with no change in the foliation or organization of molecular, Purkinje cell, and
granular layers (Fig. 1A-D). Also neither the estimated volume of the cerebellum nor
the numbers of Purkinje cells of Cacnala®'® mutants was significantly different from
those in wild-type mice (Supplementary table 1). Still, we can not rule out that the
S218L mutation affects synaptic morphology, as ultrastructural aberrations of PF-PC
synapses have been a consistent finding in loss-of-function Cacnala mutants (Rhyu
et al., 1999a). Therefore, we performed a detailed morphological study of the PF-PC
synapse using electron microscopy and found that in both wild-type (c.f. Fig. 1E) and
Cacnala®'®-(c.f. Fig. 1F)tissue, PF-PC synapses appeared as asymmetrical contacts with
loosely clustered spherical synaptic vesicles in PF varicosities and clear postsynaptic
density structures in Purkinje cell spines. Both the density and dimensions of the PF
varicosities and Purkinje cell spines in Cacnala®'® mutants were not significantly
different from those in wild-type animals (Supplementary table 1). However, single
PF varicosities contacted multiple Purkinje cell spines significantly more frequently
in Cacnala®"® mutants than in wild-type mice (p < 0.001) (Fig. I1G, H). These results
show that although there are no significant differences in the gross morphology of the
cerebellar cortex of Cacnala®"" mutants, an increased number of their PF varicosities

contact multiple Purkinje cell spines.

Increased synaptic transmission at Cacna1a*?® PF-PC synapse

Given the increased synaptic connectivity between PFs and Purkinje cell spines, we
measured the synaptic transmission at the PF-PC synapse by recording EPSCs in
Purkinje cells in response to PF stimulation at geometrically determined locations
in the molecular layer (c.f. Experimental Procedures). Systematically increasing the
stimulus intensity yielded essentially linear input-output curves for both Cacnala®*'*"
and wild-type synapses; however, with increasing stimulus intensity (> 8 pA) EPSCs
were progressively larger in Cacnala®™'®" than in wild-type Purkinje cells (all p < 0.05)

(Fig. 2A). In fact, at the maximum stimulus intensity tested (20 pA), the PF-EPSCs
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Figure 1. No change in gross cerebellar structure, but increased connectivity at PF-PC synapse in Cac-
nala®'®" mice. (A, B) Overview of anti-calbindin D-28k and Nissl-stained mid-sagittal cerebellar sections
from wild-type and Cacnala™"" animals (scale bars: 500 um). (C, D) High magnification of anti-calbindin,
and Nissl-stained Purkinje cells in wild-type and Cacnala®'*" cerebellum (scale bars: 50 um), ML - molecular
laye; PL - Purkinje cell layer; GL - granule cell layer. (E, F) Electron micrographs of distal PF-PC synapses.
Triangles indicate the parallel fiber varicosity, asterisks indicate Purkinje cell spines (scale bars: 0.3 um). (G)
Multiple synaptic contacts between a single parallel fiber varicosity and three Purkinje cell dendritic spines
(scale bar: 0.3 um). (H) Percentages of parallel fiber varicosities that contact multiple Purkinje cell spines in
wild-type mice (N = 3) and Cacnala®** mutants (N = 3). Asterisks indicate significant difference (indicated
in the results section). See also Supplementary table 1.
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in Cacnala*'®"

mutants were ~30% larger than in wild-type, whereas the kinetics
of the PF-EPSCs showed no significant differences between Cacnala®® and wild-
type (p = 0.2 for 10-90% rise time value and p = 0.3 for decay time constant (t,,_ ))
(Supplementary fig. 1A). These data indicate that the efficacy of synaptic transmission

between granule cells and Purkinje cells in Cacnala®'®" mutants is enhanced.

S218L mutants is

To investigate whether the increased synaptic transmission in Cacnala
solely due to the increased synaptic connectivity between granule cellsand Purkinje cells,
we separately studied the presynaptic component of the PF-PC synaptic transmission.
First, we recorded the paired-pulse ratio between two successive PF-EPSCs, which
is a facilitation of the second PF-EPSC and reflects the increased efficacy of vesicle
release due to residual free Ca**-ions in the PF terminal. At inter-stimulus intervals
of 25-100 ms the paired-pulse facilitation in Cacnala®'*:
than in wild-type mice (all p < 0.001) (Fig. 2B). Second, we applied channel-specific
Ca?*-channel blockers to study the effects of the S218L mutation on neurotransmitter
release mediated by Ca 2.2 (N-type) and Ca 2.1 (P/Q-type) VGCCs, which together
mediate the bulk of neurotransmitter release from PFs. The contribution of N-type
channels was measured by bath application of the N-type specific blocker w-Conotoxin
GVIA (w-CgTx). We found that N-type channels have a smaller contribution to EPSC
amplitude in Cacnala®'®" mutants (p = 0.004) (Fig. 2C). Subsequent bath-application
of the P/Q-type specific blocker w-Agatoxin IVA (w-Aga-IVA) further reduced the
PE-EPSC amplitude in both wild-type mice and Cacnala®'®" mutants to equal residual
currents (p = 0.8). The residual currents were similar to when w-Aga-IVA was applied
without w-CgTx in the bath (p= 0.7). Thus, although the effect of blocking P/Q-type-
mediated presynaptic Ca**-influx on PF-PC synaptic transmission is not increased in
281 mutants, we observed a possibly compensatory decrease in the percentage
of N-type-mediated neurotransmitter release. Together these data indicate that the
S218L mutation enhances the release of neurotransmitter from PFs, which along with
the increased synaptic connectivity is likely to enhance the input that Purkinje cells
receive from granule cells.

was significantly smaller

Cacnala

No increase in synaptic transmission at Cacna7a*"™® climbing fiber—Purkinje cell synapse

Since Ca, 2.1 VGCCs also mediate the transmission at the climbing fiber-Purkinje cell
(CF-PC) synapse (Regehr and Mintz, 1994), we compared the Purkinje cell response
218 mutants and found typical all-or-none responses with
amplitudes and rise time values similar to those in wild-type littermates (p > 0.2), but
a faster T, (p = 0.02) (Fig. 2D & Supplementary fig. 1B). In order to clarify whether
the S218L mutation altered the release probability at the CF synapse, we compared
the response to double CF stimulations with inter-stimulus intervals ranging from
50 to 800ms. Such stimuli elicited similar paired-pulse ratios of CF-EPSCs in both
28 mutants and wild-type littermates (all p > 0.2) (Fig. 2E), which indicated

that, overall, the CF input to Purkinje cells is preserved in Cacnala®'s:

to CF activation in Cacnala

Cacnala
mutant mice.



>
o)

% 3
-800 287 ———
—~ 2 WT'\/‘(‘
< o WT © 261 @
S 600 é : L
o ¢ s218L ¢, 0 $ 22 s218L V7~
D -400 ® 4 El °
o ) 1.8 e ©
ul 8o ® o?
N 200 o ® L., 8 g
° 5 8
0+—8— v . . ol 4
0 5 10 15 20 0 100 200 300
Stimulus intensity (uA) Paired-pulse interval (ms)
—_ -CgT: -Aga-IVA o wr
: W9X ] 407 W S218L 100 F
R N X <<
o 100 PR s =5
(%] i - wn 5T o c
o S E * <3
= 882 50 3 g
3 50 «WT (a3 £ o
N 8E %2
N > & 2
o] 39 QF
E 32
5 of 0 0o °¢g
pd 0
o 100 -— 210
] © 9
R75 &« 08 g @ 8 8
%)
Z0 —oWT 20618 wr
S [ 50 g L
E " ---05218L - 04
[0
EC2s Lo2 8218LW
@) / &
0+ o4
0 -1 2 3 4 5 0 200 400 600 800
CF-EPSC (nA) Paired-pulse interval (ms)

Figure 2. Increased synaptic transmission at PF-PC, but not CF-PC synapses. (A) Mean PF-EPSC ampli-
tudes of wild-type (open circles, n = 8) and Cacnala®'*" (solid circles, n = 10) Purkinje cells in response to
increasing stimulus intensities. (B) Paired-pulse ratios (second EPSC/first EPSC) of PF-EPSCs with various
paired stimulation intervals (25-300 ms) from wild-type (open circles, n = 8) and Cacnala®*'®" (solid circles,
n = 8) Purkinje cells. Insets show representative paired PF-EPSCs with 50 ms inter-stimulus interval (scale
bar: vertical 300 pA, horizontal 30 ms). (C) Left: Representative examples of the time course of PF-EPSC
amplitudes of WT (grey triangle) and Cacnala®'®" (black dots) Purkinje cells during the subsequent applica-
tion of 3 uM w-Conotoxin-GVIA (w-CgTx) and 0.2 uM w-Agatoxin-IVA (w-Aga-IVA). The PF-EPSC ampli-
tudes before toxin application were normalized to 100%. Insets represent example EPSC traces taken from
indicated time points (scale bars: vertical 200 pA, horizontal 20 ms). Right: Summarized toxin-sensitive
PF-EPSC components. (D) Dots indicate mean CF-EPSC amplitudes collected from wild-type (n = 21) and
Cacnala®"*" (n = 20) Purkinje cells. Lines indicate cumulative charts of CF-EPSC amplitude distributions of
WT (continuous line) and Cacnala®'®" (dashed line) Purkinje cells. (E) Paired-pulse ratios (second EPSC
/ first EPSC) of CF-EPSC with various stimulation intervals (50 - 800 ms) from wild-type (n = 23) and
Cacnala®*" (n = 21) Purkinje cells. Insets show single CF-EPSC traces evoked by double CF stimulations
with 50 ms inter-stimulus interval from wild-type and Cacnala®'®' Purkinje cells (scale bars: vertical 1 nA,
horizontal 20 ms). Asterisk indicates significant difference. See also Supplementary figure 1.



Altered Ca**-influx in CacnaTa**® Purkinje cells

Besides the altered synaptic inputs, Cacnala®*'®" Purkinje cells are likely to be affected
intrinsically as 90% of their high-voltage activated Ca**-influx is mediated by P/Q-
type channels (Mintz et al., 1992; Wakamori et al., 1998) and, moreover, cerebellar

Cacnala®""

granule cells show a clear negative shift in their Ca,2.1-channel activation

curve (Tottene et al., 2005; van den Maagdenberg et al., 2010). In order to clarify to
what extent Ca,2.1-mediated Ca**-influx in Purkinje cells is changed by the S218L

mutation, we recorded whole
cell Ca?* density. Wild-type
Purkinje cells showed inward
Ca?* currents in response to
depolarizing  voltage  steps
from -40 £ 2 mV and peaked
(-15.1 + 1.3 pA/pF) at -10 mV
(Fig. 3A). In  contrast,
S8 mutant  Ca, 2.1
channels in Purkinje cells
activated at a more negative
membrane potential of -48 *
2 mV (p < 0.002 compared to
wild-type) and peaked (-17.0
+ 1.5 pA/pF) at -25 mV. To
quantify the effect of the
mutation on voltage-dependent
determined
the normalized whole-cell
conductance at each voltage
and fit the data to a Boltzmann
function, revealing a significant
negative shift in V , of the
Cacnala™"" neurons relative
to wild-type neurons (-33.4
+ 1.1 mV vs. -21.6 £ 0.3 mV;
p < 0.001) (Fig. 3B). The
potency of this shift can be
appreciated by considering

the larger current density in
S218L

Cacnala

activation, we

Cacnala
relatively mild depolarization
(e.g, at -30 mV, at which
currents through Cacnala®'*
channels are 4 times greater

neurons upon
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Figure 3. Negative shift of voltage-current relationships
of whole cell Ca**-currents in Cacnala®*'®" Purkinje cells.
(A) Voltage-current relationship of Ca**-current in wild-type
(n = 14) and Cacnala®®*" (n = 13) Purkinje cells. Mean
current densities were plotted against depolarizing voltages.
Insets show representative traces of Ca?* currents in
wild-type and Cacnala®'® Purkinje cells evoked by 50 ms
depolarizing pulses to -40, -30, and -20 mV (holding potential
= -80 mV; scale bars: vertical 10 pA/pF, horizontal 20 ms).
(B) Normalized Ca®*-conductance at different depolarizing
voltages in wild-type (n = 14) and Cacnala*'® (n = 13)
Purkinje cells. Solid curves indicate Boltzmann fits; dash
lines indicate corresponding voltages of half-maximum
conductance (p values are indicated in the Results section).



than though wild-type ones). Together these findings indicate that P/Q-type VGCCs
in Cacnala®'®" Purkinje cells respond more readily and robustly to changes in the
membrane potential.

Irreqular spontaneous spiking patterns in Cacnala®"® Purkinje cells

The increased granule cell input to Purkinje cells together with the negative shift in the
activation curve of Ca,2.1-channels in Cacnala®'®" mutants predict that Purkinje cell
activity is severely affected. In order to test this hypothesis optimally, we would have
to record the Purkinje cell activity in awake, behaving animals. This, however, proved
technically impossible in Cacnala®'®" mutants due to the increased susceptibility to
seizures and the increased death rate following even mild head trauma (see also van
den Maagdenberg et al., 2010) inflicted by the necessary surgical preparations and
restraining (Hoebeek et al., 2005). Therefore, we recorded activity patterns of Purkinje
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Figure 4. Irregular spontaneous activity of Cacnalas'®" Purkinje cells. (A) Moving averages (bin width
100 ms) of 60 s of spontaneous firing frequency in wild-type (bold line) and Cacnala®'" (thin line) Purkinje
cells. Left arrow indicates the time point of representative traces of continuous firing pattern in wild-type and
Cacnala®'®" shown in the top and middle insets and right arrow indicates Cacnala®'®" burst pattern shown
in the lower inset (scale bar: vertical 50 pA; horizontal 200 ms). (B) Mean second coefficient of variance
(CV2) and firing frequency of spontaneous Purkinje cell activities from wild-type (n = 21) and Cacnala®'"
(n =26). (C) Similar to (B), but now representing pacemaking activity recorded from wild-type (n = 15) and
Cacnala®'"®" (n = 15) Purkinje cells in the presence of blockers of all synaptic inputs (25 uM NBQX, 10 uM
AP-V, and 10 uM Picrotoxin). Asterisks indicate significant differences (p values are indicated in the Results
section). See also Supplementary figure 2.
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Figure 5. Modest PF stimulation induces Ca?*-spikes in Cacnala®*'®" Purkinje cells. (A) (Top) Represen-
tative traces of 2 mV PF-EPSP (top inset, scale bars: vertical 2 mV, horizontal 50 ms) and typical Purkinje
cell spiking pattern in response to PF stimuli (bottom inset, scale bars: vertical 20 mV, horizontal 50 ms).
Vertical arrow indicates time of stimulation. (Bottom) Histogram of spike counts and accompanying raster
plot of 30 repeats in response to single PF stimulation (scale bar: 4 spike counts). (B) Similar to (A) for a
typical Cacnala®'" Purkinje cell that showed intermittent continuous and bursting episodes. Bottom insets
show representative responses to single PF stimulations while the neuron fired continuously (left) or burst-
like (right) prior to the stimulus. Note that when the Cacnala®'"*" Purkinje cell fired continuously, the single
PF-EPSP induced a burst. In contrast, when the Purkinje cell fired bursts the single PF stimulation depolar-
ized the membrane potential to reset the burst-pause-burst cycle. (C, D) similar to (A, B) but now for a
100Hz train of 5 PF stimuli. (C) Wild-type Purkinje cells respond with an action potential to each individual
PF stimulus in the train (bottom inset). Scale bars: for PF-EPSP, vertical 4 mV, horizontal 50 ms; for action
potential, vertical 20 mV, horizontal 50 ms; for histogram: 4 spike counts. (D) Cacnala®*'®" Purkinje cells
always responded with a burst to the PF train stimulus, regardless of the pre-stimulus firing pattern.



cells in acutely prepared cerebellar slices using loose cell-attached recordings at
physiologically relevant temperatures (35 + 1°C). Under these conditions, the Purkinje
cell spiking activity appeared as continuous regular spiking in 20 out of 21 recorded
wild-type cells, but in only 2 out of 25 recorded Cacnala®'®" Purkinje cells; the majority
of the Cacnala®'®" Purkinje cells showed an intermittent firing pattern (Fig. 4A) where
periods of continuous firing (28 + 5s) were interrupted by bursting activity (33 + 10s).
As aresult, both the regularity and the average firing frequency of Cacnala®'*" Purkinje
cell activity were significantly different, in that the second coeflicient of variance (CV2)
(see Experimental procedures) was higher and the average firing frequency was lower
(p = 0.003 and p < 0.001, respectively) (Fig. 4B & Supplementary fig. 2A). In order to
test whether this irregular spontaneous firing pattern was caused by disturbed intrinsic
pacemaking activity, we repeated the loose-cell attached recordings in the presence
of blockers for all synaptic transmissions. These recordings revealed that indeed
Cacnala®'®" Purkinje cells show a severely disturbed intrinsic pacemaking activity
(Fig. 4C & Supplementary fig. 2B), which was similar to the spontaneous Purkinje cell
firing (all p > 0.2).

Parallel fiber activity elicits burst-like activity in CacnaTa*’® Purkinje cells

Granting the irregular pacemaking activity in Cacnala®'®" Purkinje cells, we next
studied the effects of PF input on spontaneous Purkinje cell activity. To do so, we first
adjusted the PF stimulation to elicit physiologically relevant PF-EPSPs of 2 mV (see
Experimental Procedures) in both groups, by which we canceled any influence of the
differences in the PF input strength (see Fig 2.). Single pulse stimulations resulted in
well-timed action potential firing in the spontaneous firing of all 12 wild-type Purkinje
cells, but elicited a burst and subsequent pause in 12 out of 13 Cacnala®'®" Purkinje
cells (Fig. 5A, B). In Cacnala®'®" Purkinje cells that were firing bursts, the stimulus
seemed to reset the burst-like firing state (Fig. 5B). Moreover, this difference in response
pattern to PF stimuli between wild type and Cacnala®'®" Purkinje cells persisted when
we applied a stimulus train at a physiologically relevant frequency (100Hz) (Jorntell &
Ekerot, 2006) (Fig. 5C, D); all wild-type cells (n = 8) responded with a short period of
higher firing frequency whereas the train stimuli in the Cacnala®'®" Purkinje cells (n
= 10) consistently induced bursts, regardless of the preceding activity patterns. Thus,
excitatory synaptic input from granule cells elicits burst-like firing in Cacnala®*'*"
Purkinje cells, which together with the concurrent irregular pacemaking activity of the
later disrupts Purkinje cell firing in Cacnala®'®" mutants.

Hyperexcitability of action potential and burst activity by somatic current injections
in Cacnala®™® Purkinje cells

To find out the origin of the altered excitability in Cacnala®*'®" Purkinje cells, we tested
the responses to somatic current injections ranging from 100-1000 pA relative to the
holding current (see Experimental Procedures) (Fig. 6A, B). Starting at the lowest current
injection tested, Cacnala®®" Purkinje cells fired action potentials, while wild-type
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Figure 6. Hyperexcitable action potentials and Ca**-spikes in Cacnala'®" Purkinje cells. (A, B) Samples
of Purkinje cell responses to 1500 ms depolarizing current pulses of 100 and 500 pA in wild-type and Cac-
nala®"" (Scale bar: vertical 20 mV). Bottom: Purkinje cell responses of short time scale (150 ms) represent
regular Na* spikes in wild-type and presumed Ca?* spikes in Cacnala®'". (C) Cumulative curve of spiking
thresholds plotted against the injected currents in wild-type (n = 13) and Cacnala®** (n = 13) Purkinje
cells. (D) (Left panel) Representative examples of action potentials from WT and Cacnala®'"*" Purkinje cells;
(middle panel) mean action potential (AP) threshold and (right panel) after-hyperpolarization (AHP) po-
tentials in wild-type (n = 13) and Cacnala®'** (n = 13) Purkinje cells. (E) Cumulative percentage of Purkinje
cells firing bursts during the 1500 ms current injections of varying strength. (F) Mean number of bursts in
response to current injections of 100 - 1000 pA in wild-type (n = 13) and Cacnala®'®" (n = 13) Purkinje cells.
(G) (Top panel) Sample of Purkinje cell responses to 1500 ms long current injections of 500 pA depolarizing
current; (middle panel) after application of 1 pM TTX; (bottom panel) and co-application of 1 pM TTX and
100 uM Cd?** (scale bar: vertical 20 mV). Asterisks indicate significant differences (p values indicated in the
Results section). See also Supplementary table 2.



Purkinje cells remained silent (p < 0.005) (Fig. 6C). The kinetics of Cacnala®*"*" Purkinje
cell action potentials showed a more hyperpolarized initiation threshold, but otherwise
normal kinetics (Fig. 6D; Supplementary table 2). Increasing the injected current reliably
elicited burst-like firing in Cacnala®'®" Purkinje cells, whereas such activity was observed
only in 2 out of 15 wild-type neurons in response to current injections of > 800 pA
(p < 0.001) (Fig. 6E, F). As previous studies identified similar burst-like activity in
Purkinje cells as dendritic Ca** spikes (Llinas and Sugimori, 1980; Mori et al., 2000), we
repeated the current injection experiment in the presence of the Na*-channel blocker
tetrotodoxin (TTX), which abolished the fast somatic action potentials, but not the slow
spikes. Co-application of CdCl, a non-specific Ca’* channel blocker completely abolished
the remaining slow spikes, confirming that Cacnala®'"" Purkinje cells fire dendritic Ca**
spikes (Fig. 6G). Thus, the S218L mutation induces a reduction in the initiation threshold
of both action potentials and dendritic Ca** spikes in Cacnala®'*" Purkinje cells.

Cacnala*?™ mutation induces early onset of dendritic burst in a computational
Purkinje cell model

To investigate whether the hyperpolarizing shiftin Ca**-channel activation was sufficient
to induce the early onset of Ca?** bursting in Cacnala®'®" Purkinje cell dendrites, we
modeled an isolated piece of Purkinje cell dendrite with active membrane currents that
control dendritic excitability to generate Ca**-spikes. The upstroke and repolarization
of the Ca?* spike was facilitated by a high-voltage-activated Ca?* current (CaP) and a
Ca**-activated K* current (KC), respectively, which together realistically modeled the
membrane potential responses to current injections (I, ) in wild-type Purkinje cells;
low I induced a plateau potential and increasing I generated Ca*" spikes (Fig. 7A). To
investigate the effect of the S218L mutation on the excitability of the model, we then
shifted the activation of the CaP channel by -12 mV (Fig. 7B) to mimic the negative shift
in our experimental data (Fig. 3A). As a result, the model now only generated plateaus
for any value of I . (Fig. 7B). The generation of Ca®" spikes was restored, however, by
lowering the CaP channel density to a level comparable to our experimental values and
increasing the KC activity (Fig. 7C, D). Next, we simulated the combinations of I, - as
well as the CaP and KC density that were suitable for eliciting sustained Ca®* spikes in
the wild-type (open circles) and Cacnala®'"*" (solid circles) mice (Fig. 7D). The results
of these simulations underline that, due to the S218L mutation, less excitatory current
is required to facilitate Ca** spikes. Moreover, in the Cacnala®'® model the Ca*
density required to generate Ca** spikes significantly increased with higher KC density,
which suggests a crucial role for Ca**-dependent K* (SK) channels in modulating the
threshold of Ca** spikes.

(a?*-dependent K*-channels modulate dendritic Ca** spikes in CacnaTa*’® Purkinje cells

To test the influence of SK channels on dendritic Ca?* spikes in the Cacnalas'*

function mutant, we first applied a suboptimal concentration of a SK-channel blocker,
since in loss-of-function Cacnala mutants irregular Purkinje cell activity patterns can

gain-of-



be rescued by SK-channel activators (Walter et al., 2006). However, bath-application
of a potent SK-channel blocker (apamin) did not result in an increase of the threshold
(Fig. 8A) or a reduction of the number of bursts (Fig. 8B) in response to depolarizing
somatic current injections to Cacnala®'®" Purkinje cells. In fact, apamin increased the
occurrence of dendritic Ca?*-spikes. Next, we reasoned that it could also be that the
negative shift in Ca, 2.1-mediated Ca*" influx in Cacnala®*'*" Purkinje cells resulted in
a lack of Ca**-dependent K*-channel function, as suggested by the effects of apamin
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Figure 7. Computational model of early onset of Ca** bursts in isolated Cacnalas?'*" Purkinje cell
dendrite. (A) (Top) Simulated Ca®*-current I , through a modeled wild-type CaP channel and (bottom)

examples of the development of the membrar?g) potential in response to current injections (I, ) increased
with 0.4 pA steps. Traces were separated by 40 mV intervals for clarity of display. (B) (Top) Shifting the half-
maximum activation value V, , of the CaP channel by 12 mV in the hyperpolarizing direction (as found in
Cacnala®'®" Purkinje cells; see Fig. 3) and (bottom) the development of the membrane potential with 0.4 pA
current injection steps. (C) Simulated Ca**-current I_, in Cacnala®'"® mutant by lowering the Ca**-current
density (grey curve in top panel). Examples of the repetitive Ca?*-spikes with 0.4 pA current injection steps
are shown in bottom panel. (D) Panel I: Conditions for repetitive calcium spike firing. The dotted areas
indicate the combinations of CaP channel density and I, for which repetitive Ca**-spiking occurs in the
wild-type (black circle) and mutant mice (for which the V,  of the CaP channel was shifted by 12 mV in
the hyperpolarized direction) (gray circle). Panels II, III, and IV indicate the combinations of CaP channel
density and I, conditions for which mutant model display repetitive Ca* spikes with increasing KC current
density. Example curves in (A, B) were taken at the marked locations (crosses) in Panel I. Example curves in
(C) were taken at the marked locations in Panel III.



and our computational model (Fig. 7D). If correct, a SK-channel activator (1-EBIO;
Pedarzani et al., 2001) should dampen the bursting activity in Cacnala®"*" Purkinje
cells. Bath-application of 1-EBIO indeed resulted in a delayed onset of dendritic Ca**
spiking in Cacnala®'®" Purkinje cells (p < 0.03) (Fig. 8A) as well as a reduction of
the number of bursts (p < 0.01) (Fig. 8B), both of which did not differ significantly
from wild-type values (both p > 0.1). Together these experimental and computational
data revealed that the S218L mutation leads to increased dendritic Ca®* spike activity,
partially due to a lack of SK-channel function.

DISCUSSION

Although previous studies provide clear evidence how cerebellar ataxia comes about
in loss-of-function Cacnala mutants, it remained unclear how gain-of-function
mutations in the same gene induce ataxia. We showed that mice harboring the S218L
gain-of-function mutation in the Cacnala gene exhibit typical cerebellar hallmarks
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of ataxia, such as altered connectivity and transmission at the PF-PC synapse as well
as irregular spontaneous Purkinje cell activity. Moreover, our results revealed that
the irregular firing of Cacnala®'® Purkinje cells is based upon hyperexcitability;
somatic current injections trigger action potentials and dendritic Ca**-bursts more
readily and PF stimulation also results in Ca**-spikes. Finally, our study revealed that
dendritic Ca?* spikes in Cacnala®*'®t Purkinje cells are enabled by a disbalance between
Ca 2.1-mediated Ca** influx and KC, which is rescued by increasing the SK channel
function. Below we will discuss our findings to elucidate their full impact on cerebellar
functioning as well as their analogy with those in loss-of-function Cacnala mutants.

Origins of increased synaptic transmission between granule cells and Purkinje cells
in Cacnala’?® mice

Our results demonstrate that the S218L gain-of-function Cacnala mutation increases
the granule cell input to Purkinje cells by increasing the percentage of PF varicosities
that contact multiple Purkinje cell spines and by increasing the synaptic transmission
at PF-PC synapses. The increase in connectivity between granule cells and Purkinje
cells was counterintuitive, since the same increase in the connectivity was found in
various loss-of-function Cacnala mutants and was suggested to be a likely candidate
to compensate for the partial loss of synaptic transmission at this synapse (Rhyu et
al., 1999a; Rhyu et al., 1999b; Miyazaki et al., 2004). In contrast, the current results
indicate that the increased connectivity must be a direct consequence of the offset in
Ca?*-homeostasis found in loss- and gain-of-function Cacnala mutants. Although
some data describe how this increased connectivity comes about following a complete
deletion of the P/Q-type mediated Ca** currents (Miyazaki et al., 2004), it remains
to be elucidated how gain-of-function mutations can induce the same morphological
aberration. Still, the increased connectivity is likely to amplify the increased synaptic
transmission at the PF-PC synapses, especially since our data confirm that the changes
in synaptic transmission are due to altered presynaptic Ca** influx (e.g., the paired-pulse
ratio was decreased in Cacnala®'*" Purkinje cells, but the kinetics of PF-EPSCs were
normal). Thus, the increased Ca** influx in single PF terminals affects more Purkinje

S218L

cell spines in Cacnala®'® mutants. Together, these findings indicate that the PF input

to Cacnala®'"*" Purkinje cells is strengthened both structurally and functionally.

In sharp contrast to the differences in PF-PC contacts, we found that the synaptic
transmission at the CF-PC synapse is comparatively unaffected in S218L mutants.
This was surprising given that a substantial portion of neurotransmitter release from
climbing fibers is mediated by Ca,2.1 channels. On the other hand, various loss-of-
function Cacnala mutants have been reported to show normal CF-EPSC amplitudes
(Matsushita et al., 2002; Liu ¢ Friel, 2008), which together with our data prove that
synaptic transmission at the CF-PC synapse is less vulnerable to Ca** channelopathies,
probably due to the saturated release probability and all-or-none fashion of transmitter
release (Konnerth et al., 1990; Matsushita et al., 2002). Although our results cannot



rule out a possible effect of the decreased 1, of CF-EPSCs, it seems reasonable to
state that the increased PF input to Cacnala®'®" Purkinje cells will have a far more
dramatic effect on their output, and thereby, on cerebellar functioning. In fact, our
results show that modest PF-EPSCs elicit dendritic Ca?* spikes, which, in wild-type,
occur predominantly in response to CF stimulation (Llinas & Sugimori, 1980).

The Cacnala®?® mutation induces Purkinje cell hyperexcitability and irreqular
pacemaking activity

The current results show that the S218L mutation causes a negative shift in activation
of Ca 2.1 currents in Purkinje cells, which probably leads to irregular pacemaking
activity in these cells in two distinct ways. First, Cacnala®'"" Ca 2.1 channels are
activated at membrane potentials (~-48 mV) that are close to the initiation threshold
of Na*-dependent action potentials (Llinas & Sugimori, 1980; Raman & Bean, 1997,
Ovsepian & Friel, 2008). Thus, the lower (e.g., more negative) action potential threshold
in Cacnala®'®" Purkinje cells could be directly facilitated by the activation of P/Q-type
channels. At this point, however, we cannot rule out the possibility that the S218L
mutation induces secondary effects on voltage-gated Na* and K* channels, which may
in turn also affect action potential firing in Purkinje cells (see also Ovsepian & Friel,
2008). Second, Cacnala®'® Purkinje cells fire dendritic Ca** spikes upon mild current
injections (=200 pA), whereas wild-type Purkinje cells fire such bursts only in response
to either climbing fiber activation (Llinas ¢ Sugimori, 1980) or strong somatic current
injections (= 1.0 nA) (Mori et al., 2000; Ovsepian & Friel, 2008). This finding implies
that the negative shift in the activation curve of Cacnala®*'®" Purkinje cells, possibly
together with the decreased branching of proximal Purkinje cell dendrites (van den
Maagdenberg et al., 2010), promotes backpropagation of depolarizing currents into the
dendrites, which has been shown to be poor in wild-type Purkinje cells (Vetter et al.,
2001). Together, these direct effects of the negative shift in the activation curve are
likely to mediate the disturbed intrinsic pacemaking activity in Cacnala’'*" Purkinje
cells, in that action potential firing in the soma seems to facilitate widespread activation
Ca,2.1 channels, which in turn induce burst firing.

In addition to the irregular pacemaking activity in Cacnala®'"*" Purkinje cells, the
negative shift in the Ca 2.1 activation curve also disturbs the Purkinje cell response
to PF stimulation. Cacnala®'®" Purkinje cells responded with dendritic Ca*"-spikes
to modest PF stimuli that only induce normal action potential firing in wild-type
Purkinje cells. These Ca*" spikes are presumably enabled by the lower activation
threshold of local Ca 2.1 channels, which are densely expressed in the Purkinje cell
dendritic tree (Westenbroek et al., 1995). This hypothesis is supported by the fact that
our computational model of a Purkinje cell dendritic compartment confirmed that
Ca?* bursts occur in response to minor current injections as a result of a negative shift
in the CaP current. Moreover, when we project the increased PF-EPSC amplitude on
the intrinsic hyperexcitability of Cacnala®'®" Purkinje cells, it becomes clear that the



PF input further disrupts the irregular pacemaking activity and that all together the
firing pattern of Cacnala®'®" Purkinje cells is severely disturbed.

Ataxia in gain- and loss-of-function Cacnala mutants

The current study reveals striking similarities between the effects of the Cacnala®'™"
gain-of-function mutation and those described as consequence of several ataxia-
asociated loss-of-function Cacnala mutations. Clearly, PE-PC synapses and Purkinje
cells are equally sensitive to increases in Ca, 2.1 currents as to their decreases. However,
the type of irregular Purkinje cell firing these shifts in Ca, 2.1 currents induce differs
between S218L gain-of-function mutants and the ataxic loss-of-function mutants.
Whereas the hyperexcitability of Cacnala®® Purkinje cells results in frequent
spontaneous or PF-induced burst (e.g., dendritic Ca** spikes) firing, ataxic tottering,
leaner, and ducky mice show a highly irregular pacemaking activity in Purkinje cells,
but no spontaneous Ca** spikes (Walter et al., 2006; Ovsepian ¢ Friel, 2008). Still,
both types of disturbance seem equally detrimental to information processing in the
cerebellar cortex and capable of inducing ataxia (Hoebeek et al., 2005).

In order to rescue the irregular Purkinje cell firing in loss-of-function mutants SK-
channel activators were used previously (Walter et al., 2006). Given the accompanying
hypothesis that loss-of-function mutants suffered from impaired SK-channel function,
we first administered SK-channel blockers to our gain-of-function mutant. The fact
that the application of apamin actually worsened the irregularity (e.g., lowered the
burst threshold and increased the number of bursts) indicates that the increase in
Ca?* influx in S218L mutants might have led to a lack in SK-channel function. This
hypothesis was proved by the responses to the SK-channel activator EBIO. Thus,
although counterintuitive at first, not only in loss- but also in gain-of-function
Cacnala mutants, did the Purkinje cell firing pattern become less irregular after adding
SK-channel activators. This suggests that the therapeutical potential of SK-channel
activators for treatment of ataxia in Cacnala patients might be wider.

Keeping the irregular Cacnala®™'"®" Purkinje cell firing pattern in mind, we should
also consider the potential additional downstream effects of the S218L mutation.
For instance, as shown in ataxic loss-of-function mutants, irregular Purkinje cell
firing may result in a further loss of information since the propagation reliability of
Purkinje cell axons drops at intra-burst frequencies (e.g., > 280 Hz) (Khaliq ¢ Raman,
2005; Monsivais et al., 2005). Moreover, it is known that (semi-) chronic alterations
in Purkinje cell firing patterns can lead to severe morphological aberrations of their
axon terminals (Desclin ¢ Colin, 1980; Strata ¢ Montarolo, 1982; Rossi et al., 1987)
as was recently described for the loss-of-function Cacnala mutant tottering of which
cerebellar nuclei neurons indeed show irregular activity patterns (Hoebeek et al., 2008).
Given that the intrinsic firing pattern of such neurons was recently reported to be
regulated predominantly by N-type VGCCs and not affected by blockade of P/Q-type
VGCCs (Alvina & Khodakhah, 2008), we predict that the firing patterns of Cacnala®*'*"



cerebellar nuclei neurons are equally disturbed in gain- and in loss-of-function
Cacnala mutants.
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SUPPLEMENTARY MATERIAL

Supplementary methods

Stereological quantification. Stereological quantification of Purkinje cell numbers was done on calbindin
and Nissl double-stained tissue using an Olympus BH2 Microscope equipped with a motorized stage
controlled by computer-run StereoInvestigator 4 software (MBF Bioscience, Williston, VT). To estimate the
total volume of the cerebellum, virtual contours were drawn around cerebellar tissue. Optical grids (300
x 300 um?) including a 3D counting frame (150 x 150 x 15 pm?) were systematically placed within each
contour. Purkinje cells with nucleoli inside the counting frame or contacting the upper and right border of
the counting frame were included in the counting, according to standardized criteria (Gundersen, 1986). The
total Purkinje cell number was estimated using the formula:

N=3Q X (t/h) x (1/asf) X n
where N is the estimation of Purkinje cell number in the cerebellum, YQ is the total counted cell number, t is
the thickness of the slice, h is the height of the counting frame, asf is the ratio between the area of the frame
and the area of the sampling grid, and n is the slice sampling interval. The cerebellar volume was estimated by
multiplying the total contour area with the section thickness without correcting for shrinkage factors.
Computational modeling. Mechanisms of dendritic calcium spikes were simulated in a single-compartment
model of an isolated piece of Purkinje cell dendrite, using the NEURON environment. The model was
used to simulate membrane currents carried by P/Q-type persistent calcium (CaP) channels, a voltage-
activated persistent potassium (KM) channels, and two calcium-activated potassium channels (KC and K2),
using conventional Hodgkin-Huxley-like formalism with an integration time step of 25 ps. KC, K2 and
KM channel descriptions were taken from De Schutter & Bower (1994) (as implemented in NEURON by
Miyasho et al., 2001). The CaP channel description was taken from Khaliq et al., (2003). The model simulated
an isolated piece of Purkinje cell dendrite and consisted of a single cylindrical compartment with length 1
= 4 um, diameter d = 2 pm and specific membrane capacitance C_ = 1.64 pF/cm’. Calcium entering the
compartment diffused instantaneously within a thin submembrane shell with thickness d ; , = 100 nm. The
shell defined a volume that was used to compute the intracellular Ca?*-concentration, which was regulated by
Ca’*-entry through membrane channels and removal by a first-order mechanism with rate constant 8 = 0.6
ms™'. The extracellular Ca**-concentration was 2 mM, and the internal Ca**-concentration was not allowed
to decrease below 100 nM.

For KC, K2, KM, and leak currents, the current density i for was calculated as i = gm’hiz'(V -E), where gis the
conductance density, m is an activation variable with p order kinetics, h is an optional inactivation variable with
q order kinetics, z is an optional Ca**-dependent activation variable with r order kinetics, V. is the membrane
potential and E is the reversal potential for the ionic species (E, = -85mV, E, , =-80mV). Channel activation
and inactivation variables were expressed in terms of a steady state value m_(V, ) and a time constant 7, (V).
Voltage-dependent gating parameters were calculated from a first-order reaction scheme with forward



rate (V. ) and backward rate f(V ) as m_ = a / (« + ) and 7 =1/ (« + ), except for KM and leak
currents, for which they were defined explicitly. Ca**-dependent gating parameters were calculated as
z_=1/(1+a,/[Ca*]) and 7, = 3, . The specific settings for each current were as follows:

KC: g=80,p=1,9=0,r=2,a0=75,8=0.11/exp((V, - 35) / 14.9), &, = 40, B, = 10
K2: £=039,p=1,9=0,r=2,a=25=0.075/exp((V, -5)/10),a,=0.2, 3,=10
KM: g=0.013,m_=1/(1+exp(-(V, +35)/10)),

7, =3.3(exp((V, + 35) / 40) + exp(=(V,, + 35) / 20)) / 200
Leak: g=033, m=1,h=1,z=1
Conductance densities are in mScm2, voltages in mV.
For the CaP channel, current density was determined as i, = mI,, with m a voltage-dependent gate and
I« calculated from the Goldman-Hodgkin-Katz current equation. Definitions were as follows:
m, =1/(1+exp(—(V, +19)/5.5))
. {0.000264+ 0.128exp(0.103V,) v, <-35mV
" 10.000191+0.00376exp(—((V,, +41.9)/27.8)*) V, >-35mV
Lo = 4P VF® [Ca™*],—[Ca®"], exp(=2FV / RT)
“ RT 1—exp(—2FV / RT)

where P_,. =1 x 107 cm/sec, [Ca*], > 100nM, [Ca2+] = 2mM, T = 310K, F = 9.6485 x 10* C/mol and
R = 8.3145JK'mol"".

The effects of a mutation in the CaP channel parameters on the initiation of Ca2* spiking were investigated
by introducing a -12 mV offset to the voltage-dependent gate m. The effect of potential compensatory
mechanisms in Cacnala®'*' Purkinje cell dendrites on persistent Ca** spiking was investigated by varying
the density of CaP and KC currents. Ca** spikes in the model were detected by implementing a membrane
potential threshold criterium, and the occurrence of three or more consecutive threshold crossings was
taken as an indication of sustained spiking. The threshold in both models was V = -20mV.
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Supplementary figures and tables
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Supplementary figure 1. Kinetics of PF- and CF-EPSCs. (A) Quantification of 10 - 90% rise time (left)
and 1, (right) of PF-EPSCs. (B) Quantification of 10 - 90% rise time and 7, of CF-EPSC. The asterisk
indicates significant difference (p values are indicated in the Results section). WT - wild type.
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Supplementary figure 2. Autocorrelation of interspike intervals. (A) Representative autocorrelograms
of interspike intervals from spontaneous wild-type (thin line) and Cacnala®'®" (thick line) Purkinje cell
activity. (B) as in (A) for intrinsic pacemaking activity.

Supplementary table 1. Quantification of cerebellar volume, Purkinje cell number and dimensions of in-
dividual components of PF-PC synapse. Estimated cerebellar volume in mm? and total number of Purkinje
cells (n = 4 for both wild-type and Cacnala®'*"). Quantifications of PF-PC synapses (n = 3 for both wild-type
and Cacnala®"'); density of parallel fiber varicosities (PFV) per 20 um? of molecular layer; PFV size;
Purkinje cell spine density per 20 um? of molecular layer; Purkinje cell spine length and spine head size;
WT - wild-type.

V,, (mm?) #PC PFV density PFV size |Spine density | Spine neck Spine size
(x 10%) (#/20 um?) (um?) (#/20 pm?) length (um) (Hm?)
WT 3541+3.01 | 21.76+5.00 | 20.27+1.70 | 0.22+£0.02 | 23.54+1.20 | 0.99+0.03 | 0.12£0.01
S218L 36.24 +2.10 | 22.50+5.33 | 19.30 +3.36 0.19+0.03 | 21.21+£0.82 0.98 +0.02 0.12+0.01
T-test 0.84 0.42 0.81 0.43 0.21 0.82 0.63




Supplementary table 2. Action potential kinetics. Absolute amplitude of action potential (AP) and after-
hyperpolarization (AHP) relative to the AP initiation threshold (see main text for threshold values); half
width (HW) (ms) of AP; maximum repolarizing slope (-dV/dt) (V/s); and maximum rising slope (dV/dt)
(V/s) calculated from 19 wild-type and 18 Cacnala®'*" Purkinje cells; WT - wild-type.

AP (mV) AHP (mV) | HW (ms) -dV/dt (V/s) dV/dt (V/s)
wT 69.89+218 | -7.66+0.40 | 022+0.01 [343.32 £+13.87 | 397.42 +19.66

$218L | 66.33+1.64 | -6.86+0.59 | 0.22+0.01 | 369.00 +14.27 | 399.87 +22.07
T-test 0.22 0.27 0.96 0.21 0.93
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