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STIM1 Regulates Somatic Ca*™" Signals and Intrinsic Firing
Properties of Cerebellar Purkinje Neurons
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Control of Ca*" flux between the cytosol and intracellular Ca** stores is essential for maintaining normal cellular function. It has been
well established in both neuronal and non-neuronal cells that stromal interaction molecule 1 (STIM1) initiates and regulates refilling
Ca?" into the ER. Here, we describe a novel, additional role for STIM1, the regulation of free cytosolic Ca?*,and the consequent control
of spike firing in neurons. Among central neurons, cerebellar Purkinje neurons express the highest level of STIM1, and they fire contin-
uously in the absence of stimulation, making somatic Ca>* homeostasis of particular importance. By using Purkinje neuron-specific
STIM1 knock-out (STIM17%°) male mice, we found that the deletion of STIM1 delayed clearance of cytosolic Ca>* in the soma during
ongoing neuronal firing. Deletion of STIM1 also reduced the Purkinje neuronal excitability and impaired intrinsic plasticity without
affecting long-term synaptic plasticity. In vestibulo-ocular reflex learning, STIM1”*° male mice showed severe deficits in memory
consolidation, whereas they were normal in memory acquisition. Our results suggest that STIM1 is critically involved in the regulation of
the neuronal excitability and the intrinsic plasticity of the Purkinje neurons as well as cerebellar memory consolidation.
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(s )

Stromal interaction molecule 1 (STIM1), which regulates the refilling of ER Ca**, has been investigated in several systems
including the CNS. In addition to a previous study showing that STIM1 regulates dendritic ER Ca®" refilling and mGluR1-
mediated synaptic transmission, we provide compelling evidence describing a novel role of STIMI in spike firing Purkinje neu-
rons. We found that STIM1 regulates cytosolic Ca>* clearance of the soma during spike firing, and the interruption of this
cytosolic Ca*™ clearing disrupts neuronal excitability and cerebellar memory consolidation. Our results provide new insights into
neuronal functions of STIM1 from single neuronal Ca** dynamics to behavior level. j

ignificance Statement

The endoplasmic reticulum (ER) is the largest intracellular Ca**
store and contributes to the dynamics of cytosolic Ca>" by releas-
ing stored Ca®" through activation of ryanodine receptors
(RyRs) and inositol-triphosphate receptors (IP;Rs). These forms
of Ca*" release are allowed only when ER Ca** stores are filled.

Introduction
Ca** flux originating from both the extracellular space and from
intracellular stores modifies cytosolic Ca** (Verkhratsky, 2005).
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Thus, refilling Ca** into the ER is an essential process for appro-
priate cytosolic Ca®" dynamics. Stromal interaction molecule
(STIM), an ER membrane-bounded protein, plays a central role
in the refilling process by sensing Ca** concentration in the ER
lumen ([Ca*"]gg). In response to low [Ca*™ ]z, STIM oligomer-
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izes and initiates the ER store refilling process in which ER and
STIM localize in close apposition to the plasma membrane in
association with proteins including store-operated Ca®" chan-
nels (SOCs) and sarco/endoplasmic reticulum Ca**-ATPase
(SERCA; Soboloff et al., 2012). While well studied in other cellu-
lar systems, the neuronal functions of STIM have just begun to be
identified (Hartmann et al., 2014; Sun et al., 2014; Zhang et al.,
2015).

The Purkinje neuron (PN) is the central neuron of the cere-
bellar cortex. It broadly integrates sensory-motor information
and provides the sole output of the cerebellar cortex (Dean et al.,
2010). The ER in PN is widely distributed, extending from den-
dritic spines, where synaptic plasticity occurs, to the soma, where
final characteristics of neuronal output are determined (Terasaki
et al., 1994). Cellular mechanisms responsible for learning and
memory have been explained by the regulation of single neuronal
input and output, most well represented by synaptic plasticity
and intrinsic plasticity, respectively (Zhang and Linden, 2003;
Kandel et al., 2014). Therefore, it would seem to be obvious that
STIM in PNs could contribute to cerebellar learning and memory
via Ca** dynamics involving the ER.

Although PNs have the highest expression of type 1 STIM
(STIM1) among all brain regions (Skibinska-Kijek et al., 2009),
only one study has reported the role of STIM1 in PNs. Hartmann
etal. (2014) proposed STIM1 as a linker of metabotropic glutamate
receptor type 1 (mGluR1) to downstream factors. Their model was
based on the canonical function of STIM1, which regulates SOCs
(TRPC/Orai channels) to refill ER Ca** stores, and provided us with
the new insight that STIM1 as an mGluR1 linker performs roles in
regulating normal synaptic transmission by maintaining ER Ca**
stores. However, the experiments that suggested this model were
performed in dendritic regions and in voltage-clamp (VC; =70 mV)
cells where spiking was completely suppressed.

Several types of neurons including PNs are featured to fire
spikes spontaneously. Spikes inevitably accompany Ca*" influx
from extracellular space into the soma where action potentials
(APs) occur (Raman and Bean, 1999). To maintain spike firing
properly, such neurons are equipped to handle this Ca** influx.
STIM1 is strongly expressed in the soma of PNs (Hartmann et al.,
2014; Fig. 1B). In this study, we asked how STIM1 participates in
the handling of somatic Ca*" influx and regulates intrinsic firing
of PNs. By using PN-specific STIM1 knock-out (KO; STIM17%©)
mice, we found that STIM1 contributes to SERCA-dependent
cytosolic Ca*™ clearance of the soma in firing PNs, which affects
intrinsic firing properties. Furthermore, the deletion of STIM1
caused a severe impairment in the intrinsic plasticity of PNs.
STIM1*X° mice showed defects in memory consolidation of sev-
eral types of vestibulo-ocular reflex (VOR) learning, including
gain-up, gain-down, and phase reversal. Our study not only com-
plements the roles of STIM1 in cerebellar learning, but also elu-
cidates the function of STIM1 that is unique to neurons.

Materials and Methods

Animals

STIM1*X° mice were generated by crossing the homozygous PCP2-Cre
line (B6.129-Tg(Pcp2-cre)2Mpin/]J line from The Jackson Laboratory)
with the STIM1-floxed line (C57BL/6 background). The first filial gen-
eration (F1) was crossed again with the STIM1-floxed line. Among the
second filial generation (F2), male mice that were homozygous for
floxed-STIM1 alleles were used for this study. We used male mice in all of
the experiments. All procedures were approved by the Institutional An-
imal Care and Use Committee of Seoul National University College of
Medicine.
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Immunohistochemistry

Anesthetized 9- to 13-week-old mice were perfused with PBS (Life Technol-
ogies) and again with 4% paraformaldehyde (PFA; T&I). Brains were taken
out and fixed in 4% PFA overnight. After embedding the tissues in par-
affin, we obtained 5-um-thick sagittal slices on slides by using a mi-
crotome (RM2145, Leica). Paraffin was removed with 100% xylene
(Junsei Chemical), and xylene was washed out with 99.9%, 95%, 90%,
80%, and 70% ethanol (diluted from absolute ethanol; Sigma-Aldrich),
sequentially. Afterward, slides were submerged in distilled water for hy-
dration. Epitope retrieval was performed with heated citrate buffer, pH
6.0 (T&I). Next, slices were blocked with a serum solution containing
PBS-T (0.3% Triton X-100) and 5% goat serum (Vector Laboratories)
for 1 h at room temperature. The slices were then incubated overnight at
4°C with diluted primary antibodies, anti-STIM1 (rabbit, 1:500; Cell
Signaling Technology) and calbindin (mouse, 1:500; Abcam). After
washing in PBS, fluorescence-conjugated secondary antibodies, Alexa
Fluor-488 and 568 (anti-rabbit, 1:500; anti-mouse, 1:500; Abcam), were
used to treated the slices for 1 h at room temperature. Primary antibodies
and secondary antibodies were diluted in serum solution and PBS, re-
spectively. Images were acquired and processed using a confocal micro-
scope (A1, Nikon) and NIS-Element software (Nikon).

Electrophysiology
Slice preparation. Sagittal slices of the cerebellar vermis (250 wm thick)
were obtained from 5- to 9-week-old mice using a vibratome (VT1200,
Leica) after isoflurane anesthesia and decapitation. The slices were cut
with ice-cold cutting solution containing the following (in mm): 75 su-
crose, 75 NaCl, 2.5 KCl, 7 MgCl,, 0.5 CaCl,, 1.25 NaH,PO,, 26 NaHCO;,
and 25 glucose, bubbled with 95% O, and 5% CO,. The slices were
immediately moved to artificial CSF (ACSF) containing the following (in
mM): 125 NaCl, 2.5 KCl, 1 MgCl,, 2 CaCl,, 1.25 NaH,PO,, 26 NaHCO;,
and 10 glucose bubbled with 95% O, and 5% CO,. For recovery, slices
were incubated at 32°C for 30 min and for a further 1 h at room temper-
ature. All recordings were obtained within 8 h from recovery.
Cell-attached and whole-cell recordings. Brain slices were placed in a
submerged chamber and perfused with ACSF for at least 10 min before
recording. Somatic whole-cell VC and current-clamp (CC) recordings
were made at 29.5—30°C. We used recording pipettes (3—4 M() filled
with the following (in mwm): 9 KCl, 10 KOH, 120 K-gluconate, 3.48
MgCl,, 10 HEPES, 4 NaCl, 4 Na,ATP, 0.4 Na;GTP, and 17.5 sucrose, pH
7.25, for testing synaptic plasticity and current-clamp recordings; Cs-
methanesulfonate 4 NaCl, 0.5 CaCl,, 10 HEPES, 2 MgATP, and 5 EGTA,
pH 7.3, for miniature EPSC (mEPSC) recording, and nothing but 140
Cs-methanesulfonate was replaced by 140 CsCl for miniature IPSC
(mIPSC) recording. For cell-attached recordings, experiments were per-
formed at 32-32.5°C by using recording pipettes (4—5 M) filled with
the following (in mm): 125 NaCl, 10 HEPES, 3 KCl, and 2 CaCl,. Low
Ca’"-ACSF contained a lower Ca?" concentration (100 um), and a
reduced amount of CaCl, was substituted with an equivalent amount of
MgCl,. Data were acquired using an EPC9 patch-clamp amplifier
(HEKA Elektronik) and PatchMaster software (HEKA Elektronik) with a
sampling frequency of 20 kHz, and the signals were filtered at 2 kHz. All
electrophysiological recordings were acquired in Lobule III-V of cerebel-
lar central vermis, except for the data presented in Figure 5A.
Stimulations. To induce long-term synaptic plasticity in the Purkinje
neuron, parallel fibers (PFs) and climbing fibers (CFs) were stimulated
by ACSF-containing glass pipettes placed onto the molecular layer (ML)
and the granule cell layer (GCL), respectively. PF-stimulated EPSC as a
test pulse was evoked every 15 s to avoid any plasticity in whole-cell VC
mode. The baseline recording of the EPSC was made for 5-10 min, and
the mode was switched to CC mode for plasticity induction. After induc-
tion, EPSC amplitude was monitored in VC mode. Recordings were
excluded if the series resistance or paired-pulse ratio varied by >20%.
Drugs. In the experiments for measuring intrinsic excitability (IE), all
of the recordings were performed within the ACSF containing 10 um
2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline and 100 um pi-
crotoxin to block excitatory and inhibitory synaptic inputs, respectively.
Other experiments that required synaptic event were performed with
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Figure1.  STIM1 deletion altered spike-evoked somatic Ca2™ dynamics of PNs. A, Schematic strategy for generating PN-specific STIM1 P** mice. B, STIM1 was completely abolished in STIM1 P

PNs. Calbindin (green), STIM1 (red), merged from left to right. The inset shows a magnified single-cell image. Scale bars, 200 .m. C, Purkinje neuron morphology was not different in both groups.
Representative image of PNs in wild-type and STIM1 ™ mice. Area of soma and dendrite was the same (wild-type, n = 34; STIM17*%, n = 25; soma, p = 0.264; dendrite, p = 0.754). Scale bars,
50 wm. D, Ca®™ propagation pattems by different stimulations. Ca®™ measured sites in a single PN (inset). All sites showed Ca** transient by 500 ms of depolarization (left). While Ca®™*
continuously accumulated in the soma (black), there was almost no response in dendrites (red, blue, and purple) in 24 Hz of AP clamping (right). E, Somatic Ca™ accumulation under same
spontaneous firing rate. STIM1"*® mice showed more rapid accumulation of Ca™ during 24 Hz of AP clamping (left). At the 30 s point, the changed Ca " signal ratio of STIM1 P*° was significantly
higher than that of wild-type (wild-type, n = 7; STIM1P*, n = 7; p < 0.001, right). Lines and shaded areas show mean and SEM. F, Somatic Ca" transient after 500 ms of depolarization.
Representative trace with single exponential curve fitting (left). Decaying 7 of STIM1 "% mice was significantly longer than that of wild-type littermates (wild-type, n = 15;STIM17*%,n = 13;p =
0.008, center) with unchanged peak amplitude (p = 0.554, right). G, Dendritic Ca®" transient after 500 ms of depolarization. We analyzed confined regions of dendrites (distance from the center
ofsoma, ~65 wm) to exclude the deviation by spatial location of dendrites. No difference was found in both decaying Tand peak amplitude between STIM1 ™*© and wild-type littermates (wild-type,

n = 10; STIM17°, n = 8; decaying 7, p = 0.13; center: peak, p = 0.31, right). Independent-samples ¢ test used for all bar graphs. Error bars denote SEM. **p << 0.01; ***p << 0.001.

appropriate drug composition. All drugs used in the experiments, except
for picrotoxin (Sigma-Aldrich), were purchased from Tocris Bioscience.

Data analysis. All patch-clamp data, except for the data from mEPSC
and mIPSC recordings, were imported and analyzed using Igor Pro
(WaveMetrics). The mEPSC and mIPSC data were analyzed using Mini
Analysis (Synaptosoft). Pooled data underwent further analysis using
software custom built with LabView (National Instruments) and Matlab
(MathWorks) routines. Membrane capacitance (C,,,) was measured from a
current trace ofa 5 mV depolarizing voltage step (50 ms duration), and input
resistance (R;,,) was measured from the end of the voltage trace of 100 pA
hyperpolarizing current step (1 s duration). Active membrane properties
were analyzed from the action potential train induced by a 600 pA depolar-
izing current injection (1 s duration). The threshold was determined by
measuring the membrane potential where its velocity entered the range of
30—60 mV/ms (Kim et al., 2012). AP amplitude was calculated as a differ-
ence between the threshold and positive peak. Upstroke and downstroke
were measured as the maximal derivative of the voltage with respect to time

(dV/dt) ratio of the rising and falling phases, respectively. The slope of post-
spike depolarization was measured as the slope between the negative peak of
the target spike and the threshold of the next spike that covers the interaction
potential window, while the interspike interval (ISI) was assessed as the time
difference between positive peaks of the target spike and the next spike that
covers both action potentials and interaction potential windows. Fast after-
hyperpolarization (fAHP) and medium AHP (mAHP) were measured by
subtracting the negative peak of the end of the action potential and the action
potential train from both the threshold and —70 mV baseline. The coeffi-
cient of variation (CV) and the coefficient of variation of adjacent intervals
(CV,) of ISIs were calculated by the method from a previous study (Wulff et
al., 2009).

Behavioral tests

Surgical procedure. Mice at the age of 7-12 weeks were used. A head
fixation pedestal was formed with two nuts (M2) and four screws
(M1.2 X 5.5). Nuts were placed on bregma and lambda of skull, and



Ryu et al. @ STIM1-Mediated Excitability of Purkinje Neurons

screws were implanted between the nuts. Mice were under isoflurane
anesthesia during surgery. After surgery, at least 24 h of recovery time was
given to mice.

Instrumentation. The image of the eye of the mouse was taken by CCD
camera (IPX-VGA210, IMPERX) with a lens (VS-LD 35, VST) and an
infrared (IR) filter (LP830), and was processed into a PC through a
camera link grabber board (PCI-1426, National Instruments). IR light-
ing was generated by IR-LED (DR4-56R-IR85, LVS), and an additional
single IR-LED was placed around the camera to generate reference cor-
nea reflex for calibration, which is described below. Optokinetic stimu-
lation was applied by a drum, 50 cm in diameter, mounted on a motor
(AKM22E-VBBNR-00, Kollomorgen). A custom-made turntable was
also mounted on another motor (D061M-12-1310, Kollomorgen) for
vestibular stimulation. Since both stimuli were generated by indepen-
dent motors, visuo-vestibular mismatch stimulation could be applied.
Data acquisition (DAQ) PCI board (PCI-6230, National Instruments)
was responsible for the input and output between PC and motion. The
acquired image data were processed by several virtual instruments writ-
ten in LabView (National Instruments).

Recording preparation. Before every recording, physostigmine salicy-
late solution (Eserine, Sigma-Aldrich) was treated for pupil dilatation
control with brief isoflurane anesthetization. The concentration of Eser-
ine solution was constantly increased from 0.1% to 0.15% and 0.2%
because of drug resistance. To effectively washout the side effect of the
anesthetic, mice were given a recovery phase for at least 20 min after
Eserine treatment. After recovery, mice were restrained in a custom-built
animal holder. The holder was placed in the center of the turntable.

Acclimation and calibration. Acclimation began at least 24 h after sur-
gery. Two sessions of acclimation were performed. During acclimation,
the mouse was fixed onto a custom-made restrainer for 15 min without
any stimulation. Calibration was performed during the day after 2 d of
acclimation. Briefly, the purpose of calibration was to convert linear eye
position to angular eye positions. As the results of calibration, we could
calculate the radius of the pupil, which is an important value for calcu-
lating the gain and phase values of eye movement. The equation was used
and the procedure for calibration was performed according to the study
by Stahl et al., (2000). At the recording after calibration, the mouse and
holder were placed in the position where calibration was performed.

Eye movement recordings. Three basal ocular—motor responses, which
are optokinetic response (OKR), VOR in dark (dVOR), and VOR in light
(IVOR), were measured. For OKR, drum stimulation was provided in
sinusoidal rotation with *=5° of rotation amplitude. For dVOR and
IVOR, turntable stimulation was applied in sinusoidal rotation with *=5°
of rotation amplitude. The only difference between dVOR and IVOR was
under conditions of light off and on, respectively. Each response was
recorded at four different rotating frequencies (0.1, 0.25, 0.5, and 1.0 Hz).

Learning protocols. Associative visuo-vestibular stimulation was ap-
plied to induce dVOR learning at 0.5 Hz frequency. Drum and table
simultaneously rotated with =5° of amplitude in and out of phase. For
gain-down and gain-up learning, the protocols contained three 10 min
training sessions and four check points (see Figs. 124, 13A). After daily
learning, mice were placed in a completely dark condition for 24 h until
the next learning session. Afterward, dVOR was measured again as pre-
learning check point and another daily learning session began. For phase
reversal learning, the dVOR was recorded six times, before learning
started and after finishing five learning sessions (see Fig. 13D). While
gain-up and gain-down learning keep the protocol until the end of learn-
ing, the protocol of phase reversal contained different daily drum stim-
ulation. On the first day, the turntable and drum rotated in phase with 5°
of amplitude. The next day, the drum rotated 2.5° more than the turnta-
ble. On the third day, the final learning day, the drum rotated 5° than the
turntable totally. Caging in the completely dark condition between learn-
ing sessions was the same as gain-down and gain-up. Each mouse was
trained by only one protocol and did not learn multiple visuo-vestibular
stimulations.

Data analysis. The given stimulus and the response were fitted to sine
curves. In the fitted curves, the gain value was obtained by calculating the
ratio of the response amplitude to the stimulus amplitude. The time lag
and the lead of response (Phase) were determined by calculating the
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phase difference between the two sine curves. For all these procedures, we
used a data analysis tool custom-built in LabView. To measure the level
of memory consolidation, ratio of the percentage of remaining memory
to learned memory was calculated.

Two-photon Ca”” imaging
Image acquisition. For two-photon Ca** imaging, we used a multipho-
ton microscope (LSM 7 MP, Zeiss) equipped with a Ti:Sapphire laser
(Chameleon Vision II, Coherent). Wide-field images were taken using a
CCD camera (UM-300, Uniq Vision). Microscopes were equipped with
water-immersion objectives [W Plan-Apochromat 20X/1.0 differential
interference contrast (DIC) M27 75 mm, W Plan-Apochromat 63X/1.0
M27; Zeiss]. In this recording, depolarization stimuli were evoked by an
EPC-8 amplifier (HEKA Elektronik). Slice preparation was the same as
previously described. Cs-containing pipette solution was used for a
brief depolarization experiment using the following (in mm): 150 Cs-
methanesulfonate, 2 MgCl,*6H,O, 10 HEPES, 2 Na,ATP, and 0.4
Na,;GTP with 200 um Oregon BAPTA 488 Green-1 (OGB-1, Invitrogen)
and 25 um Alexa Fluor-594 hydrazide (Sigma-Aldrich). A K-containing
pipette solution, which was used in synaptic plasticity and current-clamp
recordings, with added OGB-1 and Alexa Fluor-594 was used for the AP
clamping experiment. AP clamping was performed by using PatchMaster
software (HEKA Elektronik), and the template of whole-cell spontane-
ous firing was chosen from the recordings that we had previously ob-
tained from PNs. For sufficient dye diffusion, PNs were dialyzed for at
least 30 min after membrane rupture. We obtained simultaneously both
Ca**-sensitive images (by 200 um OGB-1) and Ca*" -insensitive images
(by 25 um Alexa Fluor-594) via two different optical filters (filter 1,
500-550 nm bandpass filter; filter 2, 575-610 nm bandpass filter).
Image analysis. We obtained the ratio (1) of OGB-1 signals (G) to Alexa
Fluor-594 signals (R; r = G/R). r,,,;,, (0.136) and r, ., (0.926) were mea-
sured using a pipette solution with 200 um OGB-1 and 25 um Alexa
Fluor-594 containing 10 mm BAPTA or 10 mm CaCl,, respectively. All of
our Ca®* imaging data did not exceed r = 0.8. We also measured the
ratios at an intermediate Ca*" concentration with several combinations
of EGTA and CaCl, (at 32°C: 1 mm EGTA and 0.3 mm CaCl, for 91.6 nm
free Ca®*; 1 mm EGTA and 0.5 mMm CaCl, for 213.2 nm free Ca’").Ca?"
concentration was calculated using MAXCHELATOR (http://web.
stanford.edu/~cpatton/). We ensured that our data are within the linear
range from the r,;, (0.136) to r = 0.801 (213.2 nm free Ca*"; linear
regression, R? = 0.964). Data acquisition and analysis were performed
using Zen 2010 software (Zeiss) and customized Matlab code.

Real-time quantitative PCR and Western blot

Sampling. Sagittal slices of the cerebellar vermis (250 wm thick) were
obtained from 7-week-old mice. Whole regions of the vermis were mi-
crodissected into Purkinje neuronal layer (PNL) plus ML and GCL plus
white matter according to the visually detectable borderline between
PNL and GCL under an illuminated stereomicroscope (Fig. 24). To an-
alyze the gene expression in Purkinje neurons while minimizing any
contamination from other cell types, we used PNL plus ML only for
quantitative PCR (qPCR).

cDNA extraction and gPCR. Total RNA was isolated from PNL plus ML
tissues using the RNeasy Mini Kit (QIAGEN) according to the manufac-
turer instructions. To eliminate genomic DNA, DNase I (QIAGEN) was
treated. A total of 350 ng of total RNA per sample was reverse transcribed
into cDNA using SuperScript III First-Strand (Invitrogen). qPCR was
performed using the CFX Connect system (Bio-Rad) with SYBR Premix
(TaKaRa). Primers were designed by using Primer3 (http://primer3.ut.
ee/) or were selected from the Harvard Primer Bank (http://pga.mgh.
harvard.edu/primerbank/index.html). Primer sequences are available
upon request. The mRNA expression levels of STIM17X€ relative to wild
type were normalized according to the AACt method. All ACt values
were normalized by Ct value of GAPDH.

Western blot. Tissues were lysed with 1% Triton X-100, 300 mm NaCl,
50 mm Tris-HCI, 500 mm NaF, 200 Mm Na;VO,, protease inhibitor
cocktail (P8340, Sigma-Aldrich) and phosphatase inhibitors (P5726 and
P0044, Sigma-Aldrich). After quantification using BCA assay (Pierce
BCA Kkit, Life Technologies), an equal amount of protein was loaded onto
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STIM1 deletion did not significantly change the mRNA expression of Ca* clearance/influx sources. A, Slices of the cerebellar vermis (left) were microdissected into PNL + ML and

GCL + white matter (middle) according to the visually detectable borderline between PNL and GCL under an illuminated surgery microscope. A DIC microscopic image showed that a piece of
separated PNL + ML tissue contained PNs (right). B, RT-PCR (30 cycles) with primers of Purkinje neuronal marker [L7(PCP2)] and granule cell marker (GABRA6) showed that separated PNL + ML
showed a lack of genomic contents from granule cells. €, gPCR analysis of representative Ca* clearance and influx sources of PNs (number of samples from different animals: wild-type, n = 3;
STIM1P*%, n = 3). From left to right: SERCA2 (p = 0.700), SERCA3 (p = 0.700), PMCA2 (p = 0.700), NCX2 (p > 0.999), P/Q-type VGCCs (Ca,2.1; p = 0.100), T-type VGCCs (Ca,3.1; p > 0.999),
R-type VGCCs (Ca,2.3; p > 0.999). Mann—Whitney U test was used for C. Error bars denote the SEM.

SDS-PAGE 8-12% acrylamide gels. After blocking using 5% skim milk
in TBS-T (TBS with 0.1% Tween 20), blots were incubated overnight
with primary antibodies at 4°C. The primary antibodies used were as
follows: monoclonal mouse anti-calbindin (1:1000; CB955, Abcam); poly-
clonal goat anti-parvalbumin (1:1000; Swant); and monoclonal mouse anti-
a-tubulin (1:10,000; TU-02, Santa Cruz Biotechnology). After washing with
PBS-T, blots were then incubated for 1 h with secondary antibodies. The
secondary antibodies used were as follows: HRP-conjugated goat anti-
mouse IgG (1:1000-10000; Bio-Rad); HRP-conjugated goat anti-rabbit (1:
1000; Bio-Rad); and HRP-conjugated rabbit anti-goat IgG (1:2000; Bio-
Rad). Images were acquired using an Imager 600 (GE Healthcare) and were
stored in JPG and TIFF file format. Protein quantification was performed
using Image] software (National Institutes of Health), and each band density
was normalized to c-tubulin in the same lane.

Statistics

Extracted data were managed with Origin 8.5 (OriginLab), with which
simple statistics and curve fitting were carried out. Further statistical
analysis was performed using SPSS Statistics 21 (IBM) and SigmaPlot
version 12 (Systat Software). In parametric cases, an independent-
samples ¢ test was used and obtained two-tailed p values for comparing

two groups, and ANOVA was used for comparison of more than three
groups. In nonparametric cases, a Mann—Whitney U test was used.

Results

To generate PN-specific STIM1 KO (PCP2°"%;STIM 1/"o*//1ox,
STIM1*%°) mice, we selectively removed loxP-floxed exon 6
(which is translated into the transmembrane domain of STIM1)
of the Stim1 gene using the PCP2(L7)-Cre transgenic mouse line
(Fig. 1A). Immunostaining showed that STIM1 protein was com-
pletely abolished only in PNs (Fig. 1B). Immunoreactivity of
granule cell layers for STIM1 remained in both groups, showing
that STIM1 knockout was confined to PNs (Fig. 1B, middle). We
asked whether STIM1 deletion might result in morphological
changes that could affect electrophysiological properties of neu-
rons by comparing the shape and size of PNs in STIM1 " mice
with those in wild-type littermates (STIM %) There was no
significant difference in the size of the soma and in dendrite
growth between PNs of two groups (wild-type, n = 34;
STIM1*X9, n = 25; soma: wild-type, 416.710 * 12.410 um?;
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Figure3.  STIM1 deletion did not significantly change Ca®* buffers and basal Ca™ level. A, Representative Western blot bands for calbindin D,, and parvalbumin. B, There was no significant
difference in the abundance of calbindin D, and parvalbumin (wild-type, n = 6; STIM1™°, n = 5; calbindin D,g,, p = 0.092; parvalbumin, p = 0.286). Each protein expression level was
normalized by a-tubulin in the same lane. €, There was no significant difference in basal Ca™ signals at —70 mV holding potential (wild-type, n = 15; STM1™%, n = 13; p = 0.07).

Independent-samples  test used for B and C. Error bars denote the SEM.
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Figure4. Blocking SERCA reproduced abnormal Ca* dynamics observed in STIM1™© mice. A, CPA (30 um) elevated the level of accumulated Ca 2™ in wild-type mice to that of STIM1 "*® mice.
Under the same firing rate as achieved by AP clamping, Ca>™ more rapidly accumulated after CPA treatment (top). At the 30 s point, the changed Ca 2 * signal ratio of wild-type mice was significantly
lowerthan that of CPA-treated groups and STIM1 ™ mice (wild-type, n = 7;STIM1 ™, n = 7; wild-type + CPA,n = 7;STIM1™© + (PA,n = 8; F = 8.589, p < 0.001, bottom). Lines and shaded
areas show the mean and SEM. B, Prolonged decaying of Ca" transient by CPA treatment. Representative traces with fitted single exponential curves (left). Decaying T became significantly
longer in CPA-treated groups (wild-type, n = 15; STIM17*%, n = 13; wild-type + CPA,n = 9; STIM17*® + (PA,n = 9; F = 14.492, p < 0.001, top right). Peak values were not different among
all groups (F = 0.562, p << 0.643, bottom right). Drug-untreated data from wild-type and STIM1 P mice were pooled from Figure 1. One-way ANOVA with post hoc Fisher's LSD test for statistics.

Error bars denote the SEM. *p < 0.05; ***p < 0.001.

STIM1*X9, 396.365 + 12.533 um?, p = 0.254; dendrite: wild-
type, 14345.2 = 470.737 um?; STIM1"%°, 14,140.2 * 406.102
wm?; p = 0.743, independent-samples  test; Fig. 1C).

Altered cytosolic Ca** dynamics of STIM1-deleted PN soma

Pacemaking activity, which generates simple spikes spontane-
ously without synaptic input, is a distinguishing feature of PNs.
Every single AP is accompanied by the opening of voltage-gated
Ca?* channels (VGCCs; Raman and Bean, 1999), and ER Ca®™"
stores could be consistently restored by these abundant Ca**
sources in excitable neurons. Therefore, the functional signifi-
cance of STIM1 in spontaneously firing neurons may be different
from that in nonexcitable cells, of which Ca** stores are mainly
restored via SOCs. A previous study showed that dendritic Ca**

level was not affected by simple spike firing because Na* and K *
channels distributed in the soma and dendrites of PNs limit the
back-propagation of simple spikes to their dendrites (Stuart and
Hiusser, 1994; Brenowitz et al., 2006; Ohtsuki et al., 2012; Masoli
et al., 2015). Thus, we focused on somatic Ca>" dynamics of
firing PNs. The observation of Ca** transients by every single AP
is an ideal way to identify the effect of STIM1 on somatic Ca**
dynamics during neuronal firing; however, the duration of a sin-
gle AP of PN is too short (<1 ms) to detect the Ca?™ kinetics.
Therefore, we observed the Ca*" kinetics of clustered APs. We
adopted the action potential-shaped voltage-clamp (AP clamp)
technique, which applies voltage commands from real recorded
APs. By using this technique, we were able to compare cytosolic
Ca** kinetics between two groups during the firing of APs that
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Figure 5.  Attenuated spontaneous and current injection-evoked spike firing in STIM1-deleted PNs. A, Representative traces of spontaneous firing from attached recording in the lobule lll-V

(left). Spontaneous simple spike firing frequency was considerably reduced in STIM1 ", Reduced firing frequency of STIM1 ™ was not only observed in anterior lobule (Ill-V; wild-type, n = 55;
STIM17*%, n = 43; p < 0.001), but also lobule X and the flocculus. (wild-type, n = 19; STIM17*°, n = 30; p < 0.001). B, Distribution plot of corresponding interspike interval (left). CV was
significantly increased in STIM1 ™ mice (wild-type, n = 31; STIM1 7%, n = 26; p = 0.007), but CV, was unaffected (p = 0.878). €, Representative trace at 600 pA of current injection. D, Evoked
firing rate was decreased in STIM1 "*® mice (wild-type, n = 60; STIM1 ™, n = 43; F = 7.221, p = 0.008, left). Bar graph at 600 pA of current injection (p = 0.002, right). £, The amplitude of mAHP
significantly increased in STIM1 P (F = 28.220, p < 0.001, left). Bar graph at 600 pA njection (p < 0.001, right). F, STIM1 P showed strengthened SFA. Wild-type mice have the shorter duration
0f 10 spikes than STIM1 P*° (left). Instantaneous firing frequency more steeply decreased in STIM1 ™ (F = 11.367, p = 0.001, right). One-way ANOVA was used for A. Independent-samples ¢ test
was used for B. Two-way repeated-measures ANOVA was used for D—F, and asterisks in bar graphs in 4, D, and E were marked by post hoc Tukey's test pairwise comparison. Error bars denote the

SEM. **p < 0.01; ***p < 0.001.

were exactly the same. Since more frequent firing of APs causes
more chances of Ca*" influx into the cytosol, we had to fix the
same firing rate of APs in both groups to compare the difference
in Ca*" dynamics during repetitive firing. We chose 24 Hz spon-
taneous firing of APs from our current-clamp recording as a
template for the AP clamp. To confirm that the AP clamp voltage
stimulus does not evoke a dendritic Ca>™ response, we compared
Ca** signals between prolonged depolarization and spike-like
depolarization by AP clamp (Fig. 1D). While prolonged depolar-
ization (—70 to 0 mV, 500 ms) could evoke both somatic and
dendritic Ca** transients (Fig. 1D, left), AP clamp voltage stim-
ulus could evoke only somatic Ca** transients (Fig. 1D, right). In
accordance with a previous study (Brenowitz et al., 2006), these
results confirmed that simple spikes induce negligible effects on
dendritic Ca" signals. In the AP clamp recordings, cytosolic
Ca’* of the soma is accumulated much more rapidly in
STIM1%° PNs than in wild type (wild type, 1.492 * 0.058, n =
7; STIM17%°, 1.932 = 0.056, n = 7; p < 0.001, independent-
samples ¢ test; Fig. 1E). Either increased Ca** influx or delayed

Ca’* decay can account for this overaccumulation of cytosolic
Ca?" in STIM1"X° PNs. We measured the cytosolic Ca*" tran-
sient of the soma after depolarizing voltage step (500 ms; —70 to
0 mV) in both wild-type and STIM1"%° PNs to validate which
Ca** kinetics is affected by STIM1. The decaying kinetics of
Ca** following depolarization was significantly delayed in
STIM1"X° PNs without a difference in peak value of the Ca*"
transient (wild type, n = 15; STIM1 %%, n = 13; 74,,,: wild-type,
3.434 + 0.305 ms; STIM17%©, 5,232 + 0.583 ms, p < 0.001; peak:
wild-type, 2.665 + 0.167; STIM17%°, 2,503 + 0.217, p = 0.554,
independent-samples t test; Fig. 1F).

To examine whether STIM1 deletion also affects dendritic
calcium signaling, we recorded dendritic Ca** transients follow-
ing depolarization (Fig. 1G). There was no difference in the de-
caying kinetics or amplitudes of dendritic Ca** transients
between wild-type and STIM1"%° PNs, suggesting that STIM1
deletion does not affect dendritic calcium dynamics by depolar-
ization (wild type, n = 10; STIM1Y%°, n = §8; Tdecay: Wild type,
0.722 * 0.038 ms; STIM17%°,0.644 + 0.026 ms, p = 0.131; peak:
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wild-type, 1.858 *+ 0.079; STIM1%%°, 1.982 + 0.089, p = 0.312,
independent-samples t test; Fig. 1G). Previous studies showed
that STIM1 inhibits L-type VGCC (Ca,1.2; Park et al., 2010; Wang et
al.,, 2010). Unlike other cortical neurons, mature PNs express P/Q-
type VGCCs (Ca,2.1) as the predominant high voltage-activated
VGCC, instead of the L-type VGCC (Usowicz et al., 1992). So far,
there has been no report on whether STIM1 could also inhibit
P/Q-type VGCCs. Our data suggest that STIM1 deletion did not
affect the amount of Ca*™ influx through P/Q-type VGCCs.

We performed qPCR analyses to quantitatively compare the
transcript levels of several Ca®" clearance/influx sources mainly
expressed in PNs, such as SERCA2/3, plasma-membrane Ca’*-
ATPase 2 (PMCA2), Na"—Ca®" exchanger 2 (NCX2), and
VGCCs [P/Q-type (Ca,2.1), T-type (Ca,3.1) and R-type (Ca,2.3)].
Tissues containing PNL and ML were microdissected to specifi-
cally measure the mRNA levels in PNs (Fig. 2A4). We confirmed
the specificity of tissue dissection by using reverse transcription
PCR (RT-PCR) with primers for a Purkinje neuronal marker
[L7(PCP2)] and a granule cell marker [GABA, receptor a6 sub-
unit (GABRAG6); Boyden et al., 2006; Fig. 2B]. Wild-type and
STIM1"X° mice showed comparable mRNA levels for those
genes (wild-type, n = 3; STIM17X°, n = 3; SERCA2: wild-type,
1.007 = 0.012; STIM17%°, 0.090 % 0.075, p = 0.700; SERCA3:
wild-type, 1.010 = 0.098; STIM1 "X, 0.087 = 0.082, p = 0.700;
PMCA2: wild-type, 1.004 *+ 0.033; STIM17%°, 1.094 = 0.085,
p = 0.700; NCX2: wild-type, 1.100 * 0.266; STIM17%°, 1.087 +
0.417, p > 0.999; P/Q-type VGCC: wild-type, 1.091 % 0.303;
STIM1"X°, 0.588 + 0.084, p = 0.100; T-type VGCC: wild-type,
1.012 % 0.043; STIM17%°, 1.037 = 0.076, p > 0.999; R-type
VGCC: wild-type, 1.017 = 0.089; STIM17%°, 0.900 =+ 0.200, p >
0.999; Mann—Whitney U test; Fig. 2C). However, it may be wor-
thy to note that we observed a fairly clear tendency of decreased
mRNA expression level of P/Q-type VGCCs in the STIM1"X°
group even though it did not reach a statistically significant level.
In discordance with the qPCR result, our Ca*" imaging data
showed no significant difference of Ca*" influx by depolarization
between the two groups (Fig. 1F,G). These results indicated that
gene expression levels could not explain the alterations in Ca**
signals in STIM17%° PN,

Since PNs were well known for their high endogenous Ca**
buffering (Fierro and Llano, 1996), delayed decaying kinetics of
STIM17%° PNs could be caused by alterations in the capacity of
endogenous Ca’" buffering. We measured the protein expres-
sion levels of calbindin D,gx and parvalbumin, two representa-
tive Ca®" buffers in PNs (Schmidt et al., 2003). There was a
tendency toward decreased calbindin D, and parvalbumin ex-
pression in STIM 17X PN, but it was not statistically significant
(calbindin D,g: wild-type, 1.026 = 0.117, n = 6; STIM1°X°,
0.757 = 0.066, n = 5, p = 0.092; parvalbumin: wild-type, 1.324 =
0.147, n = 6; STIM1%%°, 1.105 + 0.116, n = 5, p = 0.286,
independent-samples ¢ test; Fig. 3A, B). We also quantified the
basal levels of Ca** signals at —70 mV holding potential. The
basal Ca** level of STIM1"*° PNs was slightly increased but was
not statistically significant either (wild-type: 0.216 % 0.024, n =
15; STIM1%%°: 0.295 + 0.034, n = 13, p = 0.07, independent-
samples ¢ test; Fig. 3C).

STIM1-mediated cytosolic Ca>* dynamics of soma depends
on SERCA

Delayed decaying kinetics indicates delayed clearance of Ca**
from the cytosol after Ca*" influx. Among various molecules
associated with STIM1-driven ER Ca** store refilling (Soboloff
etal., 2012), SERCA is the most appropriate candidate responsi-
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Table 1. Passive and active membrane properties of wild-type and STIM1 "% mice
Spike Wild-typemice ~ STIM1™Omice  pValue
C, (pF) 6449 = 12.7 6345 = 14.0 0.586
R, (MQ) $39+11 8110 <0.001%*
First spike latency (ms) 16.5 £ 0.5 18.0 £0.9 0.137
Rheobase (pA) 261.1 £ 9.1 281.6 = 11.2 0.159
Threshold (mV) 1st spike —47.0 £ 03 —46.0 = 0.5 0.080
25thspike  —43.1 £ 04 —419+05 0.070
AP amplitude (mV) 1st spike 82010 82411 0.775
25th spike 70.6 £ 1.0 71410 0.545
FWHM (ms) 1st spike 0.205 = 0.004  0.195+£0.003  0.031*
25thspike 0226 £0.005 0211 +£0.003  0.012*
Upstroke (V/s) 1st spike 542.6 = 10.1 570.1 = 10.3 0.059
25thspike 4210 £9.8 4485 + 8.8 0.039*
Downstroke (V/s) Istspike  —452.9 =109 —466.0 = 9.6 0.368
25thspike  —368.8 £103  —385.9 = 9.1 0.214
Slope of postspike 1st spike 1.69 = 0.03 1.62 = 0.05 0.234
depolarization (V/s)  25th spike 1.19 £ 0.03 1.01 =0.04  <0.007***
ISI (ms) 1st spike 10.4 + 0.2 10.7 =03 0.402
25th spike 144 *£03 17.3£08 <0.007***
fAHP (mV) 1st spike 146 =03 143 £ 04 0.581
25th spike 15.8 £0.3 159 =04 0.830
MAHP (mV) 85+03 10903  <0.007%**

Several parameters, including Ry, slope of postspike depolarization, I5I, and mAHP were significantly different in
STIM1 "% mice compared to wild-type littermates (p << 0.001). Active properties of the 25th spike showed more
differences than those of the 1st spike. Slope of postspike depolarization, especially, were remarkably lowered in
STIM1 "*° mice, which could explain the increase of ISI despite the shortened action potential waveform (p < 0.05).
Up-stroke and down-stroke, rising and falling phase of action potential, respectively. Data were from the experi-
ment performed in Figure 5. Data are expressed as the mean == SEM.

*p < 0.05, independent-samples ¢ test.
**¥p <0.001, independent-samples t test.

ble for cytosolic Ca®" clearance of PNs (Fierro et al., 1998). Pre-
vious studies demonstrated that SERCA, a final executor of the
refilling process, is assisted by STIM1 (Krapivinsky et al., 2011).
We tested the effect of blocking SERCA by cyclopiazonic acid
(CPA) on somatic Ca** dynamics. We applied CPA during 24 Hz
AP clamping in both groups. The accumulation of Ca®" of wild-
type PNs with CPA was similar to that of STIM1"*® with CPA at
all time points. There were no significant differences among the
three groups (wild-type with CPA, STIM1*%° with CPA, and
STIM1"X° without CPA) at late time points [wild-type with
CPA, n = 7; STIM1"%°, n = 7; STIM1"*° with CPA, n = 8; 30 s,
wild-type with CPA, 1.958 *+ 0.060; STIM1"*° with CPA,
2.041 = 0.123; wild-type with CPA vs STIM17%°, p = 0.831;
STIM1 %€ vs STIM1*XC with CPA, p = 0.359; wild-type with
CPA vs STIM1%%° with CPA, p = 0.484, post hoc Fisher’s least
significant difference (LSD) test after one-way ANOVA; Fig. 4A].
We also compared the effect of SERCA blocking on somatic Ca**
dynamics in 500 ms depolarization. CPA application delayed the
decay kinetics of cytosolic Ca?* more in both groups (wild-type
with CPA, n = 9; STIM1"X° with CPA, n = 9; Tdecay: Wild-type
with CPA, 6.858 * 0.507 ms; STIM1"*° with CPA, 8.186 * 0.837
ms; wild-type vs wild-type with CPA, p < 0.001; STIM17%° vs
STIM17%° with CPA, p < 0.001; peak: wild-type with CPA,
1.922 *+ 0.239; STIM17%° with CPA, 2.073 * 0.117, post hoc
Fisher’s LSD test after one-way ANOVA; Fig. 4B). However, de-
caying kinetics delayed by CPA of wild-type was not significantly
different from that of STIM17%° PNs (p = 0.132, post hoc Fisher
LSD test after one-way ANOVA; Fig. 4B). These results indicate
that STIM1 deletion caused hypofunction of SERCA-dependent
cytosolic Ca™ clearance.

Altered neuronal excitability in STIM1°%°
To examine the functional consequence of STIM1 deletion in
PNs, we measured the simple spike firing rate of STIM1"X° mice
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Figure6.  Altered excitability of STIM1 ™ PNs required activation of Ca 2 * -activated K ™ channels. A, Continuous cell-attached

recording during the application of ACSF containing low Ca®" concentration. Under low extracellular Ca®™ concentration (100
) firing rates of both groups increased and reached a similar peak point within 5 min. When extracellular Ca®* concentration
returned to normal (2 mu), the firing rate slowly recovered to the initial level (wild-type, n = 15; STIM1 PKO = 14). B, Bargraph
of low-Ca ™ contained ACSF application (right). Though PNs of STIM1 ™ mice had significantly lower baseline firing rates than
wild-type littermates at baseline (p << 0.001), the firing rates finally met at the peak (p = 0.949). When the firing rate recovered
under normal ACSF, the gap between wild-type and STIM1"*® mice was also recovered (p = 0.003). €, Blocking SK channel by
apamin (100 nm) increases the firing rates of both groups of PNs (wild-type, n = 3; STIM1 PO n=13).D,E, Blocking BK channel
also raised spontaneous firing rate in both groups. D, Application of iberiotoxin (100 nw; wild-type, n = 3; STIM17°, p = 4).
E, Paxilline, a broader spectrum blocker that is able to block iberiotoxin-insensitive BK currents (100 nw; wild-type, n = 2;
STIM1 7, n = 6) were not able to reduce the firing rate difference between two groups. F, Blocking both SK and BK channels with
the cocktail of apamin (100 nu) and paxilline (100 nm). The mixture of drugs narrows the gap in firing rates between wild-type and
STIM1 7 mice (wild-type, n = 7; STIM17*?, n = 9). Although blocking both SK and BK channels suddenly changes the firing
pattern (from tonic firing to burst firing), the firing frequencies of both groups became similar before pattern change (left). Bar
graph intwo time points (right). Baseline is before drug treatment, and maximum is the maximum firing rate before pattern change. In the
comparison of maximum firing rates, there was no statistical significance between wild-type and STIM17*° (baseline, p = 0.003;
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against that of wild-type mice while
blocking both excitatory and inhibitory
synaptic input by using cell-attached re-
cording. PNs of STIM1"*° mice showed
significantly lower firing rates in anterior
lobules of cerebellar central vermis (Lob-
ule III-V: wild-type, 37.308 = 1.454 Hz,
n = 55; STIM1"%®, 22.039 + 1.344 Hz,
n = 43; p < 0.001, post hoc Tukey’s test
after one-way ANOVA; Fig. 5A). It is well
known that the firing rates of PNs corre-
late with localized zebrin (aldolase C) ex-
pression patterns (Zhou et al., 2014). To
confirm whether reduced firing rates of
STIM1"X° PNs depend on the location of
PN, we recorded the firing rates of PNs in
lobule X and the flocculus, which were
well known as purely zebrin-positive re-
gions (Zhou et al., 2014). The firing rate is
also significantly reduced in STIM1%°
PNs compared with wild-type PNs in
these zebrin-positive regions (Lobule X
and the flocculus, wild-type, 25.407 *
1.629 Hz, n = 19; STIM1"%°, 15.222 +
0.958 Hz, n = 30; p < 0.001, post hoc
Tukey after one-way ANOVA; Fig. 5A),
demonstrating that the reduction of firing
rates in STIM17%° PNs does not depend
on the regional specificity by zebrin ex-
pression patterns. We also compared the
regularity of PN firing. STIM1"%° PNs
showed a larger CV for ISIs than in
wild-type littermates (wild-type, 0.054 *
0.002, n = 31; STIM1"%? 0.066 * 0.004,
n = 26, p = 0.007, independent-samples
t test; Fig. 5B, left). However, CV, values
from both groups showed no significant
difference (wild-type, 0.065 =+ 0.003;
STIM1*%° 0.066 = 0.004, p = 0.878,
independent-samples ¢ test; Fig. 5B,
right).

To investigate the details of spike
properties, we injected step currents
into PNs in current-clamp recording
(wild-type, n = 60; STIM17XC, 1 = 43;
Fig. 5C-F). The firing frequency versus
injected current (f~I) curve showed the
reduced excitability of PNs in STIM1"%°
mice [curve: p = 0.008, two-way repea-
ted-measures (RM) ANOVA; +600 pA:
wild-type, 69.133 = 1.304; STIM17XC,

<«

maximum, p = 0.351). G, Potentiating K., channels with
1-EBIO (100 um). 1-EBIO treatment decreased the difference
between wild-type and STIM1™© mice without changing the
firing pattern (left; wild-type, n = 7; STIM1™©, n = 15). The
bar graph show the baseline and 15 min after drug application
(right). At 15 min after 1-EBIO treatment, statistical signifi-
cance between wild-type and STIM1™© mice disappeared
(baseline, p = 0.004; 25 min, p = 0.078). Asterisks in all bar
graphs were marked by the Mann—Whitney U test. Error bars
denote the SEM. **p << 0.01; ***p < 0.001.
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A B Hz; STIM17%°, 127.969 = 8.140 Hz, p =
127 — Control _ = 50- ::g:m‘xo 0.949; recovls%: wild-type, 26.919 * 2.490

M o e L 10l Hz; STIM17%©, 16.202 = 1.397 Hz; p <

3 0.001, Mann—-Whitney U test; Fig. 6B).
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_ Caffeine = T o) 000000 dependent ionic currents. The broad
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Time (sec) Time (min) ity of PNs have been well established in

Figure 7.

61.860 = 2.361; p = 0.002, post hoc Tukey’s test after two-way RM
ANOVA; Fig. 5D] with considerably increased mAHP following
spike trains (curve: p < 0.001, two-way RM ANOVA; +600 pA:
wild-type, 8.520 =+ 0.255; STIM17%°, 10.882 + 0.344, p < 0.001,
post hoc Tukey’s test after two-way repeated-measures ANOVA;
Fig. 5E). The properties of a single spike such as voltage threshold
or amplitude were similar between the two groups (Table 1);
however, spike frequency adaptation (SFA) was more prominent
in STIM1*X° mice (p = 0.001, two-way repeated-measures ANOVA;
Fig. 5F). Altered SFA indicates that STIM1 deletion changed the
excitability of PNs qualitatively as well as quantitatively (Benda
and Herz, 2003; Pozzorini et al., 2013). Among several mecha-
nisms explaining SFA, the Ca**-activated K* current (K., current)
has been known as a determinant of mAHP in PNs (Belmeguenai et
al., 2010). Based on both experimental data and theoretical model-
ing, previous studies have shown that the K,-dependent SFA mech-
anism accompanies intracellular Ca®>* dynamics, including both
Ca*" flux to the cytosol and Ca®" removal from the cytosol (Benda
and Herz, 2003).

In AP-clamp recordings, we assumed that normal PNs and
STIM1-deleted PNs fire equally, more Ca®" in the cytosol of
STIM1 "X PNs accumulated during repetitive firing of APs in that
condition (Fig. 1E). However, in actual PN firing, STIM1 PKO PN
fire more slowly than wild-type PN (Fig. 5A). If STIM1 "X© PNs are
not able to efficiently remove Ca*" influx by a single AP from the
cytosol, PNs should engage more negative feedback mechanisms to
maintain the homeostasis of cytosolic Ca®" concentration
([Ca**],). K¢, current, which reduces the chances of Ca** influx by
decelerating firing rates of neurons, is one of these feedback mecha-
nisms. Reduced excitability in STIM1”*© PN’ could be explained by
the enhanced negative feedback mechanisms such as K, current,
which is recruited more by excessive cytosolic Ca** in STIMI-
deleted PN to prevent overaccumulation of cytosolic Ca*™.

Global effects of STIM1 deletion on Ca**-dependent

ionic currents

To determine whether the altered Ca*" dynamics causes the
changes in excitability of STIM 1-deleted PNs, we recorded spon-
taneous firing while replacing most of the extracellular Ca** with
Mg>" to exclude Ca** effects on firing (wild-type, n = 15;
STIM1P¥C, 4 = 14; Fig. 6A). Lowering extracellular Ca?" levels
made the firing rates of the two groups equal and narrowed the
gap between the two groups recovered under reperfusion of nor-
mal ACSF (baseline: wild-type, 28.165 *+ 1.640 Hz; STIM17X°,
16.212 * 1.430 Hz, p < 0.001; peak: wild-type, 127.097 * 9.701

Blocking Ca%™ release from ER store did not affect the spontaneous firing of PNs. A, Ca®™ transient after treating
caffeine. Large Ca>™ transient was recorded by caffeine treatment (80 mu, puff application, 5's, 5 psi) before the application of
dantrolene (50 wum; black). After 20 min of bath application of the drug, Ca 2™ response after caffeine treatment was reduced (red),
and the response was abolished after 40 min of dantrolene application (blue). B, Blocking ryanodine receptor by dantrolene
(50 um) was not able to change the firing rate of PNs in both groups (wild-type, n = 6; STIM17°,n = 2).

previous studies (Edgerton and Reinhart,
2003; Benton et al., 2013), and, as men-
tioned above, altered parameters of
STIM1"X®  PNs, including increased
mAHP and SFA, have been known to be
related to K, current (Benda and Herz,
2003; Belmeguenai et al., 2010). We tested
the effects of K, current on the firing of PNs in both groups by
blocking or potentiating small and big conductance K, channels
[small-potassium (SK) and big-potassium (BK) channels, re-
spectively]. During cell-attached recording, the application of
apamin, a selective inhibitor of SK channels, was not able to
narrow the gap in firing rates between the two groups (Fig. 6C).
Additionally, two kinds of BK channel-selective blockers, iberio-
toxin and paxilline, also could not narrow the gap in firing rates
(Fig. 6D, E). Both groups fired equally while blocking both SK
and BK channels (wild-type, n = 7; STIM17%°, n = 9; baseline:
wild-type, 36.973 = 3.833 Hz; STIM1"%?, 24.756 + 1.799 Hz;
p = 0.003; maximum: wild-type, 151.429 + 20.300 Hz; STIM1"%°,
123.333 = 14.337 Hz; p = 0.351, Mann—Whitney U test; Fig. 6F).
However, in both groups, the application of an apamine—paxil-
line cocktail induced burst firing of PNs (Fig. 6F), which is in-
volved in dendritic Ca*™ signals (Brenowitz et al., 2006), so we
could not precisely estimate the contribution of K, channels to
simple spike firing and somatic Ca** signals. 1-EBIO, a nonse-
lective activator of K, channels (Benton et al., 2013), decreased
the firing rates of both groups to the same level without chang-
ing the firing pattern (wild-type, n = 7; STIM1 PRO = 155
baseline: wild-type, 28.824 = 2.554 Hz; STIM17%°, 20.111 *
1.010 Hz, p = 0.004; 25 min: wild-type, 11.673 = 0.931 Hz;
STIM17%°,9.772 + 0.637 Hz; p = 0.078, Mann—Whitney U test;
Fig. 6G). These results indicate that the alteration of PN activity in
STIM1 %€ cannot be explained by the modulation of a single
channel, but several channels may be globally affected by changes
in intracellular Ca*>* environments.

Alterations in excitability depend on

STIM1-SERCA interaction

STIMI interacts with various molecules to maintain ER Ca>*
stores (Soboloff et al., 2012). STIM1 recruits SOCs to bring Ca*"
from extracellular space to cytosol, and then SERCA uptakes cy-
tosolic Ca" into ER stores. Stored Ca®" can be released to the
cytosol by the influx of Ca**, which is called Ca**-induced Ca**
release (CICR), which is mediated by RyRs. During cell-attached
recording, pharmacological blocking of RyRs had no effect on
spontaneous firing rates in both groups (Fig. 7). These results
showed that CICR may not be involved in the reduced firing rates
of STIM1-deleted PNs.

We already showed that STIM1 deletion in PNs decreased the
SERCA-dependent cytosolic Ca** clearance in the soma (Fig. 4).
Few studies have revealed that sequestration of cytosolic Ca*" by
SERCA can influence the neuronal excitability (Cueni et al.,
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Figure 8.  Blocking SERCA reproduced the attenuated intrinsic excitability of STIM1-deleted PNs. A, CPA treatment during the
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2008), but the pacemaking activity of
PNs has never been studied in this re-
gard. We examined whether SERCA-
dependent Ca®" signals could affect
pacemaking activity. Blocking SERCA by
CPA decreased the spontaneous firing
rates of wild-type PNs to the level of
STIM1*X%° PNs. However, importantly,
CPA treatment did not change the firing
rates of STIM17X° PN (wild-type, n=11;
STIM17%°, n = 9; inset Afrequency: wild-
type, —8.862 * 1.616 Hz; STIM1"%C,
—1.141 £ 0.979 Hz; p = 0.001, Mann—
Whitney U test; Fig. 84, bar graph; Table
2). To examine whether CPA affects
SERCA in the soma or in dendrites, we
also recorded the spontaneous firing rates
during local CPA puffing onto the soma
or dendrites of PNs. Only CPA puffing
onto the soma (n = 4) significantly de-
creased the firing rates, whereas CPA
puffing onto the dendrites (n = 4) did not
decrease firing rates in wild-type slices.
Consistent with the bath application ex-
periment, CPA puffing onto the soma
(n = 4) did not also alter firing rates in
STIM1 %€ (reduced firing rate: wild-type
soma, 74.84 * 10.69; wild-type dendrite,
103.7 * 5.792; STIM1 "% soma, 105.5 +
3.500; p = 0.027, one-way ANOVA; Fig.
8B). These data indicate that SERCAs in
the soma have critical roles in regulating
firing rates. We injected step currents un-
der bath application of CPA. The drug re-

<«

that of STIM17%0 PNs (p = 0.001, inset). Comparing initial
firing rates to 30 min after CPA treatment, the initial firing
rates of wild-type PNs are remarkably higher than others.
B, Somatic SERCAs are important for the regulation of sponta-
neous firing rates. Local puffing of CPA (600 rum, 4 psi) onto the
soma (n = 4, circle, blue) caused a reduction of firing rates,
but there was no change in local CPA puffing onto dendrites of
wild-type PNs (n = 4, square, blue) and the soma of STIM1 €
PNs (n = 4, triangle, red). After 10 min of treatment, the wild-
type soma treatment group only showed significant reduction
of firing rates (F = 5.556, p = 0.027). C, 30 min of CPA (30
Jum) preincubation reduces the evoked firing rate of wild-type
littermates. Wild-type littermates showed significantly higher
evoked firing frequency than other groups (wild-type, n = 60;
STIM17, n = 43; wild-type + CPA, n = 17; STIM17© +
CPA, n = 13). At the 600 pA point, the differences between
wild-type mice and others are obvious. D, mAHP after prein-
cubation of CPA. Only wild-type littermates were affected by
the drug, and mAHP of wild-type littermates became same as
other groups. The representative bar graph at 600 pA of cur-
rent injection shows that wild-type mice had considerably
smaller mAHP than other groups. E, CPA strengthened the SFA
of wild-type PNs. The instantaneous firing frequency at the
30th spike was significantly lower in the other three groups
than wild-type littermates. Data from drug-untreated wild-
type and STIM1™© mice, except A and B, were pooled from
Figure 5. One-way ANOVA was used for B, and other details of

attached recording. CPA (30 um) decreases firing rates of wild-type PNs to the level of STIM1 P*? PNs, while PNs of STIM1P*?seem  data and statistics see also Table 2. Error bars denote the SEM.

unaffected by CPA (wild-type, n = 11; STIM1*%, n = 9). Reduced firing frequency of wild-type PNs was significantly larger than

*p < 0.05; **p < 0.01;**p < 0.001.
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Table 2. Statistical table of CPA treatment in Figure 8
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Figure 84 Fig. 8C Fig. 8D Fig. 8F
Firing frequency (Hz) Firing frequency (Hz) mAHP (mV) Firing frequency (Hz)
n Mean SEM n Mean SEM Mean SEM Mean SEM
WT M 32.876 1.957 60 69.133 1.304 8.520 0.255 68.967 1.510
KO 9 19.300 1121 3 61.860 2.361 10.882 0.344 59.146 241
WT + CPA N 24.538 2.099 17 57.588 4,168 10.762 0.669 62.909 3.312
KO + CPA 9 18.472 1318 13 60.846 4578 11.452 0.544 57.143 4.479
One-way ANOVA Two-way RM ANOVA
F p F p F p F p
Statistics
WTvs KO 14.338 <0.001 7.221 0.008 28.11 <0.001 11.367 0.001
WTvs WT + CPA 12.021 <0.001 12.619 <0.001 5.491 0.022
WTvs KO + CPA 8.939 0.004 21.503 <0.001 6.519 0.013
KO vs WT + CPA 0.81 0.372 0.00163 0.968 0.109 0.743
KO vs KO + CPA 0.51 0.478 1.25 0.269 0.0199 0.888
WT + CPAvs KO + CPA 0.00749 0.932 0.734 0.399 0.154 0.698
pvalue (post hoc Tukey's test)
WTvs KO <0.001 0.002 <0.001 <0.001
WTvs WT + CPA 0.007 <0.001 <0.001 0.007
WTvs KO + CPA <0.001 0.005 <0.001 0.003
KO vs WT + CPA 0.177 0.276 0.848
KO vs KO + CPA 0.989 0.631 0.373
WT + CPAvs KO + CPA 0.092 0.683 0.400

First row, Mean and SEM values of bar graphs in each panel; second row, F and p values of each pair after ANOVA, but the values after one-way ANOVA were comparisons of the whole group; third row, p values of bar graphs in each panel

after post hoc Tukey's test.

duced the gain of the f~I curve and increased both mAHP and
SFA of wild-type PNs to the level of STIM1"*° PNs. Further-
more, CPA administration did not lead to significant changes in
the gain of the f~I curve, mAHP, and SFA of STIM1"%° PNs (Fig.
8C-E; Table 2). These data strongly indicate that the reduced
excitability of STIM1"*® PNs involved a SERCA-dependent
mechanism. The results from blocking RyRs (Fig. 7) suggest that
the altered excitability was not caused by the CPA-induced de-
pletion of ER Ca*" store and the consequent lack of Ca*" release
from the ER. Instead, the Ca®* uptake process of SERCA known
to remove and buffer cytosolic Ca** (Fierro et al., 1998; Higgins
et al., 2006) could be a crucial step in STIM1-dependent regula-
tion of the excitability. Our data suggest that STIM1 deletion
causes less efficient SERCA-dependent cytosolic Ca®" clearing,
and delayed decaying kinetics of somatic Ca®>" enhances Ca**-
dependent ionic currents, which decrease the excitability of PNs to
limit Ca®™ influx.

Preserved basal synaptic transmission in STIM17%©

There was no difference between two groups in basal synaptic
transmissions, including mEPSC (wild-type, n = 8; STIM1 PKO,
n = 11; amplitude: wild-type, 17.405 = 0.761 pA; STIM1%°,
16.211 = 0.696 pA, p = 0.206; frequency: wild-type, 3.412 =
0.681 Hz; STIM1 759, 3.204 = 0.506 Hz; p = 1.000, Mann—Whit-
ney U'test; Fig. 94) and mIPSC (wild-type, n = 5; STIM1°X°, nn =
7; amplitude: wild-type, 40.225 = 1.381 pA; STIM17%°,42.800 +
4.111 pA; p = 0.639; frequency: wild-type, 2.287 £ 0.503 Hz;
STIM1*%°,2.913 + 0.745 Hz; p = 0.876, Mann-Whitney U test;
Fig. 9B). We also recorded strong excitatory synaptic transmis-
sion by CF, which is essential for long-term depression (LTD)
induction (Coesmans et al., 2004), as well as for the induction of
other forms of PN output besides simple spikes, complex spikes
(CSs). STIM1"%° mice had no differences in properties of CSs
compared with wild-type littermates (wild-type, n = 43;
STIM1*%9, 1 = 34; spikelets: wild-type, 4.468 * 0.142; STIM1*%°,
4.500 = 0.165; p = 0.884; CS duration: wild-type, 9.517 * 0.535;

STIM17%°,9.486 * 0.511; p = 0.968, independent-samples ¢ test;
Fig. 9C,D).

Intrinsic plasticity, but not synaptic plasticity, was impaired
in STIM1 "% mice

LTD and long-term potentiation (LTP) at glutamatergic synapses
between PF inputs and PNs have been considered as critical cel-
lular mechanisms underlying cerebellar learning and memory
(Tto, 1982; De Zeeuw et al., 1998; Hansel et al., 2006; Jorntell and
Hansel, 2006). It has been well known that LTD induction re-
quires Ca*" release from the ER store through IP;Rs (Inoue et al.,
1998). Considering the ER Ca** refilling by STIM1, we examined
whether STIM1 deletion affects long-term synaptic plasticity. In-
terestingly, STIM1 7% mice showed levels of LTP (wild-type, n =
11; STIM1PXC, 5 = 8; p = 0.952, two-way repeated-measures
ANOVA; Fig. 10A) and LTD (wild-type, n = 10; STIM17%°, nn =
11; p = 0.653, two-way repeated-measures ANOVA; Fig. 10B)
comparable to those of their wild-type littermates. We hypothesize
that sufficient Ca** stores to induce synaptic plasticity may be filled
by other ER store refilling processes, for instance, Ca** influx
through VGCCs (further referred to in the Discussion section).

In addition to synaptic plasticity, intrinsic plasticity has been
suggested to be critical for learning and memory (Schonewille et
al., 2010; Peter et al., 2016). We investigated whether STIM1
deletion could also affect intrinsic plasticity as well as basal intrin-
sic excitability. We recorded LTP of IE (LTP-IE) after LTP induc-
tion (1 Hz PF stimulation for 5 min; Belmeguenai et al., 2010;
Peter et al., 2016). Interestingly, LTP-IE was significantly impaired
in STIM1*%° PNs compared with that in wild-type PNs (wild-type,
n = 9; STIM17%°, n = 9; p = 0.009, two-way repeated-measures
ANOVA; Fig. 10C). These results indicate that STIM1 is required for
intrinsic plasticity but not for synaptic plasticity.

Motor memory consolidation deficiency in STIM1 "% mice
The previous study (Hartmann et al., 2014) showed that
STIM1*X° mice have defects in two types of motor learning tests,
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Figure 9. Basal synaptic transmission and climbing fiber activity remained intact in PNs of STIM17* mice. A, Miniature EPSCs. Representative trace of mEPSCs recorded from wild-type and
STIM1 ™ (top). Cumulative distribution plots of frequency (bottom left) and amplitude (bottom right). In both frequency and amplitude, there was no statistical significance between both groups
(wild-type, n = 8; STIM17*, n = 11; amplitude, p = 0.206; frequency, p = 1.000). B, Miniature IPSCs. Data are presented same as in A, and there were no differences between wild-type and
STIM1P*° mice (wild-type, n = 5; STIM17*°, n = 7; amplitude, p = 0.639; frequency, p = 0.876). C, The number of CS spikelets in both groups was the same. Representative trace of (Ss induced
by CF stimulation from whole-cell recording (left). Average number (p = 0.884, center) and probability (right) of the spikelets were almost the same (wild-type, n = 30; STIM17C, n = 34),
D, Properties of each spikelet showed no statistically significant differences between both groups. The peak amplitude of each spikelet was not significantly different between wild-type and
STIM1 ™% mice (first spike, p = 0.935; second spike, p = 0.792; third spike, p = 0.145; left). The times when each spikelet appeared (first spike, p = 0.412; second spike, p = 0.385; third spike,
p = 0.494; fourth spike, p = 0.724; top, right) and the total spike duration (p = 0.968, bottom, right) were also unchanged. A Mann—Whitney U test was used for bar graphs in 4 and B. An
independent-samples ¢ test was used for Cand D. Error bars denote the SEM.
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Figure 10.

Intrinsic plasticity, but not synaptic plasticity, was impaired in STIM1 P¥

mice. A, LTP was successfully induced in both groups (wild-type, n = 11; STIM17*%, n = 8). Representative

trace of EPSCs at preinduction and postinduction (left). Normalized EPSCs of both groups were the same in the entire time period (F = 0.004, p = 0.952, center) with unchanged paired-pulse ratio
(right). B, LTD was also successfully induced in both groups with no differences (wild-type, n = 10; STIM1 PKO = 11:F=0.208, p = 0.653). Data were presented asin A. , Intrinsic plasticity was
abolished in STIM1 % mice. While LTP-IE was induced by the LTP induction protocol (1 Hz, 300 times, 5 min) in the wild-type group, this plasticity was unable to be induced in STIM1"** mice.
Two-way repeated-measures ANOVA was used for plasticity graphs in all panels. An independent-samples ¢ test was used for the bar graph in C. Error bars denote the SEM. *p << 0.05; **p << 0.01.
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via CF] and provide instructive signals for
learning to vestibular nuclei. Thus, the
VOR has been regarded as a suitable be-
havioral model to identify the cerebellar
learning mechanisms at the neural circuit
level, along with the eye-blink condition-
ing (Kloth et al., 2015).

Mice were prepared with a head-fixed
pedestal for the test, and three different
basal oculomotor responses were tested
before the learning: OKR, dVOR, and
IVOR (Fig. 11A). STIM1 PKO mice showed
the same levels as wild-type mice in these
parameters, and these results indicate that
STIM1"X° mice have normal visual and
vestibular functions compared with wild-
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type mice (wild-type, n = 47; STIM1 PKO,
n = 39; OKR: gain, p = 0.253; phase, p =
0.203; dVOR: gain, p = 0.391; phase,
p = 0.737; IVOR: gain, p = 0.052, phase:
p = 0.611, two-way repeated-measures
ANOVA; Fig. 11B-D).

Visual stimuli in the same direction of
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Figure 11.

0.261,p = 0.611).

an elevated beam-balancing test and a rotarod test. However, an
elevated beam-balancing test (Piot-Grosjean et al, 2001;
Urakawa et al., 2007) or rotarod test (Rothwell et al., 2014; Scholz
et al., 2015) reflects the function of various brain regions other
than the cerebellum. Thus, these behavioral tests could not elu-
cidate which specific steps of cerebellar learning are interrupted
in STIM1"%° mice, and more appropriate behavioral tests are
required to specify the rules of STIMI in cerebellar circuits re-
lated to learning.

The VOR is a reflex movement of eyes that makes for the
proper location of images on the retina during head movement.
This reflex is characterized by its well known neural circuits in-
volving the cerebellar cortex (Boyden et al., 2004; Ito, 2013). The
adaptive learning of VOR is achieved by plastic changes in neural
circuits including the cerebellar cortex and vestibular nuclei
(VNs) in the brainstem. As the sole output of the cerebellar cor-
tex, PNs compute and integrate two different kinds of sensory
stimuli [vestibular stimuli via mossy fibers (MFs) and retinal slip

The basal ocular—motor performance of STIM1 ™ mice was comparable to that of wild-type mice. 4, Recording
procedures. OKR, dVOR, and IVOR. B, OKR responses in different drum rotating frequencies. Gain and phase values were not p
significantly different from each other group (wild-type, n = 47; STIM1™©, n = 39; gain: F = 1.324, p = 0.253; phase: F =
1.649,p = 0.203). ¢, dVORresponses in different drum rotation frequencies. Gain and phase values were not significantly different
between groups (gain: F = 0.743, p = 0.391; phase: F = 0.114, p = 0.737). D, IVOR responses in different drum rotation
frequencies. Gain and phase values were not significantly different between groups (gain: F = 3.873, p = 0.052; phase: F =

type littermates during learning sessions
(wild-type, n = 11; STIM1%%°, n = 10;
= 0.6, two-way repeated-measures
ANOVA; Fig. 12B). The memory of re-
duced gain was fully retained until 30 min
or 1 h after the learning sessions in both
groups (+30 min: wild-type, 100.053 *=
4.318%; STIM1"X?, 109.698 * 2.478%;
p = 0.063; +1 h: wild-type, 114.380 =+
3.575%; STIM1"%°, 115.485 = 6.868%; p = 0.796, Mann—Whit-
ney U test; Fig. 12C). To determine the effect of STIM1"%° on
long-term memory retention, we extended learning procedure to
4 d with three 24 h intervals. STIM1"*° mice had much lower
levels of retained memory than wild-type mice 24 h after the first
day of learning (day 1-2; Fig. 12D). In a further 2 d of learning,
STIM1"*° mice were able to catch up to the level of daily learning
of wild-type mice but forgot most of the newly acquired memory
on the next day (day 2—4; Fig. 12D). Therefore, the memory
consolidation level (percentage change brought forward from
learned memory of the previous day; Wulff et al., 2009) of
STIM1*X° mice was considerably lower than that of the wild-
type mice on both day 1-2 and day 2-3 intervals (wild-type, n =
14; STIM17%°, n = 14; day 1-2: wild-type, 65.013 = 5.817%;
STIMI1 X0, 25.014 + 5.943%, p < 0.001, day 2-3: wild-type,
66.891 = 5.225%; STIM1 "X, 44.015 + 6.963%; p = 0.019, Man-
n—-Whitney U test; Fig. 12E). Because there are mouse models
showing defects only in specific types of eye movement learning
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Figure 12.

STIM1 "% mice showed memory consolidation deficiency in VOR learning. A, Gain-down learning protocol: 5° of in-phase paired turntable and drum stimulation was applied three

times and 10 min each; 0.5 Hz dVOR was recorded in prelearning and postlearning and every interval between learning (arrows in top bar diagram). B, Gain-down learning in short term. In both
groups, memory acquired by gain-down learning remained perfect until 30 minand 1 h (wild-type, n = 10; STIM1™, n = 10; F = 0.284, p = 0.6). €, Both groups showed the same memory

consolidation level for the gain value (right; 30 min, p = 0.063; Th, p = 0.796). D, Gain-down learning. STIM

17 mice could keep up with wild-type mice at the end of the daily learning, but there

were considerable differences between two groups in gain values on the next day (wild-type, n = 14; STIM17*°, n = 14). E, Consolidation levels were significantly reduced in STIM1 "** mice (Day
1-2,p < 0.001; Day 2-3, p = 0.019). Two-way repeated-measures ANOVA was used for B, and D and asterisks were marked by a post hoc Fisher's LSD test pairwise comparison. Asterisks in Cand
E were marked by Mann—Whitney U test. Error bars denote the SEM. *p << 0.05; **p << 0.01; ***p < 0.001.

paradigms (Boyden et al., 2006; Hansel et al., 2006), the gain-up
learning protocol (Fig. 13A) was applied to check whether the
same phenomenon occurs in that learning. As seen in gain-down
learning, STIM1"° mice had daily learning ability comparable
to that of wild-type mice but lost most of what they had learned
before 24 h, again showing reduced memory consolidation of
learning (wild-type, n = 11; STIM17%C, 1 = 10; day 1-2: wild-
type, 84.291 * 9.483%; STIM17%°,22.284 + 9.842%; p = 0.001;
day 2-3: wild-type, 67.069 = 13.510%; STIM17%°, 32.161 +
7.585%; p = 0.040, Mann—Whitney U test; Fig. 13 B, C). We asked
whether the defect of STIM17¥° mice in memory consolidation
exists not only in the amplitude (gain) of VOR, but also in the
timing (phase). Both groups were tested in phase reversal learn-
ing, which reduces the gain on day 1 and afterward shifts the
phase of VOR on days 2 and 3 (Fig. 13D; Wulff etal. (2009)). The
protocol of the first-day learning was similar to that of gain-down
learning but with two more learning sessions. During the learn-
ing on day 1, both groups performed the gain-down learning
equally well without differences in both gain and phase values
(day 1: wild-type, n = 115 STIM1Y%°, n = 11; Fig. 13E,G), but
after 24 h, the level of memory consolidation in gain was signifi-
cantly different between two groups (day 1-2: wild-type,
63.899 = 5.485%; STIM1"X°, 44.884 + 5.567%; p = 0.028, Man-
n—Whitney U test; Fig. 13F). These results confirmed the defect
of STIM1"%° mice by showing that the same phenomenon oc-
curs even in more intensive learning. The phase was shifted from
the second day of learning, and the memory consolidation defi-
ciency of STIM1*X° mice was also reproduced in the phase learn-
ing (day 2—4; Fig. 13G; day 1-2: wild-type, 57.544 * 8.372%;
STIMI1"%C, 15.367 + 5.760%; p < 0.001; day 2-3: wild-type,
83.535 * 6.823%; STIM1 "X, 32.796 + 9.242%; p = 0.001, Man-
n-Whitney U test; Fig. 13H). On the third day of learning, the
direction of learning in wild-type mice was changed from gain-

down-bound to gain-up-bound (day 3; Fig. 13E), as previously re-
ported (Wulff et al., 2009), since the phase of VOR was completely
reversed as a consequence of accrued memory by repetitive phase
shifting (day 3; Fig. 13G). However, STIM1”*° mice were not able to
change the direction of alterations in gain due to the loss of the
memory (day 3; Fig. 13E,G). Together, these results show that PN-
specific STIM1 deletion significantly impairs the consolidation of
cerebellar memory without affecting the acquisition.

Discussion

Most previous studies on STIM function including studies in the
nervous system have focused on its canonical function in ER
Ca®" store refilling (Soboloff et al., 2012; Hartmann et al., 2014;
Sun et al., 2014; Kraft, 2015; Zhang et al., 2015). Unlike other cell
types where there are limited routes for Ca** entry, excitable
neurons can frequently bring extracellular Ca** into intracellu-
lar space via VGCCs (Park et al., 2010; Harraz and Altier, 2014).
In contrast to previous studies, our experiments have highlighted
the novel function of STIM1 in firing PNs (Fig. 14). We observed
STIM1-SERCA-dependent cytosolic Ca** kinetics of PN soma
where the neuronal output of PNs is determined and demon-
strated how this Ca** signal has influence on the PN excitability,
including pacemaking activity. As a previous study about burst-
ing neurons in nucleus reticularis thalami (nRT; Cueni et al.,
2008) showed, the sequestration of cytosolic Ca*>* by SERCA is
the significant factor for neuronal excitability, and we newly
found that STIM1 mediates the Ca** sequestration and subse-
quently regulates neuronal excitability. It cannot yet be answered
whether this sequestration is important for neuronal excitability
only in high-frequency firing neurons, such as PNs and nRT
neurons, or likewise in relatively slow-firing neurons such as cor-
tical pyramidal neurons. However, it would be obvious that the
relationship between this sequestration and neuronal excitability
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Figure13.  STIM17*° mice showed memory consolidation deficiency in various VOR learning protocols. 4, Gain-up learning protocol. Same as gain-down protocol but with out-of-phase paired
stimulation. B, Gain-up learning. STIM1 ™ mice learned the same as wild-type mice, but they lost almost all of learned memory by 24 h after learning (wild-type, n = 11; STIM17%, n = 11).
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comparison. Asterisks in all bar graphs were marked by Mann—Whitney U test. Error bars denote the SEM. *p << 0.05; **p << 0.01; ***p << 0.001.

is critical for intracellular Ca®" homeostasis in high-frequency
firing neurons where Ca** influx via VGCC is more frequent.

In addition to its role in the soma, STIM1 in dendrites could
also participate in the regulation of PN output through mGluR1-
mediated slow current (Hartmann et al., 2014). Although the
physiological role of mGluR1-mediated slow current in PN out-
put is not clear, this current evokes prolonged depolarization of
PNs after fast AMPA-mediated depolarization (Kim et al., 2003;
Hartmann et al., 2008). Since, in the voltage-clamp condition, this
current is missing in STIM1*%° PNs, STIM1-null PNs may be im-
paired in the regulation of spikes induced by mGluR1-mediated
prolonged depolarization in response to intense glutamatergic syn-
aptic transmission, which remains to be investigated further.

We observed severe deficiency of memory consolidation in
STIM17%° mice, and these phenomena were not limited to a
specific protocol, but occurred globally. It implies that the STIM 1
deletion in PNs may affect the common pathway for cerebellar
memory consolidation. STIM1-deleted PNs exhibited alterations
in the neuronal excitability and its plasticity. Our results accord
well with those of previous studies demonstrating that normal
output of PN is crucial for neuronal information transfer from
the cerebellar cortex to the brainstem for successful memory con-
solidation (Wulff et al., 2009; Yamazaki et al., 2015).

Cytosolic Ca>* clearance and buffering by STIM1-assisted
SERCA

There are several molecular mechanisms that extrude cytosolic
Ca** increased by depolarization, including SERCA, PMCA,
NCX, and mitochondrial calcium uptake (Fierro et al., 1998).
Among these mechanisms, SERCA and PMCA are known to be
regulated by STIM1 combined with an adaptor protein called
POST (partner of STIM1; Krapivinsky et al., 2011). Store deple-
tion promotes the STIM1-POST complex to bind SERCA, keep-
ing SERCA close to Ca®™ entry sites on the plasma membrane to
promote ER Ca*™ refilling (Manjarrés et al., 2010, 2011; Krapiv-
insky et al., 2011). The STIM1-POST complex also inhibits
PMCA activity, which removes cytosolic Ca®" to extracellular
space (Ritchie et al., 2012). With respect to cytosolic Ca** clear-
ance, STIM1 seems to play opposite roles at the same time. How-
ever, a previous study showed that SERCA contributes more to
cytosolic Ca®" clearance than PMCA, especially in high [Ca*"];
conditions in PNs (Fierro et al., 1998). Thus, we deduce that the
net effect of STIM1 on [Ca*" ], after depolarization works toward
reducing the cytoplasmic concentration, and our data support
this inference. There is no evidence that the STIM1-POST com-
plex draws SERCA to the vicinity of VGCCs (distinct from
SOCs). However, our data support this possibility because
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STIM1 does not affect the pumping activity of SERCA itself
(Manjarrés et al., 2011). Delayed cytosolic Ca®" decay and over-
accumulated cytosolic Ca*" during repetitive firing (Figs. 1, 4)
suggest that STIM1 could contribute to the coupling between
SERCA and Ca*" entry through VGCCs. Moreover, SERCA itself
has Ca** buffering activity (Higgins et al., 2006), which affects
AHP and SFA. If STIMI locates SERCA near VGCCs, SERCA
could buffer depolarization-evoked Ca** influx more quickly.
Proper localization of SERCA by STIMI could optimize Ca**
clearing and buffering function of SERCA, preventing excessive
cytosolic Ca®" during repetitive firing.

Intact LTP/LTD induction and related complementary
* refilling

Since the induction of postsynaptic LTP is known to be largely
reliant on presynaptically released nitric oxide independently of
postsynaptic Ca*>* (Lev-Ram et al., 2002), it seems plausible that
LTP induction of STIM1"X° PN is intact (Fig. 10A). To reach
the required [Ca**]; for inducing LTD, Ca** is driven by three
major sources: influx from extracellular milieu through CEF-
induced VGCCs (Konnerth et al., 1992) or NMDA receptors lo-
cated postsynaptically at CF—PN synapses (Piochon et al., 2010),
and Ca’™ efflux via IP;R (Inoue et al., 1998). Given the result of
Hartmann et al. (2014), which revealed the necessity of STIM1
for the spontaneous refilling of ER Ca** stores in PNs at resting
potential, STIM1 might affect the induction of LTD. Contrary to
this expectation, LTD was normally induced in STIM1"*° PNs
(Fig. 10B). Depolarization-induced Ca*" influx through VGCCs
could compensate the mGluR1-STIM1-dependent inward cur-
rent by transiently supercharging ER Ca*™ stores, as shown in the

study by Hartmann et al. (2014). Because this compensatory
refilling is too transitory (diminished within 3 min; data not
shown), temporal coincidence between Ca’" release from ER
and prior depolarization is necessary for the successful induction
of LTD. Hartmann et al. (2014) showed that STIM17X° PNs had
adefect in IP;R-dependent Ca*" release at resting potential (—
mV); however, PNs in vivo have pacemaking activity and are
constantly depolarized. As mentioned above, spontaneous sim-
ple spike firing cannot evoke Ca*" transience in dendrites (Bre-
nowitz et al., 2006), but ER networks in PNs are continuously
connected from the soma to dendrites (Terasaki et al., 1994).
Therefore, Ca*>* introduced by spontaneous firing in the soma
could replenish ER Ca’" stores in dendrites. Moreover, strong
depolarization evoked by CF during LTD induction might also
perform this function. A recent study directly measured ER Ca**
stores that were supplemented by 1 Hz CF stimulation as the
same frequency we used in LTD induction (Okubo et al., 2015).
Asaresult, Ca*" release through IP;R needed for LTD induction
could be sustained in vivo.

Memory consolidation of cerebellar learning and

possible mechanisms

Many previous VOR studies have suggested that synaptic plastic-
ity between PF and PN is crucial for memory acquisition (De
Zeeuw et al., 1998; Hansel et al., 2006; Schonewille et al., 2010).
Moreover, this acquired memory is stored instantly in the cere-
bellar cortex, where PF-PN synapses exist (Kassardjian et al.,
2005; Shutoh et al., 2006; Okamoto et al., 2011). A recent study
suggested that PF-PN plasticity in the cerebellar flocculus, which
is known as the main region involved in cerebellum-dependent
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eye movement learning, has specific timing window for the in-
duction different from that in the cerebellar vermis (Suvrathan et
al., 2016). In light of the finding by Suvrathan et al. (2016), we
speculate that STIM 17X mice may also show intact synaptic
plasticity in the flocculus since memory acquisition in VOR was
normal in STIM17%° mice (Figs. 10, 12, 13). Intact short-term
(~1h) memory was also observed in STIM1 PKO mice (Fig.
12 B, C), which is consistent with the time range of synaptic plas-
ticity that we recorded. However, examining whether synaptic
plasticity is maintained for 24 h remains to be further investi-
gated. It is interesting that STIM17*° mice show severe impair-
ment in intrinsic plasticity. Since intrinsic plasticity is induced by
the same protocol for inducing synaptic plasticity, both forms of
plasticity may occur together during memory acquisition. Many
mouse models had deficits in both forms of plasticity as well as
behavioral deficits in both acquisition and consolidation
(Schonewille et al., 2010; Peter et al., 2016). To our knowledge,
STIM1"X? is the first mouse model to show a selective deficit in
intrinsic plasticity with intact synaptic plasticity in the cerebel-
lum. Together with behavior data showing a deficit in memory
consolidation, but not in acquisition, our results strongly suggest
that intrinsic plasticity is a critical mechanism for memory con-
solidation in VOR learning. We speculate that new information
may be acquired through PF-PN plasticity, which is subsequently
consolidated in VNs through intrinsic plasticity.

In addition to intrinsic plasticity, the consolidation step may
also require proper firing properties and patterns, which were
significantly altered in STIM1"%? mice. PN output relays two
types of neuronal information coding, rate coding and temporal
coding (De Zeeuw et al., 2011). Previous studies showed that
intrinsic plasticity is important for cerebellar learning because it
alters both types of coding (Johansson et al., 2015; Grasselli et al.,
2016). STIM1-deleted PNs showed the innate alterations both in
rate (firing frequency) and temporal (CV and SFA) parameters.
Diverse kinds of synaptic plasticity require highly precise timing
for the coincidence of presynaptic and postsynaptic neuronal
activity (Bi and Rubin, 2005). Several studies suggested that plas-
ticity occurring beyond the cerebellar cortex is important for the
consolidation of motor memory, such as MF-VN plasticity (Porrill
and Dean, 2007; Ito, 2013; Yamazaki et al., 2015). PN output pro-
vides instructive signals to MF-VN plasticity (Pugh and Raman,
2006; Yamazaki et al., 2015). If PN output is transferred improperly
and consequently induces temporal discord with postsynaptic activ-
ity, it could be possible that MF-VN plasticity is impaired and mem-
ory consolidation of the cerebellum is interrupted.
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