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Abstract
Responding to burst stimulation of parallel fibers (PFs), cerebellar Purkinje neurons (PNs) generate a convolved synaptic 
response displaying a fast excitatory postsynaptic current  (EPSCFast) followed by a slow EPSC  (EPSCSlow). The latter is 
companied with a rise of intracellular  Ca2+ and critical for motor coordination. The genesis of  EPSCSlow in PNs results from 
activation of metabotropic type 1 glutamate receptor (mGluR1), oligomerization of stromal interaction molecule 1 (STIM1) 
on the membrane of endoplasmic reticulum (ER) and opening of transient receptor potential canonical 3 (TRPC3) chan-
nels on the plasma membrane. Neuronal nitric oxide synthase (nNOS) is abundantly expressed in PFs and granule neurons 
(GNs), catalyzing the production of nitric oxide (NO) hence regulating PF-PN synaptic function. We recently found that 
nNOS/NO regulates the morphological development of PNs through mGluR1-regulated  Ca2+-dependent mechanism. This 
study investigated the role of nNOS/NO in regulating  EPSCSlow. Electrophysiological analyses showed that  EPSCSlow in 
cerebellar slices of nNOS knockout  (nNOS−/−) mice was significantly larger than that in wildtype (WT) mice. Activation 
of mGluR1 in cultured PNs from  nNOS−/− mice evoked larger TRPC3-channel mediated currents and intracellular  Ca2+ 
rise than that in PNs from WT mice. In addition, nNOS inhibitor and NO-donor increased and decreased, respectively, the 
TRPC3-current and  Ca2+ rise in PNs. Moreover, the NO-donor effectively decreased TRPC3 currents in HEK293 cells 
expressing WT STIM1, but not cells expressing a STIM1 with cysteine mutants. These novel findings indicate that nNOS/
NO inhibits TRPC3-containig channel mediated cation influx during  EPSCSlow, at least in part, by S-nitrosylation of STIM1.
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Introduction

The cerebellum is a key brain structure that regulates 
motor coordination and cognition [1]. In the cerebellar 
cortex, glutamatergic parallel fibers (PFs) arising from 
granule neurons (GNs) synapse with the dendritic spines 
of GABAergic Purkinje neurons (PNs). Integrating excita-
tory inputs from mossy fibers, GNs discharge action poten-
tial bursts, evoking excitatory activities at PF-PN synapses 
to coordinate motor functions [2, 3]. Responding to burst 
stimulus of PFs, PNs in cerebellar slices generate con-
volved EPSCs, displaying a fast component and a slow 
component respectively, known as fast and slow EPSC 
 (EPSCFast and  EPSCSlow) [4]. Previous studies have dem-
onstrated that  EPSCFast is mediated by AMPA receptors/
channels whereas  EPSCSlow is initiated by activation of 
metabotropic type 1 glutamate receptor (mGluR1) [5] 
and primarily mediated by transient receptor potential 
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canonical 3 (TRPC3) [6], a tetrameric non-selective cation 
channel that conducts  Ca2+ and  Na+ influx crossing the 
plasma membrane [7]. Indeed, deletion of the Trpc3 gene 
in mice eliminates the cerebellar  EPSCSlow [6] whereas 
gain-of-function mutation of Trpc3 in mice increases  Ca2+ 
entry to PNs [8], indicating that  EPSCSlow in PNs is medi-
ated by TRPC3-containing channels.

Cerebellar PNs express high-level stromal interac-
tion molecule 1 (STIM1) in the endoplasmic reticulum 
(ER) [9], as well as TRPC3 and TRPC1 [6]. Oligomers 
of STIM1 in the ER membrane may gate homomeric 
TRPC3 channels by electrostatic interaction [10] or acti-
vate heteromeric TRPC1/3 channels through physical 
interactions[11]. Accumulated data from previous studies 
established that activation of mGluR1 in PNs provokes 
 Ca2+ release from ER, consequently, mobilizes the  Ca2+ 
sensor STIM1 to form oligomers, and activates TRPC3-
containing channels to mediate durable  Ca2+/Na+ entry, 
displaying as  EPSCSlow. In other words, STIM1 dimeri-
zation or oligomerization is critical for activation of 
TRPC channels and therefore the genesis of  EPSCSlow in 
PNs, as evidenced by the disappearance of  EPSCSlow in 
STIM1-knockout mice [12]. Early studies showed that the 
amplitude of  EPSCSlow and/or the quantity of  Ca2+ entry 
of PNs determine directions of PF-PN synaptic plastic-
ity [13] hence motor coordination [6]. Therefore, aberrant 
regulations of mGluR1-STIM1-gated TRPC3-containing 
channel mediated  EPSCSlow and  Ca2+ entry of PNs were 
associated with various forms of spinocerebellar ataxias 
[14–16]. However, how the mGluR1-initiated TRPC3-
containing channel mediated  EPSCSlow is finely regulated 
remains elusive.

Neuronal nitric oxide synthase (nNOS) is abundantly 
expressed in PFs/GNs [17], where it catalyzes the production 
of NO, a diffusible gas molecule that regulates cellular 
functions primarily by activation of soluble guanylyl cyclase 
(sGC) or by S-nitrosylation of proteins [18]. It has been well 
demonstrated that nNOS activity critically modulates the 
plasticity of PF-PN synapses [19]. For example, mice lacking 
nNOS expression  (nNOS−/−) exhibit abnormalities in PF-PN 
synaptic plasticity [20] and deficits of motor coordination 
[21, 22]. Consistently, mutant mice with cerebellar ataxia 
often exhibit decreased nNOS expression/activity [17]. In 
line with these early studies, we recently found that PNs in 
 nNOS−/− mice display obvious morphological impairments 
showing less dendritic spines and fewer synapses, 
accompanied with significant increase of STIM1 clusters 
(oligomers) in the soma and dendrites of PNs [23]. Moreover, 
such morphological alterations of PNs in  nNOS−/− mice are 
related to mGluR1-dependent increase of  Ca2+ in these cells 
[23]. All these findings led us to explore whether and how 
nNOS/NO signaling regulates  EPSCSlow in PNs of mice.

Experimental procedures

Voltage‑clamp recording in mouse cerebellar slices

Wild type (WT, C57BL/6) and nNOS knockout  (nNOS−/−, 
Nos1tm1Plh/J) mice were purchased from Jackson Labora-
tory (Bar Harbor, ME, USA) and a breeding program was 
implemented at the institutional animal care facility with 
standard cares. All animal experimental procedures con-
form to the Canadian Council on Animal Care guidelines 
for the care and handling of animals and were approved by 
the Animal Care Committee at Western University under 
the AUP# 2010–033 and AUP# 2014–031. At postnatal 
day (P) 18–21, WT and  nNOS−/− mice were used to cut 
parasagittal cerebellar slices as described previously [24] 
with minor modifications. Briefly, mice were anaesthetized 
deeply with inhalation of isoflurane (3%) and euthanized 
by decapitation. The whole brain was quickly dissected out 
and immersed for 3 min in an ice-cold solution containing 
the following (in mm): 75 sucrose, 87 NaCl, 25  NaHCO3, 
2.5 KCl, 1.25  NaH2PO4, 25 glucose, 7  MgCl2, 0.5  CaCl2 
(pH 7.4 when bubbled with 95%  O2 and 5%  CO2). Sagittal 
cerebellar slices (300 μm in thickness) were cut using a 
vibratome (Leica VT1200s, Leica Biosystems, Concord 
ON Canada). Slices were then transferred to the artifi-
cial cerebrospinal fluid (ACSF) containing the following 
(in mM): 125 NaCl, 2.5 KCl, 1.25  Na2HPO4, 1  MgCl2, 2 
 CaCl2, 26  NaHCO3, and 25 d-glucose, bubbled with 95% 
 O2-5%  CO2 maintained at 32 ºC and kept there for 45 min. 
Thereafter, the slices were kept in the same ACSF at room 
temperature for the rest of the day. To record excitatory 
synaptic responses, the  GABAAR antagonist picrotoxin 
(100  μM) was included in ACSF during patch-clamp 
recordings. A low dose (5 μM) of DNQX was also added 
to the ACSF in order to partially block AMPA/kainate 
receptors [25], thus preventing unclamped firing of the 
cell following a train of synaptic stimulation for evoking 
slow EPSCs while preserving fast EPSCs in response to 
paired-pulse stimulation during voltage-clamp recordings 
[12, 25].

The recording chamber was continuously superfused 
with ACSF (constantly bubbled with 95%  O2-5%  CO2) 
at a rate of 1–2 ml/min and maintained at 32 ± 1 ºC. PNs 
in the lobes IV and/or VI were visualized using a 25 × or 
a 40 × water-immersion objective attached to an upright 
microscope (BX51; Olympus, Japan). Under microscopic 
guidance, motorized micromanipulators (MP225, Sutter) 
were used to make whole cell patch clamp recordings in 
somas of PNs located in Lobe IV and VI, where significant 
changes in morphology, mGluR1 expression, and STIM1 
clusters of PNs were identified in  nNOS−/− mice by our 
previous studies [23]. The patch electrodes were pulled 
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from glass tubes (WPI, Sarasota, FL) by a puller (Nar-
ishige, model PP-830). The input resistance of these elec-
trodes was 3–4 MΩ when filled with intracellular solution 
(ICS) containing (in mm): 116 K-gluconate, 12 Na-gluco-
nate, 8 KCl, 2  MgCl2, 4  K2ATP, 0.3 NaGTP, 10 HEPES, 
1 EGTA (pH 7.3, adjusted with KOH). After whole-cell 
configuration, PNs was voltage-clamped at − 70 mV. Mem-
brane capacitance of recorded PNs was monitored, and 
the series resistance was compensated and kept below 25 
MΩ under voltage clamp and was auto-bridge balanced in 
current clamp. To activate PFs, stimulation glass pipettes 
(∼1  μm tip diameter) were filled with the ACSF and 
placed in the molecular layer (300-400 μm away from the 
recorded PNs). A paired pulse stimulation (50 ms interval) 
was conducted 2000 ms prior to each trial of the repeti-
tive stimuli to confirm the selective and stable stimulation 
of PFs [26], while repetitive square pulses (5 to 20μA, 
200 Hz, 10 pulses) were used to elicit convolved EPSCs in 
PNs. Electrical signals recorded from PNs were amplified 
by means of a Multiclamp 700B amplifier, acquired and 
filtered at 1 kHz through Digidata 1322A acquisition sys-
tem, and analyzed using pCLAMP10.3 software (Molec-
ular Devices, Sunnyvale, CA). The averaged trace of 5 
EPSCs was stably recorded 8–10 min after whole-cell con-
figuration was used for analyses. To compare the scale of 
PF-PN slow EPSC between WT mice and  nNOS−/− mice, 
the ratios of slow and fast component of EPSC evoked by 
repetitive stimuli were calculated as previously reported 
[12].

To determine the receptors and channels involved in the 
generation of the PF-PN slow EPSC, the mGluR1 agonist 
(S)-3,5-dihydroxyphenylglycine (DHPG), the mGluR1 selec-
tive antagonist JNJ-16259685 (3,4-dihydro-2H-pyrano[2,3-
b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone) 
[27]; and Pyrazole 3 (Pyr3), an inhibitor of STIM1-gated 
TRPC3-containing channels [28], were added to the perfu-
sion ACSF during some recordings. DHPG, JNJ-16259685, 
and Pyr3 were purchased from Tocris (Balwin, MO).

Immunohistochemistry of mouse cerebellar tissues

Mice aged at P21 were euthanized by decapitation under 
deep anesthesia using isoflurane. The mouse head was 
placed in 4% paraformaldehyde (PFA, in PBS) for 24 h and 
then the brains were removed out of the skull and placed in 
fresh 4% PFA. After 2-day fixation at 4 °C, the brain was 
replaced in 30% sucrose (in PBS) for 2–3 days. Cerebella 
were hemisected through the sagittal line and parasagittal 
slices were cut at 40–60 µm thickness using a vibratome. 
After washing using PBS cerebellar sections were permeabi-
lized with 0.25% Triton X-100 (Sigma) in PBS for 5 min and 
blocked with 10% normal goat serum (NGS in 0.25% Tri-
ton X 100-PBS) for 2 h. After washing, cerebellar sections 

were incubated with rabbit anti-TRPC3 (NovusBio, NB110-
74935, 1:500) at 4 °C overnight. Sections were washed and 
then incubated in Cy3-Donkey-anti-rabbit IgG (Jackson 
ImmunoRsearch laboratories Inc., 1:500). For double-
staining of PN marker calbindin-D28K, the anti-calbindin-
D28K (Santa Cruz Biotechnology, 1:500) and Alexa Fluor® 
488-Donkey-anti-goat (Life technologies: 1:1000) were pro-
cessed. Omission of primary antibody was used as a negative 
control. The immunostained slices were mounted on glass 
slides for confocal microscopy using an inverted microscope 
(Olympus FV1000). To avoid variations in cellular morphol-
ogy and protein expression in diverse types of cells, confocal 
microcopy also focused on Lobe IV and VI. Multiple images 
of immune-stained PNs of cerebellar sections prepared from 
WT and  nNOS−/− mice were taken under 60X oil objective 
using Olympus Fluoview software and saved in an institute-
based data system. The saved images were analyzed using 
ImageJ (https:// imagej. nih. gov/ ij/). To assess the intensity 
of TRPC3-fluorescence specifically within PNs, the area 
of TRPC3-fluorescence overlaid with the fluorescence of 
calbindin-D28K, the PN marker, was determined; and then 
the intensity of TRPC3-fluorescence in PNs was measured, 
as we previously analyzed the fluorescence intensity of pro-
teins in other types of cells [29–32].

Immunoblot of cerebellar tissues

Cerebella from WT and  nNOS−/− mice aged P14 or P21 (w2 
or w3) were dissected and homogenized using radioimmuno-
precipitation (RIPA) buffer with a protein inhibitor cocktail 
(10 μg/ml leupeptin and aprotinin; 2 mM phenylmethylsulfo-
nyl fluoride). Protein measurements were determined using 
a Bradford micro-assay (Bio-Rad) and 40-50 μg of protein 
was loaded per well. Proteins were run through SDS-PAGE 
on either 8% or 10% polyacrylamide gels at 100 V, and then 
transferred to a nitrocellulose membrane. Membranes were 
blocked in 5% bovine serum albumin (BSA) in a 1 × TBS-T 
solution, and later incubated with primary anti-TRPC3 rab-
bit antibody (Alomone, ACC-016). Proteins of interest were 
detected using an anti-guinea pig or anti-rabbit IgG HRP 
conjugate (Bio-Rad). The immunoblot intensity of TRPC3 
protein was normalized to that of β-actin (Sigma, A5441; 
Abcam, ab9482).

Cultures of primary cerebellar cells

Mixed cerebellar cells were isolated from P3 WT and 
 nNOS−/− mice as previously described [33, 34] with modi-
fications. Briefly, mouse pups were euthanized by decapita-
tion under isoflurane anesthesia. Dissected cerebella were 
digested with 1% trypsin in  Ca2+/Mg2+ free phosphate-buff-
ered saline (CMF-PBS) for 3 min at room temperature and 
triturated to yield single cell suspension. The suspension 

https://imagej.nih.gov/ij/
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passed through a 33 μm nylon mesh and single cells were 
re-suspended in serum-containing medium was composed 
of Eagle’s basal medium with Earle’s salts, glutamine, glu-
cose, penicillin–streptomycin, and 10% horse serum (Life 
Technologies) in 35 mm culture dishes, which were pre-
treated overnight at 4 °C with poly-d-lysine (PDL, 500 μg/
ml; Sigma) and washed three times with distilled water 
before plating. These mixed cerebellar cells obtained from 
WT and  nNOS−/− mice respectively were cultured in serum-
free medium and maintained at 37 °C with 100% humidity 
and 5%  CO2. Three hours after plating, the morphologies 
of primary cerebellar cells in cultures were checked under 
microscope. By twenty-four hours, PNs in the cultures could 
be readily identified under microscope because of their large 
soma and multiple dendrites. Specifically, individual PNs 
scattered among granule cells. Consistent with previous 
reports [33, 34], PNs represented 1%-3% of cell population 
in the cultures where the majority were nNOS-expressing 
GNs [17] that display small round soma.

Voltage‑clamp recording in cultured mouse PNs

Forty-eight hours after culturing, cells were rinsed with 
and bathed in the extracellular solution (ECS) contain-
ing (in mM): 126 NaCl, 4 KCl, 2.0  CaCl2, 1.0  MgCl2, 10 
HEPES, and 15 glucose, 0.0005 tetrodotoxin, 0.01 nifedi-
pine, and 0.001 ω-conotoxin GVIA (pH = 7.4 and osmo-
larity = 320 mosmol/L), then were used for patch-clamp 
recordings in room temperature. In some recordings, NNC 
55–0396 dihydrochloride (300 μM), a selective T-type cal-
cium channel blocker [35] was included in ECS. PNs in the 
cultures of cerebellar cells from WT and  nNOS−/− mice 
were identified under microscope based on their unique 
morphology. Whole-cell configuration was performed 
on the somas of PNs using glass pipette electrodes. Input 
resistance of glass electrodes was within the range of 2–4 
MΩ when the pipette was filled with intracellular solution 
(ICS) containing (in mM): 120 Cs-gluconate, 1  MgCl2, 
4  Na2ATP, 1 NaGTP, 20 Hepes, 10 EGTA and 5 sucrose 
(pH 7.3, adjusted with CsOH). Under whole-cell voltage-
clamp mode  (VH = -70 mV), series resistance was main-
tained below 10–12 MΩ. The current–voltage relationship 
of transmembrane conductance was revealed by a voltage-
ramp  (VRamp, from -100 mV to 20 mV within 3 s) when 
PNs were clamped at 0 mV. Specifically, the level of trans-
membrane conductance in test PNs was examined when they 
were perfused with the control solution, solution containing 
the mGluR1 agonist DHPG (250 μM), and solution contain-
ing DHPG (250 μM) + TRPC3-containing channel inhibitor 
Pyr3 (2.0 μM), respectively. Readings of control and the 
mGluR1-evoked TRPC3 conductance in individual test PNs 
were derived by deducting the transmembrane conductance 
recorded in the presence of Pyr3 from the transmembrane 

conductance recorded in control conditions and/or in the 
presence of DHPG.

Imaging cytosolic  Ca2+ in cultured mouse PNs

Forty-eight hours after growing in cultures, primary cer-
ebellar cells on 35 mm glass bottom dishes were washed 
using the same bath solution for pat-clamp recording, and 
incubated with 3 μM Rhod-4 AM (AAT Bioquest, Sunny-
vale, CA) for 30 min in 30ºC, and then excess Rhod-4 AM 
was washed out. Under Olympus FV1000 microscope at × 20 
magnification, images of  Ca2+-dependent Rhod-4 fluores-
cence in primary cerebellar cells were automatically taken 
every 3 s using a computerized program, and automatically 
recorded in a computer. In different cell cultures, base-
line levels of  Ca2+-dependent fluorescence were recorded 
3–5 min before perfusion of DHPG, Pyr3, the selective 
nNOS inhibitor 7-nitroindazole (7N), and the fast release 
NO-donor S-nitroso-N-acetyl penicillamine (SNAP), respec-
tively. Some PNs, in particular those closely surrounded by 
clusters of GNs, displayed irregular Rhod-4 fluorescence 
fluctuations, which might reflect PNs’ response to burst 
release of glutamate from GNs. The images of Rhod-4 
fluorescence were analyzed off-line. PNs in the image 
field were visibly identified by their large soma and higher 
basal Rhod-4 fluorescence compared to surrounding GNs. 
Using the FIJI open-source software [36], the intensity of 
 Ca2+-dependent Rhod-4 fluorescence within PNs before and 
after application of GHPG were automatically measured and 
digitized. The readings of drug-induced Rhod-4 fluorescence 
change within all PNs were normalized to the baseline level 
(before DHPG). Using Excel, the values of mean ± SE of 
normalized intensity of  Ca2+-dependent Rhod-4 fluores-
cence in all PNs in the image field were plotted along with 
the imaging time.

Voltage‑clamp recording in transfected cells

HEK293 cells were grown in Dulbecco's Modification of 
Eagle's Medium plus 10% fetal bovine serum. In 60% con-
fluence, the cells were co-transfected with pCMV6 vector 
encoding human TRPC3 tagged with GFP (NM_003305, 
OriGene Technologies, Rockville, MD USA) and pCMV6 
vector encoding human STIM1 or encoding Cys49Ser/
Cys56Ser mutations, with mCh fused just after the ER signal 
peptide [37]. The Cys49Ser/Cys56Ser mutations were intro-
duced using the QuikChange method. Cells were transfected 
using an Amaxa Nucleofector II following the manufactur-
er's guidelines using 0.5 μg eGFP-TRPC3 and mCh-STIM1 
or Cys49Ser/Cys56Ser mCh-STIM1. Twenty-four hours 
after transfection, cells were replated on 35 mm dish coated 
with poly-D-lysine. Twelve to twenty-four hours after replat-
ing, transfected cells were bathed in ECS containing (in 
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mM): 126 NaCl, 4 KCl, 2.0  CaCl2, 1.0  MgCl2, 10 HEPES, 
and 12 glucose (pH = 7.4, and osmolarity = 320 mosmol/L). 
Whole-cell recording was performed on the transfected cells 
that were identified under microscope-associated fluores-
cence filters in room temperature using another recording 
set that were also equipped with Multiclamp 700B amplifier 
and pCLAMP10.3 for acquisition (Molecular Devices). The 
input resistances of glass pipette electrodes were 2–3 MΩ 
when filled with ICS containing (in mM): 120 Cs-gluconate, 
1 MgCl2, 4 Na2ATP, 1 NaGTP, 20 Hepes, 10 EGTA and 5 
sucrose. Under voltage-clamp mode  (VH = 70 mV), whole-
cell series resistance was 8–10 MΩ. Once series resistance 
became stable the recorded cell was clamped at 0 mV, and 
the transmembrane current and current–voltage relationship 
were revealed by applying  VRamp from -100 mV to 20 mV 
within 3 s. The serious resistance was monitored, and the 
recording excluded once it surpassed 12 MΩ.

Statistical analysis

Statistical analyses were performed using an unpaired, two-
tailed t test for comparing all results from PNs between WT 
to  nNOS−/− mice. When comparing results of immunocy-
tochemistry, immunoblot, and  Ca2+-imaging from three or 
more groups were analyzed using a one-way analysis of 
variance (ANOVA) corrected with a Tukey's post hoc test. 
Significance was determined using a threshold of p = 0.05. 
All values are reported as mean ± SEM.

Results

Enlarged slow EPSC in PNs of  nNOS−/− mice

In cerebellar slices prepared from WT mice, paired pulse 
stimulation of PFs in the molecular layer elicited paired-
pulse response (PPR) in PNs, which displayed as a smaller 
EPSC1 and a larger EPSC2. As shown in the left panel 
of Fig. 1A, this profile of PPR exhibited an archetype of 
paired-pulse-facilitation (PPF), confirming that it was 
a response of PF-PN synapses [26]. In addition, a burst 
stimulation (200 Hz, 10 pulses) of the same loci induced a 
convoluted EPSC. As shown in the right panels of Fig. 1A, 
this complex EPSC in PNs was characterized with a fast 
component  (EPSCFast) followed by a long-lasting slow com-
ponent  (EPSCSlow). Consistent with previous report [38], 
the amplitude of  EPSCSlow was effectively decreased in 2 
PNs of WT cerebella and 3 PNs of  nNOS−/− cerebella by 
bath application of the mGluR1 antagonist JNJ16259685 
(30 μM). However, this mGluR1 antagonist did not change 
the amplitude of  EPSCFast. This result confirmed that 
 EPSCSlow, but not  EPSCFast, is initiated by mGluR1 acti-
vation [5]. As shown in Fig. 1B, paired pulse stimulation 

of PFs in the molecular layer of cerebellar slices from 
 nNOS−/− mice also elicited PPF, while burst stimula-
tion (200 Hz, 10 pulses) induced a convoluted EPSC. The 
amplitude of EPSC1 and EPSC2, as well as  EPSCFast and 
 EPSCSlow in PNs of both WT and  nNOS−/− mice remained 
stable over 10–15 min recording. Notably, in response to 
paired pulses and/or burst stimulations, PNs in both WT and 
 nNOS−/− cerebella displayed similar levels of PPF (Fig. 1C, 
WT: EPSC2/EPSC1 = 1.63 ± 0.83, n = 7;  nNOS−/−: EPSC2/
EPSC1 = 1.32 ± 0.23, n = 9), suggesting that deficiency of 
NO signaling did not fundamentally alter vesicular gluta-
mate release from the presynaptic PF terminals.

Burst stimulations of PFs in the same loci of molecu-
lar layer readily induced convoluted EPSCs, which dis-
played comparable amplitudes of  EPSCFast in WT and 
 nNOS−/− cerebella (WT: 332 ± 59pA, n = 9 cells vs. 
 nNOS−/−: 295 ± 25pA, n = 11 cells). However, as illus-
trated in the right panel of Fig.  1B the amplitude of 
 EPSCSlow in  nNOS−/− cerebella was drastically larger 
than that in WT cerebella (Fig. 1D; WT: 59 ± 21pA, n = 9 
cells vs.  nNOS−/−: 158 ± 21pA, n = 11 cells; P < 0.005). 
Remarkably, the ratio of  EPSCSlow/EPSCFast in PNs of 
 nNOS−/− mice was more than two times bigger than that 
in WT mice (Fig. 1E, WT: 0.173 ± 0.036, n = 9 cells from 
5 mice;  nNOS−/−: 0.476 ± 0.094, n = 11 cells from 5 mice, 
P < 0.01). As illustrated in the right panel of Fig.  1B, 
application of Pyr3 (3.0 μM), an inhibitor of STIM1-gated 
TRPC3-containing channels [39], greatly reduced the ampli-
tude of  EPSCSlow (Fig. 1F; control: 141 ± 34pA vs. Pyr3: 
34 ± 15pA, n = 5 cells, p < 0.01), but not the  EPSCFast in PNs 
of  nNOS−/− mice. The same effect of Pyr3 (3.0 μM) was also 
observed in two PNs of WT mice. In consistence with pre-
vious findings [6], this result implicates that STIM1-gated 
TRPC3-containing channels are critically involved in the 
genesis of  EPSCSlow of PNs.

Together, these results indicate that endogenous nNOS/
NO signaling in the cerebellum controls PF-PN synaptic 
responses by effectively downregulating mGluR1-initiated 
TRPC3-channel activity in PNs.

Mild decrease in TRPC3 protein in PNs of  nNOS−/− 
mice

Does NO signaling downregulate TRPC3 channel activity by 
decreasing the expression of TRPC3 protein in PNs? Immu-
nohistochemistry and confocal microscopy of cerebellar sec-
tions revealed immunofluorescence of TRPC3 protein in the 
soma and dendrites of PNs of both WT and  nNOS−/− mice 
at postnatal week-3 (Fig. 2A). Image analyses revealed a 
mild but significant decrease of TRPC3-fluorescence inten-
sity in PNs of  nNOS−/− cerebella relative to that WT cer-
ebella (Fig. 2B). Considering that the TRPC3 expression 
profile in the cerebellum is not homogeneous [40], we also 
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Fig. 1  Increased slow EPSCs in PNs of nNOS−/− mice. A. Example 
traces of evoked EPSCs of PF-PN synapse in responses to a paired 
pulse stimulation followed by a brief burst stimulation (10 pulses, 
200  Hz) in a cerebellar slice of WT mice before (grey trace) and 
after perfusion of the mGluR1 antagonist JNJ16259685 (black trace). 
Paired pulses induced paired-pulse-facilitation (PPF, left panel) 
confirming the selective stimulation of PFs; whereas burst stimula-
tion evoked large complex EPSCs displaying a fast component and 
a slow component of EPSC  (EPSCFast and  EPSCSlow) sequentially 
(right panel). Note that the mGluR1 inhibitor JNJ16259685 (30 μM) 
effectively decreased the  EPSCSlow but not the  EPSCFast nor the PPF. 
B. Shown are example traces of PPF (left panel) as well as  EPSCFast 

and  EPSCSlow (right panel) recorded from a PN in a  nNOS−/− cere-
bellar slice before (grey trace) and after (black trace) application of 
Pyr3 (3.0 μM), an antagonist for STIM1-gated TRPC channels. Note 
that Pyr3 blocked  EPSCSlow but not  EPSCFast. C. Plotted graph shows 
no significant difference in the ratio of pare-pulse induced EPSC2/
EPSC1 between WT mice and  nNOS−/− mice. D. Plots report larger 
amplitudes of  EPSCSlow in PNs of  nNOS−/− mice than WT mice 
between WT mice and  nNOS−/− mice (** P < 0.01). E. Bars summa-
rize the average ratio of  EPSCSlow vs.  EPSCFast in WT and  nNOS−/− 
mice (** P < 0.005). F. Plots show the average amplitude of  EPSCSlow 
in PNs of  nNOS−/− mice before and after application of Pyr3 (** 
P < 0.01)
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carried out immunoblotting assays of the whole cerebellar 
cortical tissues from WT and  nNOS−/− mice at postnatal 
week-2 and week-3. Results from immunoblotting assays, 
however, showed no significant difference in TRPC3 protein 
expression tween WT and  nNOS−/− mice at postnatal week-3 
(Figs. 2C and D). These results suggested that amplifica-
tion of the mGluR1-initiated TRPC3-mediated  EPSCSlow in 
 nNOS−/− mice is not due to increased expression of TRPC3 
in PNs.

Enlarged mGluR1‑activated TRPC3 conductance 
in cultured PNs from  nNOS−/− mice

Next, we conducted voltage-clamp recordings on individual 
PNs in the cultures of mixed primary cerebellar cells iso-
lated from WT and  nNOS−/− mice. To reveal the mGluR1-
initiated TRPC3-mediated transmembrane conductance/
current, a  VRamp (from -100 mV to 20 mV) was applied to 
test PNs when it was perfused with the control solution, 

solution containing DHPG (100 μM), and solution contain-
ing DHPG (100 μM) and Pyr3 (2.0 μM), respectively. Nota-
bly, under control conditions, low-level membrane conduct-
ance/current was revealed by  VRamp in cultured PNs from 
WT mouse (Fig. 3A) and  nNOS−/− mouse (Fig. 3B). Plotting 
the transmembrane current against  VRamp revealed a linear 
voltage-current (I-V) relationship with the reversing poten-
tial at 0 mV, indicating that endogenous non-selective cation 
conductance exists in PNs.

The amplitude of non-selective cation conductance in 
cultured PNs from both WT mice (Figs. 3A and C) and 
 nNOS−/− mice (Figs. 3B and D) was enhanced by applica-
tion of DHPG, a selective agonist for mGluR1/5. Given that 
mGluR1 overrules but mGluR5 is undetectable in PNs [41], 
the effect of DHPG in cerebellar PNs should be attributed 
to activation of mGluR1. Notably, in the presence of the 
same concentration of DHPG, the cation conductance in 
cultured PNs from  nNOS−/− mice was significantly larger 
than that in PNs from WT mice. In contrast, application of 

Fig. 2  Mild decrease in TRPC3 expression in PNs of nNOS−/− mice. 
A. Representative images display immunofluorescence of calbindin-
D28K (green) as well as TRPC3 (red) within PNs located in the Lobe 
IV of WT mouse (upper row) and  nNOS−/− mouse (lower row) at 
postnatal week-3. Note the strong immunofluorescence of TRPC3 
in the calbindin-D28K+ dendrites and somas of PNs in both WT 
and  nNOS−/− cerebella. To selectively assess the intensity of TRPC-
fluorescence within PNs, the area of TRPC3-fluorescence overlaid 
with the calbindin-D28K fluorescence was determined; and then the 
intensity of TRPC3-fluorescence only within PNs was measured. 
B. Plotted graph summarizes arbitrary units of TRPC3 fluorescence 

associated with the dendrites and somas of PNs per image field (15 
images of cerebellar slices from 5 WT mice and 12 images of cere-
bellar slices from 4  nNOS−/− mice; P < 0.05). C. Example immunob-
lots for TRPC3 (~ 95 kDa) and β-actin (loading control) of the whole 
cerebellar tissues from WT mouse and  nNOS−/− mouse at postnatal 
week-2 (left column) and at postnatal week-3 (right column). D. Plots 
summarize quantification of protein blots showing no significant dif-
ference in normalized TRPC3 protein density in whole cerebellar tis-
sues between WT mica (N = 4 cerebella from 4 mice at week-3) and 
nNOS.−/− mice (N = 4 cerebella from 4 mice at week-3)
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Fig. 3  Increased TRPC3 conductance in PNs of nNOS−/− mice. A-B. 
Shown are representative traces of  VRamp-evoked transmembrane-
conductance in a cultured PN from a WT mouse (A) and in a PN 
from a  nNOS−/− mouse (B) when the test PN was bathed with con-
trol solution and then in the presence of DHPG (100 μM). C. Plotted 
graph shows the current–voltage (I-V) relationship of  VRamp-evoked 
transmembrane-conductance in PNs (n = 12 cells) from WT mice in 
control, or presence of 100 μM DHPG, or 100 μM DHPG + 2.0 μM 
Pyr3 (* at the indicated holding membrane potentials, transmem-
brane current was significantly different [P < 0.05] when test PN was 
exposed to DHPG vs. DHPG + Pyr3). D. Plotted graph shows the 
current–voltage (I-V) relationship of  VRamp-evoked transmembrane-
conductance in PNs (n = 8 cells) from  nNOS−/− mice in control, or 
presence of 100 μM DHPG, or 100 μM DHPG + 2.0 μM Pyr3 (* at 
the indicated holding membrane potentials, transmembrane current 

was significantly different [P < 0.05] when test PN was exposed to 
DHPG vs. DHPG + Pyr3). E–F. Shown are “basal TRPC3 current” 
and “mGluR1-evoked TRPC3 current” in test PNs from WT mice 
(E) and from  nNOS−/− mice (F). Plotted values of “basal TRPC3 
current” and “mGluR1-evoked TRPC3 current” were obtained by 
deducting the conductance when PNs were pathed in Pyr3, from the 
conductance when PNs were bathed in control (Ctrl) solution and/
or in the presence of DHPG, respectively. Note: when  VH = 0  mV, 
basal TRPC3 current in PNs from WT mice (E) is 7.3 ± 3.3pA (n = 13 
cells) whereas that in PNs from  nNOS−/− mice (F) is 50 ± 3.3pA 
(n = 10 cells), P < 0.005. When  VH = -70  mV, the mGluR1-evoked 
TRPC3 current in PNs from WT mice (in E) is 55 ± 3.3pA (n = 13 
cells) whereas that in PNs from nNOS.−/− mice (in F) is 121 ± 9.6pA 
(n = 10 cells), P < 0.001
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Pyr3, an inhibitor of TRPC3-containing channels, decreased 
the non-selective cation conductance in PNs from both WT 
mice (Fig. 3C) and  nNOS−/− mice (Fig. 3D) to a similar 
level. These results indicated that the mGluR1-evoked non-
selective cation conductance in PNs is mediated by TRPC3-
containing channels.

We further dissected the TRPC3 conductance in PNs 
from WT mice and  nNOS−/− mice by deducting the cur-
rent recorded in the presence of Pyr3, from the current 
recorded when cells were bathed in control solution and/
or DHPG-containing solution, respectively. As shown in 
Figs. 3E and F, both the basal TRPC3 conductance and 
the DHPG-evoked TRPC3 conductance in PNs from 
 nNOS−/− mice were larger than that in PNs from WT mice. 
Notably, both the basal TRPC3 conductance (Fig. 3E) and 
the DHPG-enhanced conductance (Fig. 3F) in PNs from 
 nNOS−/− mice are larger than that in PNs from WT mice. 
This result indicates that endogenous NO effectively down-
regulates the mGluR1-evoked TRPC3 channels. Inter-
estingly, at the same concentration the mGluR1 agonist 
DHPG evoked a significantly larger conductance in PNs 
from  nNOS−/− mice than that from WT mice (Figs. 3A-D). 

This result implies that endogenous NO can downregulate 
the activity level of mGluR1-sensitive TRPC3 channels 
through signaling mechanism(s) within individual PNs.

Our previous studies showed that the immunofluores-
cence clusters of STIM1 oligomers significantly increased 
in PNs of  nNOS−/− mice compared to that of WT mice 
[23]. We therefore explored whether nNOS/NO signal-
ing regulates the mGluR1-initated TRPC3 channel activ-
ity by modulating STIM1-gated TRPC channels. Results 
showed that in the presence of DHPG (100 μM), adding 
SKF96365 (10 μM), an inhibitor of STIM1-operated chan-
nels [42] to the bath solution greatly decreased the ampli-
tude of TRPC3 conductance in both WT and  nNOS−/− PNs 
(Figs. 4A and B). In the presence of DHPG, adding the 
NO donor GSNO (250 μM) to the bath also significantly 
decreased the amplitude of TRPC3 conductance in WT 
and  nNOS−/− PNs (Figs. 4C and D). These results sug-
gested that the mGluR1-initiated activation of TRPC3 
channels in PNs is related to STIM1 mobilization and 
TRPC3-channel activation, and this process is effectively 
downregulated by NO signaling.

Fig. 4  TRPC3 currents in PNs from WT mice were reduced by 
mGluR1 inhibitor and NO-donor. A-B. Graph summarizes the 
 VRamp-revealed conductance of PNs isolated from WT mice (A) and 
from  nNOS−/− mice (B) treated with DHPG (100 μM) alone or with 
DHPG plus SKF96365 (10  μM), a blocker of STIM-gated chan-
nels. In WT PNs (A) when VH = -80 mV, DHPG: 112 ± 15pA, n = 6 
cells, vs. DHPG + SKF96365: 40 ± 115pA, n = 5 cells, *P < 0.05. 
In  nNOS−/− PNs (B) when VH = -80  mV, DHPG: 155 ± 18pA, n = 5 

cells, vs. DHPG + SKF96365: 41 ± 14pA, n = 5 cells, *P < 0.05. 
C-D. Graph summarizes the  VRamp-revealed conductance of PNs 
isolated from WT mice (C) and from  nNOS−/− mice (D) treated 
with DHPG alone or with DHPG + 250 μM GSNO, a NO-donor. In 
WT PNs (C) when VH = -80  mV, DHPG: 107 ± 7.3pA, n = 8 cells, 
vs. DHPG + GSNO: 72 ± 8pA, n = 8 cells, *P < 0.05). In  nNOS−/− 
PNs (D) when VH = -80  mV, DHPG: 175 ± 22pA, n = 8 cells, vs. 
DHPG + GSNO: 97 ± 14pA, n = 8 cells; *P < 0.05)
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NO signaling restrains intracellular  Ca2+ rise in PNs

Our previous studies also showed that NO deficiency 
causes fundamental impairments of morphology of PNs in 
 nNOS−/− mice through an mGluR1-dependent increase of 
intracellular  Ca2+ [23]. We therefore examined whether NO 
signaling restrains intracellular  Ca2+ levels in PNs. Specifi-
cally, we imaged the  Ca2+-dependent Rhod-4 fluorescence 
within PNs that presented in cultures of mixed cerebellar 
cells from WT and  nNOS−/− mice. As shown in Figs. 5A and 
B, adding the mGluR1 agonist DHPG (100 μM) to the bath 
solution evoked a rapid and long-lasting rise of  Ca2+ in cul-
tured PNs from WT mice. The DHPG-evoked rise of intra-
cellular  Ca2+ was effectively inhibited by the TRPC3 inhibi-
tor Pyr3 (2.0 μM). Notably, this DHPG-evoked  Ca2+ rise in 
PNs was enhanced by inhibiting nNOS using 7-nitroinda-
zole (7N, 50 nM) (Fig. 5A). In contrast, the DHPG-evoked 
 Ca2+ rise in PNs was drastically reduced in the presence 
of S-nitroso-N-acetyl penicillamine (SNAP, 250 μM), a 
fast-release NO donor (Figs. 5C and D). Together, these 

results confirm that nNOS/NO signaling indeed restrains 
the mGluR1-initiated TRPC3-mediated  Ca2+ entry to PNs.

NO donor decreases the TRPC3 conductance in cells 
expressing WT STIM1, but not in cells expressing 
mutant STIM1

Increased immune clusters (oligomers) of STIM1 in PNs 
of  nNOS−/− mice [23] implies that endogenous nNOS/NO 
signaling in the cerebellum restrains STIM1 oligomeriza-
tion hence decreasing the interactions between oligomerized 
STIM1 and STIM1-gated channels such as Orai and TRPC3-
containing channels in the plasma membrane. In this regard, 
we have demonstrated that NO inhibits oligomerization of 
STIM1 by S-nitrosylation its Cys49 and Cys56 residues 
thus downregulating the activity of store-operated Orai1-
formated  Ca2+ channels in mouse cardiomyocytes [43]. We 
therefore examined whether NO downregulates TRPC3-
channel activity in PNs also by S-nitrosylation of Cys49 and 
Cys56 residues on STIM1. To this aim, we made whole-cell 

Fig. 5  NO signaling regulates mGluR1-evoked intracellular 
Ca2+ in cultured PNs. A. Plotted traces show DHPG (100  μM)-
induced changes of arbitrary unit intensity (AUI) of Rhod4 fluores-
cence within multiple PNs in three separated cerebellar cultures 
(n = 9–14 PNs) that were bathed with the control solution, or solu-
tions containing the nNOS inhibitor 7-nitroindazole (7N, 50  nM), 
or Pyr3 (2.0 μM), respectively. B. Plotted graph shows the arbitrary 
areas under the Rhod4 fluorescence rising curve of all PNs dur-
ing 12 min after DHPG application under three different test condi-
tions described in A. Note that the DHPG-evoked rise of  Ca2+ within 
PNs was enhanced by the nNOS inhibitor 7N but eliminated by the 

STIM1-gated TRPC3-containing inhibitor Pyr3. C. Plotted traces 
show DHPG-induced changes of arbitrary unit intensity (AUI) of 
Rhod4 fluorescence within multiple PNs in three separated cerebel-
lar cultures (n = 8–12 PNs) that were bathed with the control solution, 
or solutions containing the fast-release NO-donor SNAP (250  μM), 
or solution containing Pyr3 (2.0 μM), respectively. D. Plotted graph 
shows the areas under the Rhod4 fluorescence rising curve of all PNs 
during 12 min after DHPG application under three different test con-
ditions described in C. Note that the DHPG-evoked  Ca2+ rise in PNs 
decreased in the presence of NO donor, and almost disappeared in the 
presence of Pyr3 (2.0 μM)
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voltage-clamp recordings in HEK293 cells expressing 
TRPC3 and WT STIM1 and in HEK293 cells expressing 
TRPC3 and STIM1 with Cys49Ser/Cys56Ser mutations. 
 VRamp (from -100 mV to 20 mV, 3 s) revealed non-selective 
cation conductance (evidenced by linear I-V relationship) 

in cells expressing TRPC3 + WT STIM1 (Fig. 6A) and in 
cells expressing TRPC3 + STIM1 mutant (Fig. 6B). Bath 
application of Pyr3 (1.0 μM), an inhibitor for STIM1-gated 
TRPC3-containing channels, decreased partially but sig-
nificantly the non-selective cation conductance in cells 

Fig. 6  NO-donor decreases the TRPC3-mediated current in 
HEK293 cells co-expressing TRPC3 and WT STIM1, but not in 
cells co-expressing TRPC3 and STIM1 mutant. A-B. Example 
traces of transmembrane conductance elicited in a HEK293 cell co-
expressing TRPC3 + STIM1 (A) and a HEK293 cell co-expressing 
TRPC3 + STIM1 mutant (B) by a voltage ramp (-100 mV to 20 mV) 
before (-GSNO), after adding 250  μM GSNO (+ GSNO), and then 
adding 1.0 μM Pyr3 (+ Pry3) to the perfusion bath. C. Graph sum-
marizes effect of Pyr3 (1.0 μM) on the  VRamp-revealed conductance 
in cells expressing TRPC3 + WT STIM1 (at VH = -80  mV, con-
trol: 343 ± 29pA vs. Pyr3: 157 ± 30pA, n = 6 cells; *P < 0.05 and 

**P < 0.01). D. Graph summarizes effect of Pyr3 (10  μM) on the 
 VRamp-revealed conductance in cells expressing TRPC3 + STIM1 
mutant (at VH = -80  mV, control: 384 ± 32pA, vs Pyr3: 172 ± 42pA, 
n = 5 cells; *P < 0.05 and **P < 0.01). E. Graph summarizes effect of 
GSNO (250 μM) on the  VRamp-revealed conductance in cells express-
ing TRPC3 + WT STIM1 (at VH = -80  mV, control: 351 ± 31pA, vs. 
GSNO: 247 ± 22pA, n = 6 cells; *P < 0.05). F. Graph summarizes 
effect of GSNO (250  μM) on the  VRamp-evoked conductance in 
cells expressing TRPC3 + STIM1 mutant (at VH = -80  mV, control: 
358 ± 16pA, vs. + GSNO: 331 ± 16pA, n = 5 cells)
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expressing TRPC3 + WT STIM1 (Fig.  6C) and in cells 
expressing TRPC3 + STIM1 mutant (Fig. 6D). This result 
implies that in addition to the transfected TRPC3 channels, 
HEK293 cells express Pyr3-insenstive non-selective cation 
channels as previously reported [44]. Notably, adding GSNO 
(250 μM) to the bath solution partially but significantly 
decreased the amplitude of non-selective cation conduct-
ance in cells expressing TRPC3 + WT STIM1 (Fig. 6E) but 
had no effect in cells expressing TRPC3 + STIM1 mutant 
(Fig. 6F). These results suggested that NO inhibits STIM1-
gated TRPC3-containing channels by modulating S-nitros-
ylation of Cys49 and Cys56 residues of STIM1.

Discussion

Previous studies have demonstrated that in the cerebellum, 
GNs and PFs, as well as basket and stellate interneurons, 
express high levels of nNOS and produce large volumes of 
NO, a gaseous molecule that induces signaling in the NO-
producing cells and the neighboring cells [45]. In addition, 
 EPSCSlow in PNs is instigated by mGluR1 activation and 
mediated by STIM1-gated TRPC3-containing channels, 
which controls essential functions of the cerebellum. The 
present study reports novel findings that endogenous NO 
signaling in mouse cerebellum critically restrains the ampli-
tude of  EPSCSlow and the activity level of mGluR1-evoked 
TRPC3-containing channels in PNs, at least partially, by 
S-nitrosylation of Cys49 and Cys56 residues of STIM1.

Consistent with early studies, our results confirmed that 
 EPSCSlow in PNs is initiated by mGluR1 activation and 
mediated by STIM1-gated TRPC3-containing channels, 
evidenced by the findings that  EPSCSlow in cerebellar PNs 
(Figs. 1A) and the mGluR1-evoked non-selective cation 
conductance in cultured PNs (Figs. 3C-F) was effectively 
inhibited by Pyr3, an inhibitor of TRPC3-containing chan-
nels. Moreover, the mGluR1-induced  Ca2+ rise in cultured 
PNs from WT mice was enhanced by the nNOS inhibitor 7N 
but decreased by the NO-donor SNAP and blocked by Pyr3 
(Figs. 5C and D). We reason that the activity of STIM1-
gated TRPC3-containing channels in PNs presenting in the 
cerebellar cell cultures was under constant restrictive con-
trol by NO from surrounding GNs and interneurons, which 
express nNOS [17]. Taken together, our results demonstrated 
that nNOS/NO signaling critically regulates the activity of 
TRPC3-containing channels hence  EPSCSlow in PNs. This 
idea was supported by the result that the conductance of 
TRPC3-containing channels in PNs from WT mice and 
 nNOS−/− was effectively reduced by the NO donor GSNO.

How does NO signaling inhibit the activity of TRPC3-
containing channels thus constraining  EPSCSlow in PNs? 
Results from this study showed that PNs in both WT and 
 nNOS−/− mice displayed similar ratios of EPSC2/EPSC1 

(Fig. 1C) and comparable amplitudes of  EPSCFast (Fig. 1D). 
On the other hand, the ratio of  EPSCSlow/EPSCFast were 
drastically larger in  nNOS−/− mice than that in WT mice 
(Fig. 1H). Moreover, at the same concentration, mGluR1 
agonist evoked significantly larger transmembrane conduct-
ance in cultured PNs from  nNOS−/− mice than that in PNs 
from WT mice (Figs. 3E and F). These results implied that 
the cerebellar nNOS/NO signaling effectively downregu-
lates the mGluR1-initiated TRPC3-mediated  EPSCSlow in 
PNs by a mechanism independent of extracellular concen-
tration of glutamate although it was reported to modulate 
presynaptic release [46] and astrocytic uptake [47] of gluta-
mate. In addition, our result showed that nNOS deficiency 
did not increase the expression of total TRPC3 proteins 
in the cerebellum but mildly decreased the fluorescence 
intensity of TRPC3 in PNs (Fig. 2). Moreover, we previ-
ously demonstrated that the mGluR1 expression decreased 
in the cerebellum of  nNOS−/− mice [23]. Together, results 
from our studies indicate that amplification of the mGluR1-
initiated TRPC3-containing-channel mediated  EPSCSlow 
in  nNOS−/− mice is not due to increased expressions of 
mGluR1 and TRPC3.

A way through which NO regulates cellular functions 
is to activate sGC, leading to production of cyclic GMP 
(cGMP) and activation of protein kinases G (PKG). Indeed, 
cerebellar PNs are endowed with the NO-sGC-cGMP-PKG 
signaling system [48] while individual PNs differentially 
regulate cGMP production [49]. However, the basal activity 
of PKG in PNs does not shape the  EPSCSlow [50] nor affect 
the TRPC3-mediated current in rats [51]. Therefore, it is 
unlikely that nNOS/NO downregulates the TRPC3-mediated 
 EPSCSlow in rodent cerebella through the sGC-cGMP-PKG 
pathway.

NO also regulates cellular functions by inducing S-nitros-
ylation of proteins [52], one of the post-translational protein 
modifications [53]. S-nitrosylation is a reversible, covalent 
addition of the NO moiety to cysteine thiols forming an 
S-nitrosoprotein (protein-SNO) plausibly though nitrosy-
lases. Indeed, S-nitrosylation-dependent signaling in the cer-
ebellum is essential for plasticity of PF-PN synapses [54]. In 
this regard, we have found that nNOS knockout increased the 
oligomers of STIM1 in PNs [23], and that nNOS/NO inhibits 
STIM1 oligomerization by S-nitrosylation of its Cys49 and 
Cys56 residues hence suppresses STIM1 mobilization and 
reduces the Orai1-channel current in mouse cardiomyocytes 
[43]. Therefore, we evaluated whether NO regulates TRPC3 
channel activity by S-nitrosylation of STIM1 cysteine resi-
dues. Remarkably, our analyses showed that the TRPC3 con-
ductance in HEK-293 cells co-expressing WT STIM1 and 
TRPC3 was significantly reduced by the NO-donor GSNO. 
In contrast, GSNO had no effect on the TRPC3 conductance 
in cells expressing STIM1 mutant (Cys49Ser and Cys56Ser) 
(Fig. 6). Together, these results implied that NO regulates 
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TRPC3-mediated cation current in PNs, at least partially, 
by S-nitrosylation of Cys49 and Cys56 at STIM1. We pro-
pose that under physiological conditions, basal NO induces 
S-nitrosylation STIM1 thus inhibits STIM1 oligomerization, 
consequently decreasing TRPC3 channel activity and limit-
ing  Ca2+ influx to PNs.

NO is a critical regulator of bidirectional plasticity at 
PF-PN synapses, inducing long-term depression (LTD) or 
long-term potentiation (LTP) depending on postsynaptic 
 Ca2+ levels [55, 56], thus playing a pivotal role in cerebel-
lum related motor controls [45]. Results from this study pro-
vide new knowledge of molecular mechanisms by which 
nNOS/NO regulates the PF-PN synaptic transmission. Spe-
cifically, our results for the first time demonstrated that basal 
nNOS/NO signaling in cerebellar cells restricts  EPSCSlow 
hence limiting the mGluR1-initiated TRPC3-mediated entry 
of  Ca2+ into PNs. These novel findings also help explain 
the abnormality of motor coordination in disease conditions 
of impaired cerebellar nNOS/NO signaling. For example, 
alcohol induces cerebellar neuronal injury [57] by inhibiting 
nNOS activity [58], whereas nNOS gene mutation worsens 
alcohol-induced cerebellar ataxia [59]. In addition, gain-
function-mutation of TRPC3 results in ataxia [60] whereas 
reducing the mGluR1-initiated  Ca2+ influx into PNs rescues 
ataxia in a mouse model of autosomal dominant cerebel-
lar ataxia [61]. Therefore, whether appropriately increasing 
nNOS/NO signaling in the cerebellum improves motor coor-
dination, speech, and cognitions of patients having cerebel-
lar ataxia should be examined in the future.
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