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Abstract
Nitric oxide (NO), specifically derived from neuronal nitric oxide synthase (nNOS), is a well-established regulator of synaptic
transmission in Purkinje neurons (PNs), governing fundamental processes such as motor learning and coordination. Previous
phenotypic analyses showed similar cerebellar structures between neuronal nitric oxide null (nNOS−/−) and wild-type (WT) adult
male mice, despite prominent ataxic behavior within nNOS−/− mice. However, a study has yet to characterize PN molecular
structure and their excitatory inputs during development in nNOS−/− mice. This study is the first to explore morphological
abnormalities within the cerebellum of nNOS−/− mice, using immunohistochemistry and immunoblotting. This study sought
to examine PN dendritic morphology and the expression of metabotropic glutamate receptor type 1 (mGluR1), vesicular
glutamate transporter type 1 and 2 (vGluT1 and vGluT2), stromal interaction molecule 1 (STIM1), and calpain-1 within PNs
of WT and nNOS−/− mice at postnatal day 7 (PD7), 2 weeks (2W), and 7 weeks (7W) of age. Results showed a decrease in PN
dendritic branching at PD7 in nNOS−/− cerebella, while aberrant dendritic spine formation was noted in adult ages. Total protein
expression of mGluR1 was decreased in nNOS−/− cerebella across development, while vGluT2, STIM1, and calpain-1 were
significantly increased. Ex vivo treatment of WT slices with NOS inhibitor L-NAME increased calpain-1 expression, whereas
treating nNOS−/− cerebellar slices with NO donor NOC-18 decreased calpain-1. Moreover, mGluR1 agonist DHPG increased
calpain-1 in WT, but not in nNOS−/− slices. Together, these results indicate a novel role for nNOS/NO signaling in PN devel-
opment, particularly by regulating an mGluR1-initiated calcium signaling mechanism.
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Introduction

Mutant mice have been crucial in discerning key pathways
associated with cerebellar development and pathogenesis.
Although many have been identified and characterized in
terms of cerebellar morphology, a number of mutant mice that

exhibit ataxic behaviors have yet to be characterized at the
molecular level. A well-known modulator of synaptic trans-
mission and function within the cerebellum is nitric oxide
(NO), produced primarily by neuronal nitric oxide synthase
(nNOS). The cerebellar cortex expresses the highest levels of
nNOS, and therefore produces higher concentrations of NO
than any other region of the brain [1]. In addition, NO is
known to play a crucial role in the modulation of the long-
term depression (LTD) profile of cerebellar Purkinje neurons
(PNs), responsible for encoding motor learning and coordina-
tion across development [2]. Moreover, a study characterizing
the expression level and functionality of nNOS/NO produc-
tion noted a significant downregulation in nNOS mRNA and
activity in cerebellar mutant mice, including leaner, staggerer,
nervous, and Purkinje cell degeneration mice [3].
Accordingly, in vivo deletion of nNOS in mice (nNOS−/−)
results in an ataxic phenotype with significant motor impair-
ments and tremors [4–6]. Despite these already established
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behavioral deficits, preliminary gross anatomical analyses of
the adult nNOS−/− mouse brain revealed no noticeable abnor-
malities in cerebellar morphology, which included length of
dendritic arborization and overall cerebellar volume [6].

Under physiological conditions, endogenous NO signaling
regulates calcium influx into PNs by modulating excitatory
parallel fiber (PF) and climbing fiber (CF) inputs. Both PF
and CF inputs determine the LTD profile of the PN [7].
Calcium influx and efflux is heavily regulated within the
physiological PN, and chronic increases in cytosolic calcium
concentrations have been reported to cause a number of cere-
bellar pathologies, including a variety of spinocerebellar
ataxias (SCAs) as well as severe cognitive delays [8–10].
Specifically, activation of metabotropic glutamate receptor
type 1 (mGluR1), localized on dendritic spines of PNs, stim-
ulates the production of inositol triphosphate (IP3) via
phospholipase-C (PLC) activity [11, 12]. IP3 then binds to
its endogenous receptor on the endoplasmic reticulum (ER),
resulting in calcium efflux from the ER to the cytosol [13].
The low concentration of calcium in the ER causes stromal
interaction molecule 1 (STIM1) oligomerization and transient
receptor potential canonical type 3 (TRPC3) channel activity,
mediating store operated calcium entry [14–17]. Importantly,
a recent paper explained the crucial interaction between
STIM1 and NO, which functions to prevent the influx of cal-
cium through store-operated mechanisms [18].

Although both ionotropic and metabotropic glutamate re-
ceptors are important for the facilitation of calcium entry into
the PN, many studies have noted the importance of mGluRs,
specifically mGluR1, in the development of cerebellar pathol-
ogies and ataxias. For example, overactivation of mGluR1 in
an SCA1 mouse model led to decreased PN dendritic
branching [19]. Conversely, decreased expression of
mGluR1 on PNs has led to deficits, specifically related to
LTD [20]. Particularly within human SCAs, a variety of genes
associated with the mGluR1 pathway are mutated that can
cause symptoms such as tremor, loss of balance, and fine
movement control. For example, the genes ITPR1, TRPC3,
and GRM1 encoding IP3R, TRPC3, and mGluR1 are affected
in SCA15, SCA41, and SCA44, respectively, resulting in al-
tered calcium influx within the PN [21–23].

Considering the importance of nNOS/NO signaling in
the physiological development of the cerebellum [4] and
the lack of characterization of PN development in the
absence of nNOS/NO signaling [6], this study sought to
examine general morphological differences in PN den-
dritic structures across postnatal development between
wild-type (WT) and nNOS−/− mice. Specifically, the
present study aimed to delineate potential structural
changes in dendrite and synapse phenotype in nNOS−/−

cerebella, alterations in synaptic proteins associated with
the mGluR1 pathway, and a potential mechanism in
which NO may influence dendritic morphology.

Materials and Methods

Animals

WT (C57BL/6J, Stock No. 000664) and nNOS−/− mice
(B6.129S4-Nos1tm1Plh, Stock No. 002986) were purchased
from the Jackson Laboratory. All experiments were conducted
in accordance with Animal Use Protocol (#2018-106) ap-
proved by the Animal Care and Veterinary Services at the
University of Western Ontario. Timepoints for cerebellar col-
lection occurred at postnatal day 7 (PD7), 2 weeks (2W), and
7 weeks (7W) of age on male mice.

Immunohistochemical Preparation

Whole brains were isolated from WT and nNOS−/− mice and
immediately placed in 4% paraformaldehyde (PFA) for 48 h.
Brains were subsequently transferred to a 30% sucrose solu-
tion for at least 48 h. Brains were sagittally sectioned at a
thickness of 40 μm using a vibratome, placed in a cryoprotec-
tant solution, and stored in − 20 °C until stained. Slices were
first washed with PBS, then permeabilized using a 0.25%
Triton-X solution for 5 min. Slices were then blocked with a
10% normal donkey serum (NDS) solution for 1 h and incu-
bation with the following primary antibodies overnight in 4 °C:
1:500 goat anti-calbindin (CalB) (Santa Cruz Biotechnology,
Dallas, TX), 1:800 rabbit anti-mGluR1 (Novus Biologicals,
Oakville, ON), 1:500 guinea pig anti-vesicular glutamate trans-
porter type 1 (vGluT1), 1:500 guinea pig anti-vesicular gluta-
mate transporter type 2 (vGluT2) (Synaptic Systems,
Goettingen, Germany), 1:200 rabbit anti-STIM1 (Proteintech
Group Inc., Rosemont, IL), or 1:500 rabbit anti-calpain-1
(Abcam, Toronto, ON). Slices were washed and then incubated
with the appropriate secondary antibodies for 2 h: anti-rabbit
Cy3, anti-goat AlexaFluor 488, or anti-guinea pig AlexaFluor
488 (Jackson Immunoresearch, Burlington, ON). Slices were
mounted on cover glass using Fluoromount-G (Electron
Microscopy Solutions, Hatfield, PA), and images were taken
using the Olympus FV1000 confocal microscope at ×60 mag-
nification using an oil immersion objective.

Western Blotting

Total Protein Isolation

Cerebella were isolated from WT and nNOS−/− mice and
stored at − 80 °C. Cerebellar lysates were obtained by homog-
enizing the cerebellar tissues using a glass homogenizer in
radioimmunoprecipitation assay (RIPA) lysis buffer, supple-
mented with 0.1% apoprotein and 0.1% leupeptin. Once ho-
mogenized, lysates were centrifuged for 30 min at 4 °C. The
supernatant was collected, and protein was measured using a
Bradford reagent mix (Bio-Rad, Hercules, CA).
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Plasma Membrane Protein Isolation

Plasma membrane protein fractions were isolated using the
commercially available Mem-PER Plus Membrane Protein
Extraction Kit (ThermoFisher Scientific, Rockford, USA) fol-
lowing the manufacturer’s instructions.

Samples were later prepared using ×2 sample buffer and
loaded onto 8% or 10% polyacrylamide gels for electropho-
resis and run for 2 h at 100 V. Gels were then wet transferred
onto nitrocellulose membranes for 2 h at 80 V. Blots were
blocked in 5% bovine serum albumin (BSA) for 1 h before
incubation with the following primary antibodies overnight:
1:800 rabbit anti-mGluR1 (142 kDa), 1:500 guinea pig anti-
vGluT1 (62 kDa), 1:800 rabbit anti-STIM1 (90 kDa), 1:500
guinea pig anti-vGluT2 (64 kDa), 1:500 rabbit anti-β-III-
spectrin (270 kDa) (Proteintech Group Inc., Rosemont, IL),
1:500 mouse anti-calpain-1 (80 kDa) (Santa Cruz
Biotechnology, Dallas, TX), 1:200 guinea pig anti-GluR1
(AMPA subunit, 100 kDa), or 1:10,000 anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, 40 kDa) (Abcam,
Toronto, ON) for total protein comparisons, and sodium/
potassium adenosine triphosphatase (Na+/K+ ATPase,
100 kDa) (Abcam, Toronto, ON) for plasma membrane pro-
tein comparisons. After three washes in tris-buffered saline
solution, the appropriate secondary horseradish-peroxidase
antibodies (Jackson Immunoresearch, Burlington, ON) were
incubated on the membranes for 1.5 h. Protein was visualized
using enhanced chemiluminescence substrate (Bio-Rad,
Hercules, CA) and imaged using the Bio-Rad VersaDoc sys-
tem. All proteins were normalized to the housekeeping protein
GAPDH or Na+/K+ ATPase. Densitometric analyses were
quantified using FIJI open source software.

Ex Vivo Organotypic Cerebellar Slice Cultures

Cerebella were obtained from 10 to 12 postnatal day (PD) 0
WT and nNOS−/− pups and dissected in Hank’s balanced salt
solution (HBSS) containing 15 mM 4-(2-hydroxyehtyl)-1-
piperazineethanesulfonic acid (HEPES), 0.5% glucose, and
2% sucrose and maintained at pH 7.3 and 315 mOsm. Once
isolated, the cerebella were sliced at a thickness of 350 μm
using a tissue chopper and carefully isolated and plated on 35-
mm membrane inserts (Milipore Ltd., Etobicoke, ON). The
bottom half of the insert was exposed to cerebellar slice cul-
ture media containing minimum essential medium (MEM)
supplemented with 5 mg/ml glucose, 25% heat-inactivated
horse serum, 25 mM HEPES, 1 mM glutamine, and 100 U/
ml penicillin and streptomycin. Slice cultures were maintained
for 7 days in vitro (DIV7), and half of the medium was
refreshed every 2 days. WT slice cultures were treated with
either NOS inhibitor N(G)-nitro-L-arginine methyl ester (L-
NAME, 100 μM) (Santa Cruz Biotechnology, Dallas, TX),
mGluR1 agonist dihydroxyphenylglycine (DHPG, 10 μM),

and mGluR1 antagonist LY367385 (10 μM) (Tocris
Bioscience, Oakville, ON). nNOS−/− cultures were treated
with a slow NO donor, diethylenetriamine NONOate (NOC-
18, 300 μM) (Santa Cruz Biotechnology, Dallas, TX).
Cultured cerebellar slices were either used for western blotting
or immunohistochemistry.

Ex Vivo Slice Culture Immunohistochemistry

Organotypic cerebellar slice cultures were established and
maintained as previously described. Once slices reached
DIV7, slices were incubated in 4% PFA solution for 2 h at
4 °C, washedwith PBS, and later left to permeabilize in 0.25%
Triton-X solution for 4 h. Slices were then left in 5% NDS
blocking solution for 2 h before addition of primary anti-goat
CalB (1:500) overnight. Secondary antibodies were incubated
for 2 h, and slides were mounted. Images were taken using the
Olympus FV1000 confocal microscope and a ×60 oil immer-
sion objective.

Image Analysis

Strahler Analysis

PD7 PN dendrites were analyzed using the Strahler analysis
plugin available on FIJI opensource software [24]. Briefly,
confocal images labeled with CalB were made binary,
thresholded, and skeletonized. Each PN was analyzed sepa-
rately, and all parameters remained consistent across WT and
nNOS−/− images. Individual PN somata were identified for
each image, and the Strahler analysis plugin was used to iden-
tify the total number of dendritic branches per cell. Total
branch number per cell was averaged from multiple images
across four biological replicates.

Dendritic Thickness

Dendritic thickness reports the diameter of the largest primary,
aspinous dendrites per confocal image representing CalB from
7WWTand nNOS−/−mice using FIJI. Briefly, the five largest
branches were identified per image and measured in micro-
meters (μm) using the straight line tool. Dendritic thickness
was averaged from multiple images across four biological
replicates.

Spine Morphology

Spine morphology and characterization was determined using
NeuronStudio. Briefly, spine head, neck, and length of spine
parameters were set using the default settings, which remained
unchanged betweenWTand nNOS−/− images. The spine clas-
sification tool would use the head-to-neck diameter ratio as
well as the length of the spine to classify each spine as either
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mushroom, thin or stubby. The number of mushroom, thin or
stubby spine type, was averaged across multiple dendritic
branches of 10 μm in length over four biological replicates.

Particle Tracking

The number of PN dendritic spines as well as mGluR1, STIM1,
and vGluT2 clusters were determined using the Particle Tracker
2D/3D plugin available on FIJI. Parameters for the radius of
particle detection, the non-particle discrimination cutoff, and
absolute intensity values remained consistent across WT and
nNOS−/− samples for each target protein analyzed. The total
number of PN dendritic spines and mGluR1 clusters were de-
termined within non-overlapping ROIs of 300 × 300 μm locat-
ed specifically within the distal dendritic region of the molecu-
lar layer (top 50% of the dendritic area) and averaged across
multiple images over four biological replicates. The average
number of STIM1 clusters within each PN soma was deter-
mined using the image analysis method highlighted in
Figure S1. The localization and number of vGluT2 clusters
for both WT and nNOS−/− cerebella were determined using
the Particle Tracker 2D/3D, as shown in Figure S2.

Integrated Density Analysis

Calpain-1 fluorescence intensity within PN somata of 7WWT
and nNOS−/− cerebella was measured using FIJI. Briefly, an
ROI of the PN soma, determined using the CalB stain, was
made and overlayed on the corresponding calpain-1 image.
Then, integrated density—measured in arbitrary units of in-
tensity (AUIs)—was graphed for each WT and nNOS−/− PN
soma. Integrated density was averaged from multiple cells
across four biological replicates.

Statistical Analysis

Statistical analyses were performed using an unpaired, two-
tailed t test for all results comparing WT to nNOS−/− mice.
Results obtained from organotypic slice cultures were ana-
lyzed using a one-way ANOVA corrected with a Tukey’s post
hoc test. Significance was determined using a threshold ofP =
0.05. All values were reported as mean ± standard error of the
mean (SEM).

Results

PN Dendritic Branching and Spine Density Are
Reduced in the Cerebella of Young and Adult nNOS−/−

Mice

We first investigated whether nNOS−/− mice displayed alter-
ations in PN morphology during early postnatal development.

Despite previous gross anatomical analyses showing no obvi-
ous structural changes in the cerebellum of adult nNOS−/−

mice [6], confocal images of PD7 cerebella showed dramati-
cally less dendritic branching ubiquitously across all PNs in
nNOS−/− mice compared with age-matched WT controls
(Fig. 1a), while the total number of PN cell somata remained
the same between WT and nNOS−/− mice (Fig. 1b). In accor-
dance with this trend, a Strahler analysis quantifying the num-
ber of terminal branches per PN showed a significantly lower
number of terminal branches for individual PNs of nNOS−/−

mice compared with WT (Fig. 1c, d).
We next investigated whether the alteration in nNOS−/− PN

morphology carried on into adulthood. Confocal images
displaying CalB-immunoreactive PN structures showed dra-
matically different PN branching between WT and nNOS−/−

mice (Fig. 2a), while image analyses revealed no significant
difference in soma number or PN dendritic length in nNOS−/−

mice compared withWTat 7W (Fig. 2b, c). However, primary
aspiny PN dendrites in nNOS−/− cerebella were significantly
thicker compared with WT mice (Fig. 2d). Additionally, PN
dendritic spine morphology was significantly affected in
nNOS−/−mice. Specifically, analysis of spine type determined
a significant shift from predominantly mushroom-type spines
found onWT PNs to predominantly thin-type spines found on
nNOS−/− PNs (Fig. 2e–g), while stubby spines remained un-
changed between WT and nNOS−/− (data not shown). In gen-
eral, the overall number of spines on PN dendrites was signif-
icantly less in nNOS−/−mice comparedwithWTcontrols (Fig.
2h).

mGluR1 Expression Is Reduced in the Cerebella
of Young and Adult nNOS−/− Mice

We also characterized the postsynaptic component of gluta-
matergic synapses, first with a focus on mGluR1 protein ex-
pression. Immunohistochemistry revealed that immunofluo-
rescent clusters of mGluR1 in the cerebella of PD7 mice were
primarily located on the tip of PN dendritic spines, while some
mGluR1 clusters were localized to the PN soma. Notably,
overall mGluR1 expression levels were significantly lower
in PD7 nNOS−/− cerebella compared with age-matched WT
mice (Fig. 3a, b). The observed decrease in mGluR1 protein
expression in PD7 nNOS−/− cerebella was consistent at 2W, as
determined using western blot (Fig. 3c, d).

Again, nNOS−/− cerebella continued to express lower
levels of mGluR1 at 7W (Fig. 4). Specifically, the number of
mGluR1 clusters was significantly less in nNOS−/− cerebella
(Fig. 4a, b), and total expression levels of mGluR1 were sig-
nificantly lower in nNOS−/− cerebella at 7W, determined by
western blot (Fig. 4c). Interestingly, the plasma membrane
(PM) expression of mGluR1 in cerebellar samples revealed
significantly more mGluR1 expression on the membrane in
nNOS−/− mice compared with WT at 7W (Fig. 4d). To ensure
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that the mGluR1 pathway in particular is affected, PM expres-
sion of the GluR1 subunit of AMPARs, the main ionotropic
glutamate receptor on PNs, was assayed using western blot,
and no significant differences were noted between WT and
nNOS−/− mice at 7W (Fig. 4e).

vGluT1 Expression Is Reduced in PD7 nNOS−/−

Cerebella, but Not at 2W or 7W

To determine whether alterations also occurred in the presyn-
aptic compartment of PF-PN synapses in nNOS−/− mice, PF
terminals were selectively labeled with vGluT1 and analyzed
using confocal microscopy. At PD7, vGluT1 expression was
significantly lower in nNOS−/− cerebella, as determined by
western blot (Fig. 5a, b). By 2W, this difference was no longer
noticeable (Fig. 5c), and western blotting at this time point
showed no significant difference in protein levels between
nNOS−/− and age-matched WT controls (Fig. 5d). This same
trend was noticed at 7W, where immunohistochemical stain-
ing and western blots did not reveal a significant difference in
vGluT1 expression (Fig. 5e, f).

vGluT2 Expression Is Increased in 7W nNOS−/−

Cerebella

Considering another crucial glutamatergic synapse on PNs
arises from climbing fiber (CF) innervation, we immuno-
stained vGluT2—a specific marker for CF boutons—to

determine whether the CF-PN synapse is affected in nNOS−/
− mice. Western blots using cerebellar tissue from WT and
nNOS−/− PD7 and 2Wmice revealed no significant difference
in vGluT2 expression (Fig. 6a, b). However, immunoblots of
7W cerebella revealed a nearly two-fold increase in vGluT2
expression in nNOS−/− mice compared with WT (Fig. 6c).
Interestingly, further analysis of fluorescently labeled
vGluT2 in 7WnNOS−/− cerebella revealedmore vGluT2 clus-
ters within the upper 20% area, closest to the pial surface (Fig.
6d, e). A significant difference in clustering was not noted in
the lower 80% of the molecular layer (Fig. 6f), and no signif-
icant differences in vGluT2 staining within the granule cell
layer (denoting mossy fiber innervation) were detected (data
not shown).

STIM1 Expression and Cluster Density Is Increased
in nNOS−/− Cerebella

The specific alterations in mGluR1 expression in nNOS−/−

cerebella led us to investigate whether localization and expres-
sion of STIM1, an ER calcium sensor implicated downstream
of mGluR1 signaling [15], was changed in the PNs of nNOS−/
− mice. Immunohistochemistry showed that at PD7, STIM1
immunoreactive clustering was significantly more abundant
within the PN soma of nNOS−/− mice compared with PNs of
WT mice at this time point (Fig. 7a, b). In addition, a higher
level of STIM1 protein expression in nNOS−/− cerebella was
determined by western blot at PD7 (Fig. 7c).

Fig. 1 PN dendritic branching is
robustly altered in PD7 nNOS−/−

cerebella. a Representative
confocal images of WT and
nNOS−/− PNs expressing CalB
(green) and nuclei stained by
DAPI (blue). Scale bars represent
100 μm. b Bar graph represents
the number of PN cell somata per
200 μm length. N = 4 biological
replicates per group; WT n = 12
cells, nNOS−/− n = 12 cells. P =
0.99. c Enlarged representation of
WT and nNOS−/− PNs and sub-
sequent Strahler analysis profile,
indicating degrees of branching
and branch number. Scale bar
represents 50 μm. d Bar graph
represents average number of PN
branches as determined using a
Strahler analysis. N = 4 biological
replicates per group; WT n = 15
cells, nNOS−/− n = 19 cells.
P < 0.0001. All data are repre-
sented as mean ± SEM
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STIM1 expression remained elevated in the PNs of nNOS−/
− mice at 2W, evidenced by significantly more immunoreac-
tive STIM1 clusters within PN somata (Fig. 7d, e).
Additionally, a higher level of STIM1 protein expression in
the nNOS−/− cerebellum when compared with WT cerebella
was determined by western blot (Fig. 7f).

The elevated STIM1 clustering and expression in the PNs
of nNOS−/− mice continued in 7W nNOS−/− cerebella, deter-
mined by immunohistochemistry and western blotting (Fig.
7g–i). Elevated STIM1 expression and clustering suggests
altered calcium dynamics within the PNs of the nNOS−/−

mice.

Increased Calpain-1 Expression Corresponds
with a Decrease in β-III-Spectrin in Both Young
and Adult nNOS−/− Cerebella

Considering that STIM1 activity is crucial in regulating calci-
um influx into the PN, we therefore explored the potential
consequences of aberrant calcium signaling that could alter
PN morphology. Calpains are important calcium-dependent
proteases that, when activated, are responsible for the cleav-
age of proteins involved in neuronal structural integrity [25].
Western blots for calpain-1 at PD7, 2W, and 7W all demon-
strated significantly elevated levels of calpain-1 within the
cerebella of nNOS−/− mice (Fig. 8a–c). To ensure localization
of calpain-1 with PNs specifically, we have also made immu-
nofluorescent stains for calpain-1, which showed global
calpain-1 presence, with relatively high expression with PN
somata and dendrites in both WT and nNOS−/− cerebella
(Fig. 8d). Ameasurement of calpain-1 integrated density with-
in the PN somata revealed significantly increased calpain-1
expression within nNOS−/− PNs compared with WT at 7W,
mirroring the western blot data (Fig. 8e). In accordance with
this upregulation of calpain-1, levels of β-III-spectrin, a
calpain substrate and an important PN-specific structural pro-
tein, were decreased at 7W in nNOS−/− mice compared with
age-matched WT controls (Fig. 8f).

NO Signaling Regulates the mGluR1-Dependent
Expression of Calpain-1 in nNOS−/− Organotypic
Cerebellar Slice Cultures

To determine whether the changes in morphology and protein
expression in nNOS−/− PNs were a consequence of a lack of
NO signaling within the cerebellum, we established ex vivo
organotypic cultures of cerebellar slices and treated the cul-
tured slices with various compounds. Treating WT cerebellar
slices with either L-NAME, a NOS inhibitor, or with DHPG,
an mGluR1 agonist, seemed to greatly decrease dendritic
branching of PNs in cultured slices compared with controls
(Fig. 9a). In accordance with the observed detrimental effects
on dendritic morphology, L-NAME and DHPG significantly

Fig. 2 Alterations in PN dendritic branching and synapse morphology in
nNOS−/− cerebella at 7W. a Representative confocal images of WT and
nNOS−/− PNs using CalB (green) at 7W. Orange arrows depict aspinous
primary branches. Scale bar represents 50 μm. b Bar graph represents
length of dendrites, from PN cell soma to pial surface. N = 4 biological
replicates per group; WT n = 12 images, nNOS−/− n = 12 images. P =
0.9028. c Bar graph represents number of PN cell somata per 200-μm
length.N = 4 biological replicates per group;WT n = 12 images, nNOS−/−

n = 12 images. P = 0.1988. d Bar graph represents average thickness of
primary aspinous dendrites. N = 4 biological replicates per group; WT
n = 25 branches, nNOS−/− n = 25 branches. P = 0.0003. e Representative
confocal images of mushroom spines (white arrows), thin spines (yellow
arrows), and stubby spines (red arrows). Classification of spine morphol-
ogy was performed using NeuronStudio. f Bar graph represents number
of mushroom spines between WT and nNOS−/− mice at 7W. N = 4 bio-
logical replicates per group; WT n = 10 images, nNOS−/− n = 10 images.
P < 0.0001. g Bar graph represents number of thin spines between WT
and nNOS−/− mice at 7W. N = 4 biological replicates per group; WT n =
10 images, nNOS−/− n = 10 images. P < 0.0001. h Bar graph represents
total spine number per 300 × 300 μm ROI between WT and nNOS−/−

mice at 7W. N = 4; WT n = 27, nNOS−/− n = 27. P < 0.0001. All data
are represented as mean ± SEM
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increased the level of calpain-1 protein expression in WT slices
when compared with their controls (Fig. 9a). In contrast, treating
WTslices with LY367385, an mGluR1 antagonist, did not seem
to alter the dendritic morphology nor the level of calpain-1 ex-
pression in comparison with the control (Fig. 9a).

Likewise, organotypic cultures of nNOS−/− slices were
treated with either the slow release NO donor NOC-18,
DHPG, or LY367385. Notably, NOC-18 treatment seemed
to increase dendritic branching while significantly decreasing
calpain-1 expression compared with the control (Fig. 9b).
Interestingly, DHPG treatment had no effect on calpain-1
levels, while LY367385 treatment seemed to increase dendrit-
ic branching while significantly decreasing calpain-1 expres-
sion when compared with controls (Fig. 9b).

Discussion

Although the nNOS−/− mouse model experiences behavioral
deficits associated with movement coordination and balance

[4, 5], a general morphological characterization of the principle
cerebellar neurons generating motor output responses had not
been fully conducted in this mouse strain. The present study is
the first to report distinct alterations in PN morphology of
nNOS−/− mice from early postnatal ages to adult. Specifically,
our analyses showed that the morphological differences in den-
dritic branching were accompanied with decreased total
mGluR1 expression, along with increased STIM1 expression,
and vGluT2 expression only at 7W. Importantly, these changes
were associated with increased calpain-1 protein expression in
nNOS−/− mice, suggesting aberrant pathway activity and calci-
um influx. Additionally, modulation of NO as well as mGluR1
signaling affected both PN dendritic branching and calpain-1
expression levels in an ex vivo model.

Dendritic Abnormalities Are Present Within the PNs
of nNOS−/− Mice

One of the significant discoveries found by this study is the
decrease in PN dendritic branching in nNOS−/− mice from

Fig. 3 mGluR1 expression is
decreased in nNOS−/− PNs at PD7
and 2W. a Representative
confocal images of WT and
nNOS−/− cerebella stained with
CalB (green), DAPI (blue), and
mGluR1 (magenta) at PD7. Scale
bar represents 50 μm. b
Representative western blot of
total mGluR1 (142 kDa) protein
expression for PD7 WT and
nNOS−/− cerebella, along with bar
graph representing N = 3 biologi-
cal replicates per group. All
mGluR1 bands were normalized
to GAPDH (40 kDa) expression.
P = 0.0046. c Representative
confocal images of WT and
nNOS−/− cerebella stained with
CalB (green), mGluR1 (magen-
ta), and DAPI (blue) at 2W. Scale
bar represents 50 μm. d
Representative western blot of
total mGluR1 protein expression
for 2W WT and nNOS−/− cere-
bella, along with bar graph
representing N = 3 biological rep-
licates per group. All mGluR1
bands were normalized to
GAPDH expression. P = 0.0211.
All data are represented as mean ±
SEM
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postnatal ages to adulthood. This morphological deficit was
expected, considering the importance of NO as a neurotrans-
mitter within the cerebellum [26, 27]. In the cerebellum, NO is
produced in an activity-dependent manner from PFs/granule
cells and GABAergic interneurons [28], and such activity-
dependent NO signaling is essential for the induction of PF-
PN synaptic LTD [7, 29, 30], which contributes to spine mor-
phology and calcium regulation within dendrites [31]. While
normal neurite growth relies on optimal levels of calcium
influx during development, chronically increased calcium
suppresses neurite elongation and growth cone movement
[32]. Therefore, a lack of NO signalingmay affect intracellular
calcium transients within the PN and contribute to the

dendritic deficits seen in nNOS−/− cerebella during early
development.

Altered intracellular calcium signaling within nNOS−/−

PNs may also underlie the dramatic shift in dendritic spine
type—frommushroom to thin-type spines at 7W. It is reported
that mushroom spines are considered “memory spines,” har-
boring features such as larger postsynaptic densities that ac-
commodate more glutamate receptors and better local regula-
tion of calcium influx, leading to functionally stronger synap-
se formation [33, 34]. In contrast, thin spines or “learning
spines” are transient and unstable, harboring smaller postsyn-
aptic densities that either increase in strength or weaken and
degrade [34, 35]. Changes from mushroom spines to thin

Fig. 4 Total mGluR1 expression is decreased, but PM mGluR1 is
increased in the PNs of nNOS−/− at 7W. a Representative confocal
images of WT and nNOS−/− cerebella stained with CalB (green) and
mGluR1 (magenta) at 7W. Images in the right panel are magnified insets
of the left panel (area depicted with a yellow box). Scale bar represents
25 μm. b Bar graph reports number of mGluR1 clusters per 300 ×
300 μm ROI between WT and nNOS−/− cerebella. N = 4 biological rep-
licates per treatment; WT n = 27 images, nNOS−/− n = 27 images.
P < 0.0001. c Representative western blot of total mGluR1 protein ex-
pression (142 kDa) for 7W WT and nNOS−/− cerebella, along with bar
graph representing N = 3 biological replicates per group. Total mGluR1

protein expression was normalized to GAPDH (40 kDa) expression. P =
0.0434. d Representative western blot of plasma membrane (PM) expres-
sion of mGluR1 within WT and nNOS−/− cerebellar tissues at 7W, along
with bar graph representing N = 3 biological replicates per group. PM
mGluR1 protein expression was normalized to Na+/K+ ATPase
(100 kDa). P = 0.0205. e Representative western blot of plasma mem-
brane (PM) expression of GluR1 (100 kDa) within WT and nNOS−/−

cerebellar tissues at 7W, along with bar graph representing N = 3 biolog-
ical replicates per group. PMGluR1 protein expression was normalized to
Na+/K+ ATPase. P = 0.8098. All data are represented as mean ± SEM
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spines may rely on the size and time course of calcium dy-
namics within the nNOS−/− PN, which is an area that warrants
investigation in future studies.

Synaptic Alterations Exist Within the PNs of nNOS−/−

Mice

Appropriate glutamatergic synapse function is critical in
maintaining PN output and motor activity, and this is achieved
in part through activation of mGluR1 [36, 37]. Results from
this study showed that total mGluR1 protein was significantly
decreased in nNOS−/− mice at PD7, 2W, and 7W. Since
mGluR1 is predominately located within PN spine heads, de-
creased total mGluR1 protein expression may be due to de-
creased dendritic puncta. In addition, decreased PN spine head
diameter in nNOS−/− animals can lead to smaller postsynaptic
densities and less total synaptic mGluR1 protein accommoda-
tion within the PN dendritic spine [38, 39]. It is important to
note that PM expression of mGluR1 is indeed higher in
nNOS−/− cerebella compared withWTat 7W, while no chang-
es to the GluR1 subunit of the AMPA receptor are seen within
this study. The significant increase of mGluR1 on the surface
of PNs in nNOS−/−mice might allude to a feedback regulation
mechanism, in which a total downregulation of mGluR1 is
compensated by an upregulation of mGluR1 on the PM of
the dendritic spine. In terms of synaptogenesis, activation of
mGluR1 leads to protein kinase-C-γ (PKCγ) activity, and
subsequent phosphorylation of calmodulin-dependent protein
kinase-2β (CaMKIIβ), which has been shown to repress spine
synaptogenesis on PNs [40]. Interestingly, a previous study
reported that overstimulation of mGluR1 on cultured hippo-
campal neurons resulted in prominent dendritic spine elonga-
tion into thin spines [41].

Consistent with the changes in dendritic branching and
mGluR1 expression in nNOS−/− PNs, vGluT1 expression in
PFs was also lower in nNOS−/−mice at PD7. Interestingly, this
deficit in vGluT1 expression was not noticeable in 2Wor 7W
nNOS−/− mice, suggesting the importance of NO signaling on
PF maturation during the early postnatal development period.
Accordingly, granule cell migration and PF maturation relies
on NO production [42], which may explain the delay in
vGluT1 protein expression levels at PD7 in nNOS−/− mice.
Our results suggest that NO plays an age-dependent role dur-
ing development, contributing to PF development in younger
ages, while not being themainmodulator of PF terminal main-
tenance into adulthood. This topic concerning the develop-
ment of PF terminals in relation to NO signaling has not yet
been elucidated and warrants further investigation.

In comparison with age-matched WT, the cerebellum of
nNOS−/− mice at 7W showed an increase in vGluT2 protein
expression, suggestive of increased CF boutons, and therefore
more CF-PN synapses. Increased CF-PN innervation can re-
sul t in motor defici ts such as tremor and motor

Fig. 5 Expression of vGluT1 is decreased at PD7 in nNOS−/−, but this
difference is ameliorated by 2W and 7W. a Representative confocal
images displaying vGluT1 expression (green) and surrounding DAPI
(blue) at PD7 in WT and nNOS−/− cerebella. White asterisks represent
PN cell somata. Scale bar represents 50 μm. b Representative western
blot of vGluT1 (62 kDa) protein expression in PD7 WT and nNOS−/−

cerebellar tissue. Expression of vGluT1 was normalized to total GAPDH
(40 kDa) protein expression. Bar graph represents N = 3 biological repli-
cates per group. P = 0.0179. c Representative confocal images displaying
vGluT1 expression (green) and DAPI (blue) at 2W in WT and nNOS−/−

cerebella. Scale bar represents 50 μm. d Representative western blot of
vGluT1 protein expression in 2WWTand nNOS−/− cerebellar tissue. Bar
graph represents N = 3. P = 0.6491. e Representative confocal images
showing vGluT1 expression (green) and surrounding DAPI (blue) at
7W in WT and nNOS−/− cerebella. Scale bar represents 25 μm. f
Representative western blot of vGluT1 protein expression in 7W WT
and nNOS−/− cerebellar tissue. Bar graph represents N = 3 biological rep-
licates per group. P = 0.6347. All data are represented as mean ± SEM
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dyscoordination, both in animal models and in a clinical set-
ting [43–45]. Given that increases in vGluT2 were only ap-
parent at 7W and not at PD7 or 2W, the late phase of CF
synapse elimination is most likely to be impaired in nNOS−/
−mice [46]. Elimination of weak CF synapses in the late phase
is governed by mGluR1-mediated PKCγ activation [47, 48].
Specifically, in mice lacking either mGluR1 or PKCγ protein
expression, CF elimination is significantly impaired [47, 49].
Moreover, mGluR1-deficient mice result in a PN morphology
similar to the nNOS−/− PN morphology reported in our study
[47]. However, according to Kano et al., dendritic

morphology does not necessarily dictate the amount of CF
innervation, while mGluR1/PKC seems to be the predominant
influence [47]. Therefore, increased CF innervation within
nNOS−/− mice may be attributed to the total decreases in
mGluR1 expression noted in nNOS−/− mice, rather than
thicker PN branches, as reported within this study. In addition,
increases in vGluT2 seem to arise from the infiltration of
vGluT2 clusters into the upper 20% of the molecular layer—
a largely PF-dominated area [50]. Numerous articles have
reported the consequences of extensive CF innervation, which
can be found in disorders such as essential tremor in humans

Fig. 6 vGluT2 expression is elevated in 7WnNOS−/− cerebella, but not in
PD7 or 2W. a Representative western blot of WT and nNOS−/− PD7
cerebellar tissue denoting vGluT2 (64 kDa) expression. Bar graph depicts
N = 3 biological replicates per group. vGluT2 protein expression was
normalized to total GAPDH (40 kDa) protein expression. P = 0.5433. b
Representative western blot of WT and nNOS−/− 2W cerebellar tissue
denoting vGluT2 expression. Bar graph depicts N = 3 biological repli-
cates per group. P = 0.0984. c Representative western blot of WT and
nNOS−/− 7W cerebellar tissue denoting vGluT2 protein expression. Bar
graph depicts N = 3 biological replicates per group. vGluT2 protein ex-
pression was normalized to GAPDH expression for each sample. P =

0.0012. d Representative image of 7W WT and nNOS−/− CF synapses
visualized by vGluT2 (green). Yellow line denotes edge of the molecular
layer. Blue line denoted border between upper 20% and lower 80% of the
molecular layer. White asterisks represent PN cell somata. Scale bar rep-
resents 50 μm. e Bar graph depicts total number of vGluT2 clusters
localized within the upper 20% of the molecular layer per image ana-
lyzed. N = 4 biological replicates per group; WT n = 10 images, nNOS−/−

n = 10 images. P = 0.0134. f Bar graph depicts total number of vGluT2
clusters localized within the lower 80% of the molecular layer per image.
N = 4 biological replicates per group; WT n = 10 images, nNOS−/− n = 10
images. P = 0.9658. All data are represented as mean ± SEM
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[50], and have related excessive or mislocalized CF innerva-
tion with altered calcium homeostasis, leading to
excitotoxicity [51, 52].

Along with the increased PM expression of mGluR1 in
nNOS−/−mice, significant increases in STIM1 protein expres-
sion and clustering were found at PD7, 2W, and 7W. It is
known that following mGluR1 activation, STIM1 proteins

oligomerize and control store-operated calcium entry through
TRPC3 channels [14, 15]. Therefore, changes in expression
levels and oligomerization patterns of STIM1 are indicative of
calcium dysregulation [53]. Our results displayed increased
STIM1 clustering in nNOS−/− PNs, alluding to aberrant calci-
um entry through a store-operated calcium entry mechanism.
Indeed, a recent study noted the interaction between STIM1

Fig. 7 STIM1 expression is increased in PD7, 2W, and 7W nNOS−/−

cerebella. a Representative confocal images of PD7 WT and nNOS−/−

PNs that show STIM1 (magenta) localization. Scale bar represents
50 μm. b Bar graph represents number of STIM1 clusters per PN soma
at PD7. N = 4 biological replicates per group; WT n = 42 cells, nNOS−/−

n = 37 cells. P < 0.0001. c Representative western blot of STIM1
(90 kDa) protein expression of WT and nNOS−/− cerebellar tissue at
PD7. STIM1 protein expression was normalized to GAPDH (40 kDa).
Bar graph represents N = 3 biological replicates per group. P = 0.0065. d
Representative confocal images of 2W WT and nNOS−/− PNs that show
STIM1 (magenta) localization. Scale bar represents 50 μm. e Bar graph
represents number of STIM1 clusters per PN soma at 2W. N = 4 biolog-
ical replicates per group; WT n = 34 cells, nNOS−/− n = 33 cells.

P < 0.0001. f Representative western bot of STIM1 protein expression
of WT and nNOS−/− cerebellar tissue at 2W. STIM1 protein expression
was normalized to GAPDH. Bar graph represents N = 3 biological repli-
cates per group.P = 0.0129. gRepresentative confocal images of 7WWT
and nNOS−/− PNs that show STIM1 (magenta) localization. Scale bar
represents 50 μm. h Bar graph represents number of STIM1 clusters
per PN soma at 7W. N = 4 biological replicates per group; WT n = 44
cells, nNOS−/− n = 44 cells. P < 0.0001. f Representative western blot of
STIM1 protein expression of WT and nNOS−/− cerebellar tissue at 7W.
STIM1 protein expression was normalized to GAPDH expression. Bar
graph represents N = 3 biological replicates per group. P = 0.0229. All
data are represented as mean ± SEM
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and NO via S-nitrosylation, resulting in the prevention of
STIM1 oligomerization and further reduction of store-
operated calcium entry [18]. The absence of NO/
S-nitrosylation of STIM1 may result in elevated calcium entry
through STIM1-gated TRPC3 channels in PNs, initiated by
increased PM expression of mGluR1 in nNOS−/− mice.

Calpain-1 Is Increased in the PNs of nNOS−/− Mice

Considering the importance of STIM1 as a regulator of intra-
cellular calcium, we assessed the potential outcome of dysreg-
ulated calcium influx by measuring calpain-1 in the cerebel-
lum of WT and nNOS−/− mice. As calcium-dependent

cysteine proteases, calpains in neuronal cells are crucial for
the regulation of synaptic plasticity, morphology, and neuro-
degeneration [54]. Calpain activity can induce degradation of
neuronal cytoskeletal proteins [55, 56], including α- and β-
spectrins [57] as well as IP3 receptors [58], implicated in the
progression of multiple SCAs [59–61]. Results from immu-
nohistochemical assays showed that calpain-1 was globally
expressed in cells of the cerebellar cortex, with a particularly
higher expression within PN somata and dendrites. Notably,
we revealed a significant increase in calpain-1 expression
across all time points using western blotting, along with a
decrease in β-III-spectrin expression in adult nNOS−/− mice.
β-III-Spectrin is crucial in regulating glutamate transport on

Fig. 8 Calpain-1 protein expression is upregulated, whileβ-III-spectrin is
downregulated in nNOS−/− cerebella. a Representative western blot
depicting protein expression of calpain-1 (80 kDa) in PD7 WT and
nNOS−/− cerebella, along with bar graph representing N = 3 biological
replicates per group. Calpain-1 protein bands were normalized to total
GAPDH (40 kDa) expression. P = 0.0436. b Representative western blot
showing calpain-1 expression in 2W WT and nNOS−/− cerebellar tissue,
along with bar graph representing N = 3 biological replicates per group.
Calpain-1 protein was normalized to GAPDH expression. P = 0.0351. c
Representative western blot depicting calpain-1 protein expression in 7W
WT and nNOS−/− cerebella, along with bar graph representing N = 3
biological replicates per group. Calpain-1 bands were normalized to total
GAPDH expression. P = 0.0398. d Representative confocal images of

7W WT and nNOS−/− PNs that show calpain-1 (magenta) localization,
along with an overlay of Calb (green). Scale bar represents 50 μm.White
arrowheads point to PN dendritic localization of calpain-1, while yellow
arrowheads point to PN soma localization of calpain-1. e Bar graph
depicting calpain-1 integrated density represented as arbitrary units of
intensity (AUIs) of the fluorescence images in 7W WT and nNOS−/−

PN somata, representing N = 4 biological replicates per group; WT n =
18 cells, nNOS−/− n = 21 cells. P < 0.0001. f Representative western blot
depicting expression ofβ-III-spectrin (270 kDa) in 7WWTand nNOS−/−

cerebella, along with bar graph representing N = 3 biological replicates
per group. Expression of β-III-spectrin was normalized to total GAPDH
expression. P = 0.0193. All data are represented as mean ± SEM
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PNs and is consequently implicated in SCA5 [59, 62]. Given
that β-III-spectrin is necessary for the formation of
mushroom-like dendritic spines [63], the reduction of β-III-
spectrin in the cerebellum may explain the alterations in den-
dritic structures and synapses in nNOS−/− PNs.

NO Supplementation Can Rectify Deficits in Ex Vivo
nNOS−/− Cerebella

Results from ex vivo experiments in this study showed that
modulation of NO signaling significantly altered calpain-1
protein expression in both WT and nNOS−/− cerebellar slices.
Specifically, inhibition of endogenous NOS activity by L-
NAME appeared to hinder PN dendritic branching and signif-
icantly increased calpain-1 expression in WT cerebellar tis-
sues. The L-NAME treatment was similar to the effect of
DHPG on WT slices, known to cause elevated calcium levels
and PN dendritic deficits in previous studies [64, 65], as well
as affect calpain-1 expression and activity [66]. Accordingly,
NOC-18 and LY367385 mitigated the appearance of PN den-
dritic deficits and decreased the levels of calpain-1 in nNOS−/−

cerebellar slices. These results indicate a critical role for NO

signaling in the regulation of PN morphology and function by
decreasing calpain-1 levels within the cerebellum.

It is important to note that mGluR1 blockade alone in
nNOS−/− slices significantly decreased levels of calpain-1 ex-
pression, while activation of mGluR1 showed no significant
differences in calpain-1 expression compared with the control.
These results suggest that basal mGluR1 activity is upregulat-
ed in nNOS−/− cerebella, likely due to increased PM mGluR1
expression on the PNs of nNOS−/− mice. Although nNOS−/−

cerebella displayed decreased total mGluR1 expression
in vivo, vGluT1 expression remained similar, while vGluT2
expression significantly increased. This imbalance of presyn-
aptic and postsynaptic compartments in vivo may result in an
overload of glutamate within PF-PN and CF-PN synaptic
clefts, leading to further overexcitation of mGluR1 receptors
and overload of intracellular calcium of PNs in NOS−/− cere-
bella. Characterization of this potential excitotoxic effect
should be considered for future studies.

In summary, results from this study indicate that nNOS/NO
signaling critically controls PN morphological development
by regulating mGluR1 signaling. As depicted in Fig. 10,
mGluR1 activation causes ER calcium efflux, STIM1 oligo-
merization, and consequently calcium entry through STIM1-

Fig. 9 mGluR1-mediated expression of calpain-1 expression is modulat-
ed by NO signaling in ex vivo organotypic cerebellar slice cultures. a
Representative confocal images of WT DIV7 ex vivo organotypic cere-
bellar slice cultures treated with L-NAME, DHPG, or LY367385 and
stained with CalB (green). Scale bar represents 50 μm. b
Representative western blot of calpain-1 (80 kDa) expression in WT
slices treated with L-NAME (100 μM), DHPG (10 μM), or LY367385
(10 μM). Calpain-1 expression was normalized to GAPDH (40 kDa). Bar
graph represents N = 3 experimental replicates. Each replicate used n =

10–12 WT pups. F(3, 8) = 11.36, P = 0.003, ANOVA. c Representative
confocal images of nNOS−/− DIV7 ex vivo organotypic slice cultures
treated with NOC-18, DHPG, or LY367385 and stained with CalB
(green). Scale bar represents 50 μm. d Representative western blot of
calpain-1 expression in nNOS−/− slices treated with NOC-18 (300 μM),
DHPG (10 μM), or LY367385 (10 μM). Calpain-1 expression was nor-
malized to total GAPDH. Bar graph represents N = 3 experimental repli-
cates. Each replicate used n = 10–12 nNOS−/− pups. F(3, 8) = 6.212, P =
0.0174, ANOVA. All data are represented as mean ± SEM
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gated TRPC channels [14, 15]. We propose that under phys-
iological conditions, nNOS/NO signaling maintains calcium
homeostasis within PNs by attenuating mGluR1-mediated
calcium influx [18]. In contrast, the lack of NO signaling in
nNOS−/− mice results in overactivation of mGluR1 leading to
elevated expression of calcium-dependent proteases such as
calpains, increasing degradation of structural proteins such as
β-III-spectrin, and resulting in PN structural malformations.
Further analysis of the PN phenotype in nNOS−/− mice will
provide novel insight into the role of NO signaling in PN
development and morphogenesis, along with a potential new
mechanism and model of cerebellar ataxia.
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